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Abstract 

Electron Paramagnetic Resonance is a spectroscopic technique which, in combination with 
site-directed spin-labeling, provides structural and dynamic information about proteins in 
conditions similar to those of their physiological environment. The information is sequence-
resolved as it is based on probing the local dynamics of a paramagnetic label incorporated as a 
side chain of a selected amino acid. This technique does not impose a limit on the size of the 
protein or protein complex, as long as it is amenable to site-directed mutagenesis. Reliable 
distance distributions between two or more labels (identical or different) can also be obtained. 
The mean value, width and shape of distance distributions, as well as their dependence upon 
the state of the protein or interactions with physiological partners, provides insight into order-
disorder transitions and the roles of protein flexibility. 

The main potentialities of the technique are revised and illustrated with examples of proteins 
for which order-disorder play an important role. 

Keywords: Site-Directed Spin-Labeling; order-disorder transition; protein flexibility; Electron 
Paramagnetic Resonance; Intrinsically Disordered Protein; structural disorder 

 

Introduction 

The traditional view on protein structure, in which the structure of a protein is determined by 
the amino acid sequence with a unique conformation of minimum free energy, is being 
challenged, as more and more examples are found for which not only there is no single 
structural conformation, but rather flexibility and conformational disorder. This is the case of 
the so-called intrinsically disorderd proteins (IDP), the most recently discovered type of 
proteins, characterized by a lack of well-folded, fixed and ordered three-dimensional structure. 
IDPs can sample a heterogeneous assembly of conformations ranging from fully unstructured 
to partially structured and include random coils, pre-molten globules or structured domains 
linked by an intrinsically disordered domain (IDD) [1, 2]. Moreover, there is increasing evidence 
that flexibility is of central importance to the function of many proteins, in particular, it is 
essential to key functions where molecular recognition plays an important role such as 
regulation, molecular assembly, signaling or molecular recognition [3-5].  

Con formato: Color de fuente:
Automático

Código de campo cambiado

Con formato: Color de fuente:
Automático

Código de campo cambiado

Con formato: Color de fuente:
Automático



2 
 

In this context, the aim is to describe the modes and amplitudes of conformational flexibility 
and characterize their time scales in physiological conditions. However, there is only a limited 
number of experimental techniques suited for investigation of IDPs. Hence, there is a need for 
spectroscopic tools that are able to address these challenges. As already evidenced in previous 
literature [6-8], Electron Paramagnetic Resonance (EPR) combined with Site-Directed Spin 
Labeling (SDSL-EPR) is one of them, since it is able to probe the dynamics of the protein with 
residue resolution, and therefore describe flexibility along the polypeptide chain. The 
availability of distance distributions between selected points in the sequence further 
contributes to characterize order- disorder transitions and interaction sites in protein-protein 
interactions [9, 10]. Further integration of this information with that provided by or other 
sources in a conformational model will address the question of whether the protein explores 
the whole possible range of conformations, or has restricted flexibility, and, if so, how much 
[11, 12]. 

In this review, the main potentialities of EPR will be illustrated using examples from the 
literature on EPR studies of spin-labeled Intrinsically Disordered Proteins (IDPs), on proteins 
visiting a disordered state, or on those having a flexible domain.  

 

Spin Labeling 

Since most of the IDPs, as many other biological macromolecules, are not paramagnetic, the 
introduction of a paramagnetic probe is needed in order to extract relevant information about 
the protein by EPR. This procedure is called spin labeling. A spin label is a paramagnetic moiety 
whose EPR spectrum is able to provide information about the molecule it is attached to. On 
one hand the label might constitute in some cases a perturbation to the protein molecule, but 
on the other hand it brings specificity, as the probe is most often the only signal in the EPR 
spectrum. In fact, spin-label EPR studies are not limited by the size of the protein, its solubility 
or the presence of other partners or macromolecules, so it is possible to perform EPR 
experiments in crowded environments like biological membranes or even cells. 

Moreover, given that paramagnetic labels report on properties of the local environment 
(normally dynamics, polarity or distance constraints), one can ideally select the position of 
interest, or even scan through the protein sequence looking for changes along the protein 
chain. This is the idea behind the technique site-directed spin-labeling introduced by the group 
of W.L. Hubbell about 30 years ago [13, 14] 

Nitroxide Spin Labels 

In order to make a wise choice when aiming to study dynamics of a protein, one has to bear in 
mind that the most important properties of a spin label are stability and anisotropy. On one 
hand, the label should have a stable paramagnetic moiety, which yields an EPR signal in the 
range of temperatures relevant for the study, i.e. close to room temperature. On the other 
hand, its spectrum must be sensitive to the dynamics of the protein towards reorientation, 
which is related to the anisotropy of the spectrum. Additionally, the label should incorporate a 
reactive group able to selectively react with a particular amino acid in the protein sequence 
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without disturbing its native fold. Because they nicely fulfill the aforementioned conditions, 
most widely used spin labels for EPR studies on proteins in general are based on nitroxide 
radicals. In particular, this applies to IDPs. 

Nitroxides are heterocyclic free radicals carrying an unpaired electron (S = ½)  in a N-O· bond. 
The nitrogen atom has a 99.6% natural abundance of isotope 14N, which has nuclear spin I = 1. 
Bulky substituents on the carbons attached to the nitrogen (normally methyl groups, see Fig. 
1) sterically shield the radical and confer the desired stability in vitro. Under reducing 
conditions, such as the ones found in vivo, nitroxides are no longer stable, but it has been 
shown that five-membered ring nitroxides (e.g. PROXYL) are more stable than six-membered 
rings (e.g. TEMPO) [15]. Also, it has been reported that bulkier substituents like gem-diethyl 
can slow down the process in these conditions and the radical remains up to a few hours 
before being reduced [16-18]. The EPR active part of the label is attached to a short tether and 
functionalized with a chemical group able to react with the side chain of an amino acid, most 
commonly cysteine.  

Spin Labeling of Cysteine Residues 

By far, the most common label for EPR applications in proteins is the (1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl) methanethiosulfonate (MTSSL). This is due to the specificity 
for the sulfhydryl group of cysteine with which MTSSL reacts to form a disulfide bridge. The 
resulting side group is commonly identified as R1 and has a small molecular volume, close to 
the one of a tryptophan side chain. The disulfide bridge can be broken and the label released 
in the presence of dithiothreitol (DTT) or other reducing agents. The linker between the 
nitroxide ring and the protein backbone makes the R1 side chain flexible and therefore 
perturbation of the native structure is commonly minor. This flexibility, caused mainly by 
fluctuation of dihedral angles χ4 and χ5 (see Fig. 1.B) results in the electron spin sampling 
different positions in space depending on the conformational distribution of the linker [19].      

Other bulkier spin labels are functionalized with maleimide (4-maleimide-TEMPO, MSL), a 
group that reacts irreversibly with cysteine to form a thio-ether bond.  Acetamide-
functionalized spin labels, such as 3-(2-Iodoacetamide)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy 
(IAP), also react with cysteine via a C-S bond. Both alternatives are used when reducing 
conditions are required for protein preparation [20, 21]. 



 

Figure 1. Spin labels. A. Methane
and iodoacetamide-proxyl (IAP) 
bound to a cysteine backbone
the gyromagnetic and hyperfine axes is indicated
Chemical structure of TOAC spin label. 
label. 

The spin labels mentioned above are commercially available from different chemical providers.
In order to perform site-directed spin labeling
engineered at the sites of interest, usually by site
important residues in terms of function or structure should not be labeled. 
Cys, Ile, Leu, Met, Ser, Thr and Val are considered 
coordinating, uncharged, hydrophobic groups, whereas Gly and Pro mutation should be 
avoided due to their different preferences for backbone dihedral angles, as well as aromatic 
residues that might be involved in 
there is no protein structure to be altered
molecular recognition and they do 
molecular partners, when possible, it might be wise
as well. 

In order to avoid spurious labeling, i
sequence, they must be substituted,
has been produced and purified, it is often convenient
about an hour in order to reduce the disulfide bonds that might have formed during the 
process. The protein concentration is a
Immediately after careful removal of DTT 
incubated with a, typically, 10 fold
temperature or 4 ˚C, depending on the 
exceed a concentration of MTSSL above 500 
would not be available for reacting with
expected to be accessible to the solvent and therefore readily labeled
minutes of incubation. Excess of free label has to be thoroughly eliminated by dialysis, 
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desalting chromatography or centrifugal filtering procedures. The last step would be to 
concentrate the sample for the experiment. 

For X-band measurements, very good signal-to-noise ratios are obtained for samples around 
100 μM spin label concentration, however, it is possible to measure samples down to 1 μM of 
spin labeled proteins in 20 μl volume samples. The spin labeling efficiency is the ratio between 
the spin concentration and the protein concentration quantified independently, typically by 
spectroscopic methods. Spin quantification for assessing the success of the labeling operation 
can be done by comparing the double integral of the background-free continuous-wave (CW) 
EPR spectrum with the one of a nitroxide standard of known concentration measured at 
exactly the same experimental conditions. Mass spectrometry can also be used to quantify the 
spin labeling efficiency [23]. Labeling efficiencies per site in the 80-100% range are considered 
good. Efficiencies above 100% can be an indication of undesired effects like non specific 
labeling, the presence of an impurity containing cysteines, or even residual free label in the 
solution. It is important to note that, as we will discuss later, the CW-EPR spectrum of spin 
labeled IDPs is a set of three symmetric and sharp lines, and so is the spectrum of free label; 
therefore it is not always obvious to recognize from the spectrum when there is a small 
amount of free label in the sample. In order to avoid misinterpretations of the spectra due to 
contamination with free label, the advice is to keep the last centrifugation flow-through upon 
sample preparation and measure it to check for the presence of label. In case the sample still 
contains free label, further washing is necessary.  

Spin Labeling with no Involvement of Cysteine Residues 

When the target protein has many native cysteines, or cysteines that play an important 
functional or structural role, addressing the spin label to the cysteines is not a good idea. Other 
spin labeling strategies aim at side chains of Tyrosine [24]. Labeling of lysines is possible since 
maleimide or acetamide react with amines at high pH [25, 26]. 

Alternatively, the insertion of genetically encoded unnatural amino acids that can be either 
subsequently spin labeled or directly biosynthesized from previously purified synthetic spin-
labeled amino acids has been demonstrated to work [27, 28] yielding a longer and more 
flexible side chain than the native amino acid. Other nitroxide spin-labeling strategies include 
peptide synthesis introducing spin labeled artificial amino acids like 2,2,6,6-tetramethyl-
piperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC, see Fig. 1.C) as part of the sequence [29]. 
The direct bond of the nitroxide ring to the Cα makes the TOAC side chain very rigid [30], which 
can distort the protein structure [31]. Other artificial spin-labeled amino acids with restricted 
flexibility have been designed for peptide synthesis, which can be combined (semi-synthesis) 
with chemoselective methods to attach the spin labeled peptides to protein fragments 
produced by recombinant methods when trying to label large proteins [32].  

Spin Labeling Beyond Nitroxides 

Although nitroxides remain the spin labels of choice for measuring protein dynamics using CW-
EPR, other spin labels are gaining increasing attention due to the development of  pulsed EPR 
methods such as DEER (Double Electron-Electron Resonance) or RIDME (Relaxation Induced 
Dipolar Modulation Enhancement) used for distance determination between paramagnetic 
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centers  [33]. Orthogonal labeling, that is, labeling different sites with different kind of probes, 
also requires the availability of spin labels with spectra different from the one of nitroxides [34, 
35]. Lately, Gd(III) spin labels have attracted much interest for distance measurements in 
proteins [36-39]. The EPR properties of Gd(III) are very different from the ones of nitroxides; 
due to its high-spin character (S = 7/2) it has several spin transitions, and low temperatures are 
needed to observe the signal. Its central line narrows at higher fields as a consequence of the 
spectral anisotropy being caused by the zero-field energy term, with the consequent 
improvement of sensitivity at higher frequencies with respect to X-band, and, 
therefore,potentially amenable to measure longer distances [40]. Nowadays there are 
commercially available Gd(III) spin probes based on maleimide-DOTA 
(Tetraazacyclododecanetetraacetic acid) (see Fig. 1.D.) and maleimide-DTPA 
(Diethylenetriaminepentaacetic acid) . DEER methods are optimized for selective 
measurement of Gd(III)-Gd(III), Gd(III)-nitroxide or nitroxide-nitroxide distance distributions in 
the same sample [41, 42]. Finally, unlike nitroxides, Gd(III) complexes are stable in reducing 
environment and can be used for in-cell applications [43-47]. 

Cu(II) and Mn(II) complexated by quelators like EDTA or TETAC are also being considered for 
site-directed spin labeling of proteins, methods and protocols for Mn(II)-Mn(II), Cu(II)-Cu(II) 
and Cu(II)-nitroxide distance measurements have been established [48-52]. Triltyl radicals, 
having an extremely narrow EPR signal are being explored for orthogonal labeling of protein 
complexes in combination with nitroxides resulting in a selective determination of distance 
distributions [53], or for distance determination between labels at room temperature [54]. 

Whatever the label and the labeling strategy should be, after mutant production and spin 
labeling procedures, it should be checked that the incorporation of the spin label has no effect 
on the structure (or lack thereof) of the protein, nor the functionality. Control experiments to 
check the function and comparison of the labeled mutants with the native protein using other 
spectroscopies (UV-VIS, far UV-CD) can be routinely used for that. 

 

CW-EPR Spectrum of Nitroxides 

As mentioned above, in nitroxides the free radical resides in the N-O· bond, their g-values are 
not far from the free electron gyromagnetic ratio 2.0023. About 40% of the spin density is 
located at the nitrogen and 60% at the oxygen atom. The portion residing at the nitrogen atom 
is responsible for the magnetic interaction with the nuclear spin of nucleus 14N , or hyperfine 
interaction. Since the electron spin resides mainly in a pz orbital and this orbital lacks spherical 
symmetry but has an axial symmetry, the interaction is not isotropic but it has a very different 
value (larger) in the direction of pz (molecular z axis). Also, the g-tensor is not exactly isotropic 
and has typical values of gx = 2.0091-2.0088, gy = 2.0059, gz = 2.0027 [19, 22]. Both, the g-
tensor axes and the hyperfine axes are aligned with the molecular axes: x, in the direction of 
the N-O bond, z in the direction perpendicular to the nitroxide ring and y in the direction 
perpendicular to the other two (see Fig. 1.B) 

When the external magnetic field is oriented along the molecular z-axis  of the nitroxide, its 
EPR signal will consist of three lines centered at the magnetic field corresponding to gz, 
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spectrum can vary from Az = 3.3 mT in apolar environment to 3.7 mT in protic solvents [22]. 
Also the value of gx varies with the polarity of the nitroxide environment in the range specified 
above; it decreases with increasing polarity [22], but this effect is only reliable when measured 
at high frequency experiments (W-band). 

If we have a look at the powder or rigid limit spectrum we can examine it from a different 
point of view: all of the molecules in the spectrum are divided in three sets depending on its 
nuclear spin state Iz = +1, Iz = 0 and Iz = -1 (Fig. 2.C). Each of the three sets contains all possible 
orientations and their EPR spectra have the features referring to the orientations of the 
molecules with respect the magnetic field. Now, if the molecules are not static but rotating in 
the time scale of the experiment, the EPR spectrum will reflect that movement. The time scale 
of the molecular rotations is normally characterized by their rotational correlation time, τc. This 
parameter gives an idea of the time after which molecules with initially identical orientations 
lose their alignment [55]. In turn, the time scale of the EPR experiment is determined by the 
spectral anisotropy, that is, the maximum difference in the EPR line positions of molecules 
with different orientations. 

Intuitively one can imagine that if the molecule is rotating extremely fast with respect to the 
time frame of the experiment any anisotropy will be averaged out and only the isotropic part 
of any interaction will be observed, the analogy can be made with a picture of a rotating object 
taken with a long exposure time, where only a blurry big dot would be captured. The EPR 
spectra in Fig. 2.C. of such a fast rotating object would collapse into one single line at the 
centroid of each spectrum, which is, for Iz = -1, at the magnetic field corresponding to giso, 
B(giso), plus the contribution of the hyperfine coupling Aiso in magnetic field units, at B(giso) for Iz 
= 0 and for Iz = +1 at  B(giso) - Aiso. The result of such a measurement is a spectrum in the 

isotropic limit, three lines centered at the value corresponding to 𝑔 =  and equally 

split by 𝐴 = . Such an X-band EPR spectrum is found in nitroxides for values of τc 

shorter than 10 ps, see Fig. 3. Here, the linewidth is determined by unresolved hyperfine 
couplings. As the movement gets slower and the correlation time increases the lines get 
broader, especially the high-field line, which has a larger anisotropy (see Fig. 3). This is called 
the fast tumbling regime because the speed of rotation is fast in relation to the spectral 
broadening.  Therefore, if the spectrum is more anisotropic, it will need  a faster the rotation 
to collapse in a narrow line. If the rotation is further slowed down to a τc longer than 3 ns, the 
spectrum gets distorted (slow tumbling regime) and finally reaches the rigid limit for 
correlation times longer than 100 ns. This is when, according to our analogy, the snapshot of 
the camera is fast enough it can capture all the details of the object as if it were still.  



 

Figure 3. Dynamic range of the nitroxide spin probe.
nitroxides undergoing isotropic reorientation. 
figure. Although the double integral remains constant, note the intensity loss that takes place
upon increasing τc, especially dramatic in the 0.1 
are amplified by a factor of 20
correspond to the isotropic limit and to the rigid limit respectively.
parameters that have been used to characterize dynamics of nitroxide probes are defined: the 
intensities of the low-, mid-
central line for dynamics in the slow tumbling range. 
using (gx, gy, gz) = (2.0088, 2.0061, 2.0026), (
isotropic line width of 0.18 MHz.

 

Protein Dynamics 

Nitroxides are appropriate probes for protein dynamics because their anisotropy 
exploring a time range during which
simulations based in a rotational Brownian diffusion
are presented. For this model every molecular orientation is equally likely but since
IDPs reported in the literature can be simulated using this model 
is a relevant example. Experim
sensitive to the details of the motion 
from different phenomena. 1)
protein is big enough or in 30% sucrose
chain conformational dynamics. Many structural studies 
studied by EPR. Since it can report about
can be translated to whether
solvent or in a tertiary contact site
secondary or tertiary structure, one can assume that the side chain of the spin probe is 

9 

 

Dynamic range of the nitroxide spin probe. Simulated X-band EPR spectra of
undergoing isotropic reorientation. The correlation times, τc, are

Although the double integral remains constant, note the intensity loss that takes place
, especially dramatic in the 0.1 – 2 ns range. The spectra in the right column 

are amplified by a factor of 20 with respect to the ones on the left. The first and last spectra 
correspond to the isotropic limit and to the rigid limit respectively. Some of the spectral 
parameters that have been used to characterize dynamics of nitroxide probes are defined: the 

-, and high-field lines, for fast dynamics; and the width of the 
line for dynamics in the slow tumbling range. Simulated with EasySpin function chili

) = (2.0088, 2.0061, 2.0026), (Ax, Ay, Az) = (5.8, 5.8, 39.5) mT and a 
isotropic line width of 0.18 MHz. 

Nitroxides are appropriate probes for protein dynamics because their anisotropy 
exploring a time range during which biologically relevant motions take place.

n a rotational Brownian diffusion model, also known as isotropic rotation
For this model every molecular orientation is equally likely but since

IDPs reported in the literature can be simulated using this model in the fast tumbling regime, it 
xperimental spectra in the slow tumbling regime are extremely 

e to the details of the motion [19, 56]. Actually, this motion can have contributions 
different phenomena. 1) The overall rotation of the protein (global tumbling)

or in 30% sucrose, this contribution is negligible [57, 58]
chain conformational dynamics. Many structural studies have been based on the mobility of R1

ince it can report about dynamics of its local environment,
whether the probe is in a buried position of the structure, exposed to the 

iary contact site [59-61]. In principle if an IDP is in an unfolded state 
secondary or tertiary structure, one can assume that the side chain of the spin probe is 

 

band EPR spectra of 
are indicated in the 

Although the double integral remains constant, note the intensity loss that takes place 
2 ns range. The spectra in the right column 

. The first and last spectra 
Some of the spectral 

parameters that have been used to characterize dynamics of nitroxide probes are defined: the 
field lines, for fast dynamics; and the width of the 

EasySpin function chili 
.5) mT and a Gaussian 

Nitroxides are appropriate probes for protein dynamics because their anisotropy allows 
biologically relevant motions take place. In Figure 3, 

isotropic rotation, 
For this model every molecular orientation is equally likely but since most of 

fast tumbling regime, it 
regime are extremely 

. Actually, this motion can have contributions 
(global tumbling); if the 

[57, 58]. 2) The side-
based on the mobility of R1 

environment, the information 
a buried position of the structure, exposed to the 

if an IDP is in an unfolded state with no 
secondary or tertiary structure, one can assume that the side chain of the spin probe is 



10 
 

exposed to the solvent, with unrestricted configurational dynamics. 3) The backbone 
fluctuations [62], which the motion we are interested in when studying IDPs.   

Reliable interpretation of the lineshapes of spectra in the slow tumbling regime can only be 
made with a dynamic model and the simulation of EPR spectra at multiple frequencies [63]. 
Also, given the protein structure as an input, successful simulation of the CW spectrum has 
been achieved by molecular dynamic simulations [64, 65]. Both approaches are difficult, so  
parameters have been defined to interpret the spectra semiquantitatively, such as the 
linewidth of the central line (ΔH0 or δ, depending on the reference), the second moment of the 
spectrum <H2> [66], or the ratio h(+1)/h(0), see Fig. 3. The numerical values of these 
parameters increase as the frequency of the reorientational motion of the nitroxide is 
reduced. For IDPs, large, fast and probably close to random backbone fluctuations are 
expected which yield X-band spectra in the fast-motional regime. These spectra are much less 
dependent on the details of the nitroxide motion and are normally satisfactorily simulated 
using an isotropic model of motion with correlation times in the 0.1 - 3 ns range [20, 67-69]. 
For the interpretation of such CW spectra to be reliable, very careful collection of the data set 
is required. The temperature of the experiment depends on the stability of the protein, but it 
needs to be performed in liquid solution to allow for reorientation dynamics. Typically, either  
room temperature or 4 ˚C is used as a default. Some other times the experiments are recorded 
as a function of temperature to find interesting effects [7, 67]. The use of sucrose or glycerol is 
recommended to increase the viscosity of the solution and/or to reach temperatures in the 
liquid phase below the freezing point of water in order to slow down the overall tumbling of 
the protein [57]. For X-band measurements, about 20 μl  of sample, even less if needed, are 
inserted in a glass capillary (0.5 mm inner diameter) and placed in the center of the resonator. 
Normally, a scan of the magnetic field of about 15 mT centered at the resonance position 
should cover the entire spectrum. If, as expected, the motion of the label is in the fast 
tumbling regime, the spectrum will have very sharp lines.  In this case the one has to make 
sure the modulation amplitude is not producing distortions of the spectrum due to 
overmodulation. This parameter should be less than 0.15 mT for nitroxides. The power 
saturation curve should also be checked for the particular kind of sample and resonator to 
avoid distortions in the intensity and shape of the lines due to power saturation of the spectra. 

In the fast motion regime observed in IDPs, faster dynamics mean narrower lines. Since the 
number of spins is proportional to the double integral of the spectrum, a faster rotational 
motion is translated into a higher intensity in the spectrum. This is the reason why some 
authors, in order to compare different spectra, present the spectra normalized to the same 
double-integral value, so that differences in intensities reveal differences in rotational 
dynamics in a very visual way [35, 67]. In Fig. 4 one of such normalized plots is shown to 
illustrate the comparison among the EPR spectrum that was done in [67] for different spin 
probes attached to the same protein site in IA3, an IDP that inhibits yeast proteinase A. The 
spectra correspond to three different probes, MTSSL, MTL and IAP, bound to the cysteine of 
the mutant S14C. The intensities of the spectra normalized to the same second integral reveal 
subtle changes in the mobility that are to be expected in view of the length and flexibilities of 
the linkers (see Fig. 1). The maleimide probe is a bit longer that MTSSL but also bulkier due to 
the maleimide-TEMPO group so one can rationalize the smaller intensity in the spectrum with 
a more hindered rotation of the probe side chain. On the other hand, IAP has a longer tether 
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with respect to MTSSL which makes the motion of the probe slightly faster. Additionally, for 
every probe, the addition of increasing amounts of trifluoroethanol leads to smaller intensities 
and therefore to a slower dynamics, indicating the formation of an α-helical structure. 

 

Figure 4. X-Band CW-EPR spectra of different nitroxide labels. The same variant, S14C, of the 
IDP protein IA3 was labeled with MTSSL (left), MSL (center) and IAP (right) in the presence of 
increasing concentrations of trifluoroethanol (TFE), a secondary structure stabilizer. The plots 
were normalized to the same area so that differences in intensity report directly on dynamics. 
Reproduced with permission from [67] 

One of the main strengths of EPR in IDPs is that it can detect conformational changes in the 
protein when they involve changes in backbone flexibility. For the fast motional regime 
observed for IDPs, the most useful semiquantitative EPR spectral parameters to compare 
rotational dynamics are the ratio between the low and center field lines, h(+1)/h(0) [7], or the 
percent variation of the intensity of the high-field line h(-1) [67]. However, most of the 
examples found in the recent literature express mobility results using the correlation time τc 
obtained from simulations of the spectrum based on isotropic motion models. Several 
possibilities are openly available for simulations of dynamic EPR spectra. One of the most 
popular in the EPR community is EasySpin, a MATLAB toolbox for simulating and fitting a wide 
variety of EPR spectra [70]. It is downloadable from the website www.easyspin.org, where 
detailed documentation of the different functions and many examples can be found. The 
download is free of charge but it needs to run in the MATLAB environment, which requires a 
license from the Mathworks co. Among other EPR utilities, simulations of EPR spectra in the 
fast-motional regime following the Redfield theory are implemented in the function garlic and 
Liouville Stochastic equation simulation methods are implemented in the function chili [55]. 
Although the simulation tool allows for more sophisticated dynamic simulations, all of the 
recent literature that was looked up on EPR of IDPs seems to fit satisfactorily their spectra with 
a simple isotropic motion model, which is in agreement with very fast and unrestricted 
backbone fluctuations. SimLabel [71], a user-friendly interface for simulating spin-label 
dynamic data based on Easyspin is available from http:easyspin.org/forum. 

Simulations are suitable to obtain τc for a certain spectrum and use it for quantitative 
comparison to another spectrum, but simulations are absolutely necessary for relative 
quantification when two or more species with different mobilities are present in the same 
sample/spectrum. As an illustrative example, we review the EPR study on the first enzyme 
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known to be intrinsically disordered [68]. In the article, the authors study the flexibility of 
loop GTPase which is involved in the maturation of the nickel-containing urease, 

around the only native cysteine residue Cys68, labeled with MTSSL. The EPR spectrum under 
exhibit two major motional components that was possible to quantify by 

means of spectral simulations (see Fig. 5). One conformation, characterized by 
estimated to be 50% of the total amount of enzyme has sharp and intense lines, whereas the 
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= 5.5 ns. The fast component was associated with high flexibility 

and a lack of structure, while the slow component was attributed to protein 
region surrounding the label. In this example we are confronted with the dramatic intensity 
loss that takes place when the dynamics of the backbone is slowed down (note that in Fig. 3 
the intensity of the spectra presented on the right column is multiplied by 20). 
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Experimental and simulated CW-EPR spectra of UreG. Left: X-band
the position of the only cysteine present in the wild

under native conditions. The experimental spectrum (black) was simulated (red) with 
two species featuring different mobility. The fast component was fitted with correlation time 
0.43 ns and the slow component with 5.5 ns. Note the difference in intensity of both 

hough their population is equal. Center: X-band simulation of the published 
the reported parameters. Right: W-band simulation with identical parameters

the broad component is now more visible in the spectrum. Left panel

One idea that has given good results for spin labeled proteins [63], but, for now, only 
with simulations for IDPs [72] is to decrease the exposure time of our camera, 

microwave frequency. In the center and right panels of 
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, the authors study the flexibility of 
containing urease, 

. The EPR spectrum under 
was possible to quantify by 

means of spectral simulations (see Fig. 5). One conformation, characterized by τc = 0.43 ns and 
estimated to be 50% of the total amount of enzyme has sharp and intense lines, whereas the 

broader and much 
= 5.5 ns. The fast component was associated with high flexibility 

protein folding in the 
In this example we are confronted with the dramatic intensity 

loss that takes place when the dynamics of the backbone is slowed down (note that in Fig. 3 
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band spectrum of 
the position of the only cysteine present in the wild-type sequence, 

The experimental spectrum (black) was simulated (red) with 
two species featuring different mobility. The fast component was fitted with correlation time 
0.43 ns and the slow component with 5.5 ns. Note the difference in intensity of both 

imulation of the published 
with identical parameters. 

Left panel reproduced 

, but, for now, only 
is to decrease the exposure time of our camera, 

the center and right panels of Fig. 5, X- and W-
are presented for the two species found in [68], 
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details of the lineshapes are given to illustrate the higher sensitivity of the higher frequencies 
to spectra in the window of correlation times generally observed in IDPs. In the figure, the W-
band features of the slow spectrum are more intense with respect to the ones of the fast 
component than at X-band. This is due to the higher anisotropy of the nitroxide spectrum at 
W-band magnetic fields. 

 

Spin Label Packing and Oxygen/Quencher Accessibility. 

When two or more unpaired electrons are in close proximity their orbitals may overlap, which 
leads to spin exchange interaction or coupling of the spins either in a parallel or antiparalell 
fashion. The effect of the exchange interaction on nitroxide free radicals in liquids is, for small 
spin exchange energies compared to the hyperfine coupling, to broaden the lines and move 
them toward the center of the spectrum. For exchange energies higher than the hyperfine 
coupling the lines broaden further and coalesce into one broad line, which narrows for even 
stronger exchange couplings [73]. On the other hand, the effect of this interaction decreases 
very rapidly when the distance between labels increases and, generally, one can safely neglect 
it when the distance between the spins is longer than 15 Å.  

Another manifestation of the spin exchange interaction is the broadening and electron spin 
relaxation enhancement  brought by collisions with other paramagnetic molecules present in 
the liquid solution. For example, oxygen is a paramagnetic molecule with a triplet ground state 
that diffuses in water and even better in lipid membranes due to its apolar character, it 
increases nitroxide relaxation rates via Heisenberg exchange proportionally to its 
concentration [74]. The same effect is obtained by other water soluble quenchers like 
NiEDDTA. Therefore, observing the effect of the different quenchers on the electron spin 
relaxation, one can obtain the exposure of a labeled residue to the water solution, to the lipid 
bilayer, or its inaccessibility due to burial into the protein.  The spin-lattice relaxation can be 
measured directly using pulse methods, or via power saturation curves of the CW-EPR 
spectrum. 

The study by Langen and coworkers [75, 76] provides a very nice example of how this 
interaction yielded useful information on the structure of α-synuclein aggregates. This protein 
in water solution and the mononeric state is intrinsically disordered but it acquires helical 
structure in contact with lipid bilayers [77-79]. Upon aggregation, plays an important role in 
the pathogenesis of Parkinson’s and other neurodegenerative diseases [80]. In their article, 
they performed CW-EPR experiments with a remarkably exhaustive collection of single 
cysteine mutants of a C-terminal truncation mutant of α-synuclein. This variant is more prone 
to aggregation but forms fibrils with a highly similar morphology to that of the wild-type 
protein. The authors performed a high-resolution scan of the protein aggregates by labeling, 
one by one, every single amino acid. As shown in Fig. 6, fibril formation induced important 
changes in the spectrum of the singly labeled mutants in the N-terminal domain of the protein 
and from the 99th amino acid, which revealed several components of varying mobility, from 
heavily immobilized to highly dynamic. The changes are more striking in the central region 
(core) of the protein where the spectrum is defined by a broad single EPR line as a result of the 



 

exchange interaction resulting from a large number of spin labels coming into contact tightly 
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resulting from a large number of spin labels coming into contact tightly 

study, the authors performed O2 accessibility measurements on 
synuclein mutants labeled with a nitroxide in 25% of the units using the power 

. For that, EPR spectra were measured at room temperature as a 
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Low temperature EPR spectrum of truncated α-synuclein labeled at the position 90 in fibrils 
labeled with 40% R1 (red) and fibrils labeled with 10% R1 (black). Center: Deconvolution of the 
two aforementioned spectra in the frequency domain. Right: Fitting of the experimentally 
obtained broadening function to a set of Pake patterns. Adapted from [75]  

 

With these experiments it was concluded that in α-synuclein fibrils are formed by a parallel, in-
register stacking of the core region of the protein (35-99 aa) with multiple protein units 
clustered together. The distance between protein units was determined to be 4.7-4.8 Å based 
on the dipole interaction, which is reviewed in the next sections. 

 

Determination of Distance Distributions Between Spin-Labels 

One of the mayor features of EPR in relation to the study of IDPs in particular, and 
biomolecules in general, is the ability of the technique to, always in combination with site-
directed spin labeling, obtain the distance between two paramagnetic centers. The 
measurements of distance distributions allows for recognizing and modeling disordered 
regions in a biomolecule. The physical principle behind distance determination is the dipole-
dipole interaction. Just like classical magnetic dipoles, the magnetic interaction of two 
localized electron spins with magnetic moments μ1 and μ2 that are aligned parallel to an 
external magnetic field corresponds to the following interaction energy: 

𝐸 = − 𝑔 𝑔 𝜇 (3𝑐𝑜𝑠 𝜃 − 1) = 𝜔 (1 − 3𝑐𝑜𝑠 𝜃)    (Eq. 1) 

where the magnetic moments of the two paramagnetic centers are μ1 = g1μB y μ2 = g2μB, μB is 
the Bohr magneton and θ is the angle between the magnetic field and the direction of the 
inter-spin vector 𝑟.  As denoted in the formula, the interaction is inversely proportional to the 
cube of the distance between the two point dipoles. The value of the dipole-dipole coupling, 
𝜔 , between two nitroxide radicals (g-values around the one of the free electron) is about 52 
MHz for an inter-spin distance of 1 nm, for 10 nm it is reduced by three orders of magnitude. 



 

Figure 7. Spin dipole-dipole interaction.
field of an electron changes with the spin
resonance absorption line of the two interacting electrons is split by the dipole
interaction. Bottom: The angle
direction is represented in the sphere of all possible orientations. 
dipolar coupling, dipole-dipole splitting as a function of
Pake pattern resulting from the sum of all possible dipole
Figure kindly supplied by Gunnar Jeschke.

 

In the top diagram of Fig. 7.A
the local field of the measured (red) spin is displayed. Due to this 
certain orientation between the external magnetic field and the interspin direction, the EPR 
transitions of the two spins are split as represented in the 
dipole-dipole interaction depends on the angle θ
7.B. As a consequence of the presence of
solution sample, each of the split li
This is the so-called Pake pattern. Most often, the Pake pattern is not observed in the 
spectrum because other anisotropic interactions are larger than the dipole interaction.

If the weak coupling condition is fulfilled (d < |ω
Pake pattern with the lineshape in the absence of interaction between the dipoles. If this line
shape is known, the Pake pattern, and the distance, can be obtained by de
CW-EPR spectrum [83]. This kind of study 
limit” T < 200 K, in order to avoid the dipole
molecular motion. Note also that the interaction between dipoles can be measured between 
labels in the same molecule (intramolecular distance) or between labels in different molecules 
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dipole interaction. A. Top: diagram indicating how the local magnetic 
field of an electron changes with the spin-flip of a neighboring electron. 
resonance absorption line of the two interacting electrons is split by the dipole
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the local field of the measured (red) spin is displayed. Due to this magnetic 
certain orientation between the external magnetic field and the interspin direction, the EPR 
transitions of the two spins are split as represented in the center panel of Fig. 7.A
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spectrum because other anisotropic interactions are larger than the dipole interaction.
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labels in the same molecule (intramolecular distance) or between labels in different molecules 
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(intermolecular distance) and occurs between identical labels but also between different labels 
(orthogonal labeling). To safely obtain distance information from spin labels, the exchange 
interaction between labels has to be negligible and the distance between labels much larger 
than the spatial distribution of the label position. This is fulfilled for mean distances larger than 
15 Å approximately. 

Coming back to the study of nitroxide labeled α-synuclein fibrils performed by Chen at al. [75] 
and summarized in Fig.6, we find an illustrative example on how the distance between β-
sheets was obtained using CW-EPR (Figure 6.D). As it was already mentioned, the CW-EPR 
spectrum of fibrils constructed with singly labeled monomers of the protein was dominated by 
exchange interactions due to the close packing among labels of the parallel monomers in the 
aggregate. From these spectra it is difficult to obtain an estimate of the exact distance 
between labels, since the exchange interaction is difficult to interpret in terms of geometric 
distance and the dipole interaction is obscured by the exchange interaction. Again, a good 
strategy is to “dilute” the spin system by co-precipitating the protein attached to the spin label 
with the protein where the label was substituted by its diamagnetic analogue. The authors 
performed at 233 K a series of spin dilution experiments with various mixtures of R1 and its 
diamagnetic analogue R1’ to increase the distance between spin labels and avoid the effects of 
the spin exchange interaction and recover, at least for some of the labels, the three-line EPR 
spectrum characteristic of the hyperfine coupling with restricted mobility. They found that 
starting from 50% of spin labeled protein, the spectra are dominated by the exchange 
interaction, while for percentages lower than that, dipole-dipole interaction was dominating 
the spectral broadening. In order to recover the Pake-pattern broadening function, which 
could be used to obtain the interspin distances, they deconvoluted the spectra of α-synuclein 
at 40% R1 (dipolar-broadened) with the ones obtained for 10% R1 (less dipolar broadening). 
The results for the protein with the spin label placed at position 90 of the sequence are 
displayed in figure 6.D left, where it becomes clear from the several peaks and shoulders of the 
broadening function in the frequency domain that there are several sets of distances. The 
retrieval of the distance distribution function (Fig. 6.D right) shows distance peaks at 10, 14 
and 19 Å, which correspond approximately to the distance between three, four and five β-
strands measured in fiber diffraction studies [84]. As illustrated above, distance measurements 
in the range 10 – 20 Å can be extracted from CW-EPR measurements of spin labeled proteins. 
For distances longer than 20 – 25 Å, the dipole-dipole coupling is normally so small that 
broadening caused by spin-spin interactions cannot be detected since other mechanisms, like 
non-resolved hyperfine splittings or g- and A-strains, dominate and generate a much broader 
linewidth. form 

Distance measurement between labels using CW-EPR is limited in the case the pairs of labels 
are “diluted” into a background of labels that are not paired, for example when measuring the 
distance within a dimer of a singly labeled protein when the proportion of dimers is lower than 
40%, or when the labeling efficiency of a doubly labeled protein is lower than 60%. This 
limitation is caused by the fact that all labels contribute to the CW-EPR signal and obscure 
subtle broadenings produced only by a fraction of the pairs. Note that using deconvolution 
methods requires necessarily the spectrum of the non-interacting species and neglects 
potential orientation selection effects, that is, correlation of the interspin direction and the 
molecular frame. In case of broad distance distributions, as to be expected for IDPs, the risk is 



18 
 

that part of the distribution falls out of the sensitive range of the method. The use of 
complicated model functions to fit distance distributions is to be avoided since the number of 
parameters rise up fast. 

Many of these limitations can be overcome with pulsed methods for distance determination 
between spin centers. 

Distance Determination with Pulsed Methods 

The use of pulsed EPR methods allows manipulating the magnetization with high-power 
microwave pulses. Reversing the effects of inhomogeneous line broadening is possible through 
the formation and detection of electron spin echoes [85]. There are several pulsed dipolar 
spectroscopy methods in the literature: Double-quantum EPR (DQ-EPR) [86, 87], SIFTER 
(SIngle-Frequency TEchnique for refocusing dipolar couplings) [88, 89], DEER (also known as 
PELDOR [90, 91], Pulsed ELectron-electron DOuble Resonance) and RIDME [92]. From them, 
the one more widely used at the moment is the four-pulse version of DEER [9]. 

In this experiment, two interacting spins resonating at a different frequency are manipulated 
independently by pulses of different microwave frequency. The pulse sequence is shown in Fig. 
8, the first two pulses at the resonance frequency of the observed spins (spins A in Fig. 7) 
produce a Hahn echo that is refocused by the fourth pulse after the evolution time t. In the 
meantime, a π pulse at the resonance frequency of the interacting spins (pump pulse) inverts 
them, changing thereby the resonance frequency of the observed spins, which will not refocus 
unless the evolution time from that moment multiplied by frequency change (dipolar 
frequency) is a multiple of 2π. When the pump pulse position is swept during the evolution 
time, an oscillating signal is detected. The information of the distance between the spin 
centers is encoded in the frequency of the oscillation. For this technique to work, the two spins 
need to be manipulated independently, that is, they have to have different resonance 
frequency. The spectrum of nitroxides spans a 180 MHz spectral width and therefore it is 
possible to allocate two non-overlapping pulses, the pump-pulse is normally set at the 
maximum of the nitroxide spectrum, where all molecular orientations contribute and the 
observer-pulse is set to excite the spins at the low-field end of the spectrum (molecular axis 
along the external magnetic field). As noted above, the equally likely occurrence of every 
molecular orientation  in a frozen sample, results for X- and Q-band DEER spectra in a full Pake 
pattern in the frequency domain. Gd-Gd distance between gadolinium spin labels and Gd-NO 
distances can also be measured with this technique without noticeable orientation selection 
effects although severely decreased modulation depth [36, 37, 93, 94].  

However, not only the desired signal is recorded in the spectrum; if the protein concentration 
is high enough, there is a considerable probability that different proteins, randomly distributed 
in space, interact among themselves if they are close enough. These random interactions will 
be recorded as well, as the so-called background factor. For a certain interspin distance r, the 
normalized DEER signal has the mathematical form: 
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is the form factor due to the intramolecular contribution with distance 
. In this formula, the dependence of the dipole-dipole coupling on the angle 

spin vector and the direction of the magnetic field is explicit. Again, 
orientations of the interspin vector are possible in a frozen solution and the 

need to be summed up (integration over θ). The background factor 
approximated by a stretched exponential function. For a homogeneous spatial distribution 

in three dimensions, as it is to be expected for soluble proteins like IDPs
is found to be close to 3. The form factor can be obtained 

background factor using the last part of the DEER trace (see Fig. 8) and dividing the trace by 
ground factors can also be obtained experimentally from singly labeled samples. 

After renormalization, there is a non-modulated contribution to the form factor given 
interacting spins that can be subtracted to obtain the modulated contribution beari
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factor, which need the measurement of longer evolution times in the experiment. This yields 
to a reduction of the signal due to transverse relaxation. Moreover, the longer the distance the 
harder is to distinguish it from the background contribution for a certain protein 
concentration. In this case, a decrement in the protein concentration is advised leading to a 
further reduction of the signal.  

Analysis of the form factor to retrieve the distance distribution between the spins is not 
obvious because small variations in the input data (time trace) can lead to large differences 
distance distribution. Tikonov regularization is a method that stabilizes the solution by not only 
searching for a good RSMD but also a smooth solution [97-99]. This method is a solid way of 
obtaining distance distributions from experimental DEER traces without assuming a specific 
model for the shape of the distribution. Limitations arise when sharp and broad distances are 
present in the data [100]. New approaches combine denoising and singular value 
decomposition [101, 102], neural networks [103] or regularization methods based on Bregman 
iterations [104].  

DEERAnalysis [105] is a widely spread, user friendly tool for processing and analysis of DEER 
experimental traces available free of charge as a MATLAB toolbox from the website of the 
developers (https://epr.ethz.ch/software.html). An example illustrating the processing and 
analysis of a DEER trace is shown in Fig. 8. Evaluating uncertainty of a distance distribution is 
absolutely necessary as the output of the analysis is very dependent of the signal to noise of 
the experimental trace and the fit of the background function [106, 107]. DeerAnalysis 
includes a validation module to check the reliability of the different features in the distance 
distribution [108]. 

For IDPs, distance distributions are expected to be very broad, reflecting the disorder of the 
structure. In this case, no oscillations are to be observed in the trace but a steady decrease 
(more or less steep for shorter or longer distances) that has to be separated from the 
background decay. For such broad distance distributions the analysis and their subsequent 
interpretation becomes even more challenging since the use of small regularization 
parameters is not appropriate for broad distributions and large regularization parameters 
could hide details from the distribution. Some authors fit their distributions to a predefined 
model, usually Gaussians [109], although this fit will fail to reflect any real asymmetry in the 
distance distribution.  



 

Figure 9. Pulse EPR reveals flexibility in the apo state of LmrA transporter.
of the transporter with the states isolated for the study
mutants for the different states
not show oscillations due to the broad distance distribution
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protein and three in one of the transmembrane helixes, helix 6
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similar inter-spin distances. This fact was interpreted by the authors as a highly flexible apo
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freezing the whole ensemble to low temperature 
authors discuss that flexibility/disorder might be an important functional prerequisite for 
recognition of a large variety of substrates.

21 

Pulse EPR reveals flexibility in the apo state of LmrA transporter. A
of the transporter with the states isolated for the study B. Raw DEER data of some of the 
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due to the broad distance distribution. C. Distance distribution

considering Gaussian models in the apo state (up) or nucleotide
. Sketch of the protein dimer. Adapted from [110] 
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A second interesting example where DEER distance measurements between paramagnetic 
labels were used to monitor proteins in a disordered state is the refolding study of the mayor 
light-harvesting complex protein (LHCII) of photosynthetic plants [21, 111]. When the 
detergent-solubilized protein is mixed with a combination of chlorophylls a and b and 
carotenoids, the apoprotein folds and binds its pigments in vitro. Distance constraints from 
pulse EPR were used to study protein folding and pigment binding in a time-resolved manner 
by shock-freezing the sample at certain times after mixing. Intra-molecular distances were 
measured before folding and at various time points in the folding process and compared with 
the ones in the fully folded and assembled LHCII. Double mutants were designed to place spin 
labels at both ends of each of the transmembrane helixes and between the lumenal (and 
stromal) ends of two of the three helixes. Fig. 10.A illustrates the steps of DEER trace 
processing with the labels at positions 90 and 196 in the fully reconstituted protein. For shock-
frozen samples reporting about the kinetic of the folding process, the protein amount in the 
sample tubes was considerably reduced. Due to the higher sensitivity provided by the Q-band 
study [111], DEER traces were long enough to retrieve reliable distance distributions. On the 
other hand, in the previous X-band study [21], it was only possible to perform the experiments 
with short dipolar evolution times (1.5 μs), which partially suppresses long distances due to 
imperfect background correction. Protein folding was therefore monitored by focusing on the 
disappearance of large frequencies (short distances) from the dipolar spectra (see Fig. 10). The 
quantification of the folding kinetics from dipolar spectra was found more reliable since large 
dipolar frequencies can be detected even for short evolution times and the computation of 
dipolar spectra does not amplify noise-related distortions, unlike what is found for the 
computation of distance distributions. These time resolved EPR studies allowed concluding 
that most of the folding of the three transmembrane alpha helices precedes their apposition 
into the final tertiary structure. However, their formation follows different kinetics, even 
extending into a final phase during which much of the condensation of the pigment-protein 
structure occurs. 



 

Figure 10. Study of LHCII folding.
reconstitution. Top-left: raw data of the
mutants 196 and 90. Top-
spectrum. Bottom-right: Distance distribution. 
measurements on 106/160 and 90/196. Time traces were short (
DEER-dipolar spectra at three di
point (arrow) are shaded and
frequency integral in dipolar spectra obtained for each mutant 
Structure of LHCII based on the crystal structure (PDB ID code 

The last revised example of
synuclein that was mentioned above.  The aim of the study was to compare the 
conformation/flexibility of the protein in vitro with the one
environment, the cell [112]. 
with Gd-DOTA, chosen in order to survive the reducing environment in the cell.
Gd-NO) distance constraints at X
and, albeit a few technicalities, the 
be done using the same criteria 
disordered nature of the protein, the DEER traces show no oscillations and the average 
distance between the labels is encoded in the slope of the form factor decay. The experiments
show no mayor difference between the conformation of the protein in vitro (IDP) and the 
protein in the cell. 
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Study of LHCII folding. A. DEER data analysis of the purified mutant 90/196
raw data of the doubly labeled mutant and a mix

-right data after background correction. Bottom
: Distance distribution. B. Assembly of LHCII as monitored by DEER 

measurements on 106/160 and 90/196. Time traces were short (1,400 ns cut off time
dipolar spectra at three different folding times. Frequencies higher than 

are shaded and integrated. Right: Time-dependent decrease of the high
frequency integral in dipolar spectra obtained for each mutant at different freezing times. 

LHCII based on the crystal structure (PDB ID code 2BHW). Adapted from 
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chosen in order to survive the reducing environment in the cell.

NO) distance constraints at X- and Q-bands do not show any orientation selection effects 
albeit a few technicalities, the processing and subsequent interpretation of the data can 

be done using the same criteria as for NO-NO distance constraints. Consistent with the 
disordered nature of the protein, the DEER traces show no oscillations and the average 

ls is encoded in the slope of the form factor decay. The experiments
show no mayor difference between the conformation of the protein in vitro (IDP) and the 
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Integrating the Distance Constraints into a Structural Model. 

In order to interpret correctly the outcome of distance measurements between labeled 
residues in terms of distances between the different points of the backbone where the label is 
attached, one has to take into account the specific nature of the labeled amino acid (normally 
cysteine) and the structure of the particular label, as well as the flexibility of the formed R1 
side chain. One of the features of the spin labels that we have noted above is the flexibility, 
which, in one hand allows them to adapt to the landscape of the particular site with minimal 
alteration of its native structure, but on the other hand blurs the position of the electron spin 
due to conformation disorder of the spin label side chain. For accurate distance determination, 
the position of the electron spin has to be modeled; however, prediction of the conformational 
flexibility of the probe introduces uncertainty. One of the most popular approaches to account 
for this flexibility is to model the spin label using precomputed rotamer libraries with 
calculated probabilities for every possible conformer based on methods of molecular dynamics 
[113]. When a spin label is modeled into a particular position of the structure, only the 
conformers that do not collide with the protein will be selected. One then calculates the 
partition function, which is related to how much conformational freedom the probe has on the 
site, in order to obtain the probability of every individual conformer. The open-source package 
MMM (http://www.epr.ethz.ch/software/index), also a toolbox for MATLAB, has implemented 
this approach and incorporates a precalculated library of rotamers for the most common 
nitroxide and gadolidium labels [12]. With the probabilities for individual rotamers given by 
MMM, the average position of the spin probe is calculated for every labeled site. The software 
also allows for calculation of distance distributions and DEER trace computations of sites 
labeled in silico from a certain protein structure. With these tools, mean distances between 
two MTSSL spin labels can be predicted with a standard deviation of about 2 Å if the backbone 
structure and other side chain conformations are known at a high resolution [19]. This 
limitation, together with the fact that EPR distance restrains are usually sparse precludes a full 
specification of structure determination at atomic resolution from EPR restraints only. Studies 
as systematic as the one performed in the α-synuclein study reviewed above [75] where the 
spin label was scanned along the protein residue by residue are very rare, EPR distance 
restraints are normally scarce due to the large effort behind mutating, expressing and 
purifying, spin labeling and measuring of every labeling position. Therefore, the best approach 
is to combine EPR distance constraints with structural information provided by other 
techniques and with modeling of the molecule.  

MMM is prepared to integrate EPR constraints with atomistically resolved structures, 
secondary structure propensities (from sequence, NMR or EPR techniques), small angle x-ray 
scattering, homology modeling and elastic network models. In the case of intrinsically 
disordered proteins or domains, the idea of distance between atoms is invalid, and the useful 
information within the EPR distance distributions is the average and width of the ensemble of 
conformations. With several of those distance restraints one can attempt to model an 
ensemble of structures than fulfill all of the restraints obtained experimentally. In this case 
MMM provides a very useful tool, Domain Ensemble Modeling [12]. This tool generates the 
structure of a given protein sequence, either the whole protein or a protein segment, based on 
Montecarlo methods. Conformers are generated from pseudo-random backbone torsion 
angles consistent with the Ramachandran plot of the corresponding residue. The process of 
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checking the distance restraints is built in the structure construction routine, so that 
conformers that violate the restraints are rejected immediately. If a protein loop or segment is 
modeled, the algorithm starts generating the N-terminal residue and is steered towards their 
C-terminal anchor by a Montecarlo Metropolis approach [11, 12]. Subsequently, side chains 
are generated and clash tests are performed. Secondary structure restraints, bilayer 
immersion depth and distance restraints are implemented. The tool generated output is the 
user predefined number of structures compliant with the restraints. It also provides very 
useful information about the number of models rejected and the reason for rejection 
(restraints violation, clashes within the domain or with the protein, etc). The comparison of the 
output ensemble with a run with no restraints can give an idea of how disordered the protein 
or domain really is. The approach has been tested with simulated restraints for well-defined 
structures and for published ensembles of intrinsically disordered proteins to see 
whether/when the uncertainty is due to lack of experimental restraints and when is due to 
intrinsic disorder. Both situations can be distinguished if enough distance distribution 
restraints are available [11]. 
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