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Abstract: 

Site-directed spin labeling is a versatile tool to study structure as well as dynamics of proteins 

using EPR spectroscopy. Methanethiosulfonate (MTS)-spin labels tethered through a disulfide 

linkage to an engineered cysteine residue were used in a large number of studies to extract 

structural as well as dynamic information of the protein from the rotational dynamics of the 

nitroxide moiety. The ring itself was always considered to be a rigid body. In this contribution, 

we present a combination of high-resolution X-ray crystallography and EPR spectroscopy of 

spin-labeled protein single crystals demonstrating that the nitroxide ring inverts fast at ambient 

temperature, while being characterized by a bent conformation at low temperature. We have 

used quantum chemical calculations to explore the potential energy that determines the ring 

dynamics as well as the impact of the geometry on the magnetic parameters probed by EPR 

spectroscopy.    
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Site-directed spin labeling (SDSL) is a versatile method to elucidate structural as well as 

dynamic properties of arbitrarily sized proteins by means of electron paramagnetic resonance 

spectroscopy (EPR).1-6 Continuous wave (CW) EPR spectra of nitroxide spin labels engineered 

into proteins using SDSL contain information on the rotational modes of the spin probe. The 

dynamics of the spin-bearing side chain encoded in the spectral line shape, was shown to 

provide information on both structure as well as on the dynamics of the protein on the level of 

the backbone fold.1, 7-8 In addition, oriented samples can be used to determine the relative 

orientations of structural entities plays a crucial role in understanding functional properties.9-10 

The extraction of the information, ideally at physiological conditions, requires detained 

knowledge about the side-chain conformation, its dynamics as well as the properties of the 

probe. To this end the nitroxide ring is usually considered a rigid entity. We employ high-

resolution X-ray crystallography (e.g. 11-13) in combination with EPR spectroscopy of spin-

labeled protein single crystals14 to gain detailed insight into internal dynamics of the 3-

pyrroline-N-oxide ring of methanethiosulfonate (MTS) spin labels (Figure S1). To this end, we 

compare T4 lysozyme variants 118C labeled by the monodentate MTS spin label (R1; Figure 

S1 A)14 with the double mutant 115C/119C labeled by the bidentate nitroxide reagent HO-1944 

(RX; Figure S1 B). We combined X-ray crystallography (100 K) of both variants at 1.0 and 1.2 

Å resolution, respectively, with single-crystal EPR spectroscopy at room temperature to gain 

insight into the structural as well as dynamic properties of the nitroxide spin probe. 

The crystal structure of the T4 lysozyme variant 118R1 with a resolution of 1.0 Å (PDB ID: 

5JDT) revealed a non-planar structure of the five membered ring at low temperature (Figure 

1A).14 Within this structure the short helix F of the wild-type protein is unfolded and the spin 

label is packed into the interior of the protein.11 The conformation is at least in part stabilized 

by a hydrogen bond between the oxygen atom of the nitroxide and the carbonyl moiety of 

residue G107.14 While a bent conformation is found here, the crystal structure of the MTSSL 

spin label reveals an essentially planar configuration.15 It is therefore important to determine 
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the equilibrium structure of the spin label in the absence of possible interactions. To address 

this point in more detail, we performed quantum chemical calculations. With respect to 

quantum chemical methods, a full optimization of the nitroxide ring with the four methyl groups 

as well as the tether attached to it is quite cumbersome. Therefore, we started our investigations 

with a model system in which the methyl groups as well as the tether at position 3 of the ring 

were replaced by hydrogen atoms. At first various methods within the framework of density 

functional theory (DFT) with and without dispersion correction (DFT-D3) were used, and most 

of them revealed the planar structure to be the most stable one (Figure S2). The same holds if 

Møller-Plesset (MP2) perturbation theory is employed. However, some functionals, such as the 

B2PLYP-D double hybrid lead to a bent conformation after structure optimization. High-level 

quantum chemistry methods, namely CCSD(T), also show a bent conformation to be the 

energetic minimum, which is, however, only slightly more stable than the planar arrangement. 

The comparison between the different methods shows that an accurate description of such 

systems requires not only a proper description of weak dispersion forces but also of electron 

correlation beyond a perturbative approach if one does not want to rely on error compensation 

effects. The energetic barrier between the planar geometry and the global minimum was found 

to be 0.035 kJ/mol (Figure 1B), which is much smaller than the thermal energy at around 300 

K. In the gas phase two symmetry-related minima of equal energy exist as there is no 

preferential direction for the bending of the ring. Hence, in the gas phase a fast inversion of the 

ring is expected at room temperature. Single point calculations of the fully methylated system 

reveal that the results obtained for the simplified model system also hold for the methylated 

nitroxide ring. However, the potential becomes more repulsive for larger angles and the 

minimum shallower. Irrespective of the method being used, all calculations clearly show that 

the potential energy surface along the bending coordinate of the ring is very shallow in the gas 

phase. Therefore, interactions of the ring with other residues and/or solvent molecules can 

modify the potential energy surface. Hence, it remains an open question if the bent 
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conformation of the spin label in variant 118R1 is stabilized by the tertiary interaction with 

residue G107. To explore this aspect in more detail, we have investigated the structure of the 

115/119RX variant of T4 lysozyme in which the spin label is solvent-exposed and does not 

engage in any tertiary contacts with neighboring side chains or adjacent protein molecules in 

the crystal as shown by Fleissner et al. (PDB ID: 3L2X).12 The structure obtained at a resolution 

of 1.8 Å shows no evidence for the presence of a bent ring structure.12 We determined the 

structure of T4 lysozyme 115/119RX to 1.18 Å resolution (Figure 1C) to obtain more detailed 

structural information (for comparison with the published structure see Figure S3). Electron 

density around the connecting thiol groups at positions 115 and 119 clearly reveals, beside the 

known conformation, a second, solvent exposed conformation of the RX label (Figure S4, green 

mesh). The appearance of a weak and fragmented electron density of the latter conformation 

indicates a higher degree of structural heterogeneity. A detailed inspection of the well-defined 

electron density around the RX label reveals lower electron density around the nitroxide ring in 

comparison to the protein backbone, arguing for the presence of the solvent exposed 

conformation. For the well-resolved conformation the electron density of the oxygen and the 

carbon atoms is consistent with an almost planar structure, as observed for the R1 side chain14, 

however, the electron density of the nitrogen atom extends significantly out of plane (Figure 

1C), which points to a bent conformation of the ring at low temperature. Lacking specific 

interactions both bent conformers are similar in energy and thus populated almost equally. The 

EPR spectra of crushed single crystals taken at room temperature and different microwave 

frequencies are indicative for fast rotational motion with small amplitude around all axes. This 

is in line with the expectations based on the restrictions imposed on the spin label dynamics due 

to the two tethering groups.  

For the bent structure the information of the orientation of the g- and hfi-matrices in the 

molecular framework has been derived by quantum-chemical (DFT) calculations, as detailed in 

the Supplementary Information.14 With respect to the planar nitroxide ring, the hfi-matrix in the 
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bent conformation is rotated by 3.7° around the direction of the y-component towards the NO 

bond, while the g-matrix is rotated by 9.3° towards the NO-bond as shown in Figure S2. The 

CW-EPR spectra (X-band) of crushed crystals (Figure S5) measured at room temperature are 

very similar and reflect a fast, small amplitude motion of the nitroxide.12, 14 In case of fast 

motion the line shape can be described by an effective Hamiltonian approach as shown in Figure 

S6 for CW-EPR spectra (X-band) of crushed crystals.16 From the structural characterization, it 

is expected that the motion is restricted around all three axes of the nitroxide spin label, which 

is nicely reflected in the EPR spectrum of variant 118R1 taken at 94 GHz (Figure 2, black 

trace). The experimental spectrum is superimposed by a fit using a collinear arrangement of the 

interaction matrices (red trace) of the effective Hamiltonian parameters given in Table S3. The 

blue line in Figure 2, however, used the rotated g- and hfi-matrices predicted theoretically using 

to calculate the spectrum (for parameters see Table S3). The quality of the two fits is 

comparable, which renders it impossible to reject one of the models based on these data. A 

discrimination of both models becomes feasible if angle dependent single crystal spectra as 

shown in Figure 3 (CW-spectra taken at Q-band (34 GHz)). The experimental data (black 

traces) are shown as absorption spectra created by numerical integration from the measured 

spectra, because the effective Hamiltonian approach describes the resonance positions of the 

different resonances fairly well, while line widths are introduced empirically by assuming 

Lorentzian lines of constant width for all resonances. For both crystals the orientation of the 

unit cell was determined by X-ray diffraction, which together with the known atomic structure 

(space group (P3221) with six molecules in the unit cell) allows to determine the orientation of 

all spin labels with respect to the static magnetic field. The line shape presented here is therefore 

the superposition of spectra simulated for each molecule in the unit cell. While the electron 

density of the second spin label conformation of variant 115/119RX was only fragmented, it is 

important to understand the EPR spectra. This is readily seen from the simulation of the lowest 

spectrum of Figure 3 shown in Figure S7 A. The weak lines observed at high fields cannot be 
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explained by the main conformation of the spin label, but are perfectly reproduced by the second 

conformation extracted from the X-ray diffraction data (Figure S4). The simulations of variant 

118R1 used the orientation of the spin label using the room temperature crystal structure (PDB 

ID: 5G27), which was shown to exhibit two conformations as well.14 The series of experimental 

spectra of both variants (Figure 3) were analyzed using the magnetic parameters determined 

from the isotropic suspension of the crushed crystals (Table S2 and S3). The simulations shown 

in red assume the g- and hfi-tensor being collinearly aligned and oriented as expected for a 

planar geometry of the spin label, whereas the blue traces were obtained assuming the g- and 

hfi-tensors being orientated as predicted by theory based on the low-temperature structure. As 

the orientation of the spin labels within the unit cell was determined experimentally with respect 

to the magnetic field, the only variable parameter to obtain the simulated spectra is the relative 

population of the two conformations. The ratio of the two conformers was kept constant for all 

spectra in the series, and it was found to be 73:27 and 85:15 for variants 118R1 and 115/119RX, 

respectively. It is clearly seen that for both variants, the simulations assuming collinear g- and 

hfi-matrices aligned with a planar ring fit the data significantly better than simulations using 

the theoretically prediced g- and hfi-matrix orientation.     

The simulation using tilted g- and hfi-matrices shows significant deviations of resonance 

positions as well as relative intensities for all spectra, while most of the observed peaks are 

nicely reproduced by the model of a planar nitroxide. The remaining differences can be 

attributed to the simplistic nature of the model being used. One has to bear in mind that the the 

simulations depend sensitively on the precise orientation of the interaction matrices (see Figure 

S8 for more details). Hence, the angle-dependent EPR spectra are in contradiction to the 

theoretical expectations based on the bent conformation of the nitroxide ring observed at the 

low-temperature structure (Figure 1 A,C).14 The spectra are, however, in-line with an 

orientation of the matrices as expected for a planar conformation of the ring. While a bent 

conformation of the nitroxide ring is observed at low temperature, theory revealed a very flat 
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potential energy surface along the bending coordinate, which allows the excitation of a ring 

inversion mode at elevated temperature. In case of sufficiently high excitation, an EPR 

experiment will probe the quantum mechanical average resulting in an orientation of the g- and 

hfi-matrices aligned with the planar orientation of the ring. Hence, the results presented here 

provide the first experimental evidence for the dependence of the EPR spectra of spin-labeled 

proteins on the internal dynamics of the 3-pyrroline-N-oxide ring at room temperature.    

The internal dynamics of the ring has implications for the interpretation of EPR spectra of spin-

labeled macromolecules using 3-pyrroline-N-oxide rings. The EPR line shape of the spin-

labeled proteins at room temperature is typically interpreted as being caused by to the rotational 

dynamics of the label, which in turn is used to derive structural as well as dynamic properties 

(e.g. 1-2). Within this framework the spin label is considered as a rigid body, which in turn is 

characterized by a well-defined set of g- and hfi-matrix components depending on the local 

environment such as the polarity of the medium (e.g.17-19). In turn, information on the rates and 

the amplitudes of motion is extracted using low-temperature “rigid limit” values of the g- and 

hfi-matrices. Our findings indicate that this picture is too simplistic. The nitroxide ring cannot 

be considered a rigid body at elevated temperature, but it is vibrationally excited with respect 

to the ring inversion mode. To explore the consequence of the ring inversion mode for the EPR 

spectroscopy in more detail, we have performed quantum chemical calculations for the g- and 

hfi-tensor components for the limiting case of the planar and the bent conformation of the ring, 

which are summarized in Tables S4 and S5. The calculations reveal significant dependence of 

both hfi as well as Zeeman interaction on the conformation of the ring. Even though variations 

of the absolute values are found for different functionals used within the DFT calculations, the 

trend holds throughout this set of calculations and is confirmed by previous calculations on 

other nitroxides.20-21 The planar structure has a significantly smaller isotropic hyperfine 

coupling constant than the bent one, which is due to an increase of the s-component to the 

SOMO at the N-atom from 0 % for the planar to 13 % for the bent structure as shown by the 
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calculations. In case the inversion mode of the ring is excited, a properly weighted quantum 

mechanical average of the various conformations has to be used to obtain the effective principal 

components of the g- and hfi-matrix.21 Hence, using the principal g- and hfi-matrix components 

obtained at low temperature neglects the change in the g- and hfi-matrix elements due to the 

internal dynamics of the spin label.    

In summary, we have combined X-ray crystallography and quantum chemical calculations to 

show that the unsaturated five membered 3-pyrroline-N-oxide ring has a bent equilibrium 

conformation. The energy minima of the bent conformation are very shallow, which allows a 

fast ring inversion at elevated temperature. Excitation of the inversion mode leads to a quantum 

mechanical average of the g- and hfi-matrix components as well as the orientation of the 

matrices with respect to the spin label. The latter results in a collinear arrangement of both 

tensors being aligned with the expectation for the planar nitroxide ring, which could be clearly 

demonstrated using angle-dependent EPR spectra of two single crystal T4 lysozyme variants 

characterized by spin labels exhibiting tertiary interactions with the protein backbone (118R1) 

and a solvent exposed α-helical site (115/119RX), respectively.   

 
ASSOCIATED CONTENT 
*S Supporting Information 
The Supporting Information is available free of charge on the ACS Publications website at DOI: 
 

AUTHOR INFORMATION 

Corresponding Author 
Thomas Risse 
Institute of Chemistry and Biochemistry 
Freie Universität Berlin, Takustr. 3, 14195 Berlin 
Phone: ++49-30-838 55313 
E-mail: risse@chemie.fu-berlin.de 

Funding Sources 
The study was partly funded by the German Science Foundation (DFG) through the Center of 
Excellence 314 (UNICAT) hosted at the TU-Berlin. 
 
Notes 

The authors declare no competing financial interest. 

mailto:risse@chemie.fu-berlin.de


 10 

Acknowledgement 

M.K, R.M, C.T. and T.R. acknowledge support by the cluster of excellence (314) Unifying Concepts in 

Catalysis (UniCat) funded by the DFG and hosted at the Technische Universität Berlin. The molecular 

biology part of this study was done in the molecular biophysics laboratory of the Department of Physics 

of FU Berlin. Support by Prof. Robert Bittl, Department of Physics FU Berlin, is gratefully acknow-

ledged. We acknowledge access to beamline BL14.3 of the BESSY II storage ring (Berlin, Germany) 

via the Joint Berlin MX-Laboratory funded by the Helmholtz Zentrum Berlin für Materialien und 

Energie, the Freie Universität Berlin, the Humboldt-Universität zu Berlin, the Max-Delbrück Centrum 

für Molekulare Medizin, and the Leibniz-Institut für Molekulare Pharmakologie. C.M. acknowledges 

financial support from the DFG through the research training network GRK 1582 “Fluorine as a Key 

Element”. Computational resources were granted by the Zentraleinrichtung für Datenverarbeitung 

(ZEDAT) of the Freie Universität Berlin.  



 11 

Figures 

 

Figure 1. (A) Structure of the L118R1 side-chain modification (PDB entry 5JDT) with a 2Fo-Fc electron 

difference density map contoured at 1.8 σ as gray mesh.14 A spherical electron density patch 

corresponds to a water molecule in hydrogen bonding distance to the nitroxide. (B) Potential energy 

of the nitroxide ring (for details of the model and the calculation see text) along a bending mode 

between the planar conformation and a bent conformation as found by X-ray crystallography. Gray: 

MP2; black: B3LYP; cyan: B3LYP-D3; red: B2PLYP-D; blue: CCSD(T) (C) Structure of the 115/119RX side 

chain modification with a 2Fo-Fc electron difference density map contoured at 1.3 σ as gray mesh.  
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Figure 2. W-band EPR spectrum of the T4L 118R1 variant obtained from a homogenous solution of microcrystals 
(black; additional lines at high field and close to the low-field component of the Az manifold are caused by Mn2+ 
impurities, indicated as stars). An EPR line-shape fit based on the effective Hamiltonian approach was calculated 
using best fit parameters shown in Table S2. A line shape was fitted using a collinear set of g- and A-tensor 
elements (red trace); A fit to the line shape assuming the tilted orientation of the g- and hfi-matrices as revealed 
by quantum chemical calculations is shown in blue. 
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Figure 3: Integrated CW-Q-band (34 GHz) EPR spectra of T4 lysozyme single crystals taken at 25 

°C. An angle-dependent series of four different magnetic field orientations is shown for variant 118R1 

(a, black trace); and variant 115/119RX (b, black trace). Red and blue dotted traces are simulations of 

the line shape using either a collinear alignment of the g- and hfi-matrices (red) or tilted g- and hfi-

matrices (blue); for details see text.  
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Supporting Information 
 

Table S1. Crystallographic data collection and refinement statistics for T4 lysozyme 115/119RX. 

PDB ID 5LWO 

Wavelength [Å] 0.8950 

Temperature [K] 100.0 

Space group P3221 

Unit cell parameters 

a=b, c [Å] 

 

60.17, 97.72 

Resolution range [Å]a 50.00 - 1.18 (1.25 - 1.18) 

Reflectionsa 

Unique 

Completeness [%] 

Multiplicity 

 

66,752 (10,441) 

98.9 (96.8) 

4.4 (3.9) 

Data qualitya 

Intensity [I/σ(I)] 

Rmeas [%]b 

CC1/2 

Wilson B value [Å2] 

 

10.1 (1.8) 

8.4 (74.4) 

0.998 (0.722) 

16.0 

Refinement 

Resolution range [Å]a 50.00 - 1.18 (1.23 - 1.18) 

Reflectionsa 

Number 

Completeness [%] 

Test set (3.1%) 

 

66,718 (6,402) 

98.9 (96.0) 

2,098 (202) 

Rwork
a,c 

Rfree
a,d 

0.1404 (0.2353) 

0.1637 (0.2736) 

Contents of the asymmetric unit 

Protein: Molecules, Residues, Non-
Hydrogen Atoms 

 

1; 164; 1,808 
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Ligands: (Molecules) 
 
 
 
 
Water molecules 

2,2,5,5-tetramethyl-3,4-
bis(sulfanylmethyl)-2,5-dihydro-1H-
pyrrol-1-ol (1), 2-Hydroxy-ethyl-
disulfide (1), 2-sulfanylethanol (1), Cl 
(2), K (1), phosphate (1) 
274 

Mean temperature factors [Å2]e 

All atoms 

Macromolecules 

Ligands 

Water oxygens 

 

16.03 

14.02 

31.12 

24.72 

RMSDf 

Bond lengths [Å] 

Bond angles [°] 

 

0.012 

1.285 

Validation statisticsg 

Ramachandran plot 

Residues in allowed regions [%, No.] 

Residues in favoured regions [%, No.] 

MOLPROBITY Clashscoreh 

 

 

99.5, 164 

98.4, 163 

1.59 

 

a Data for the highest resolution shell in parenthesis 
b Rmeas = ∑ [𝑛𝑛 𝑛𝑛 − 1⁄ ]1/2

ℎ ∑ �𝐼𝐼ℎ − 𝐼𝐼ℎ,𝑖𝑖�𝑖𝑖 ∑ ∑ 𝐼𝐼ℎ,𝑖𝑖𝑖𝑖ℎ� , where 𝐼𝐼ℎ is the mean intensity of symmetry-
 equivalent reflections and 𝑛𝑛 is the redundancy 
c Rwork = ∑ |𝐹𝐹𝑜𝑜 − 𝐹𝐹𝑐𝑐| ∑𝐹𝐹𝑜𝑜⁄ℎ  (working set, no σ cut-off applied) 
d Rfree is the same as Rwork, but calculated on 5 % of the data excluded from refinement 
e Calculated with PHENIX 1 
f Root-mean-square deviation from target geometries 
g Calculated with MOLPROBITY 2 
h Clashscore is the number of serious steric overlaps (> 0.4 ) per 1,000 atoms. 
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Figure S2. Schematic drawing of the labeling strategy. (A) Site-directed spin labeling of a single cysteine residue 
using the spin label 1-oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl (methanethiosulfonate, MTSSL) resulting 
in a covalent attachment via a disulfide bond. (B) Site-directed spin labeling of two adjacent cysteine residues 
using 2,2,5,5-tetramethyl-3,4-bis(sulfanylmethyl)-2,5-dihydro-1H-pyrrol-1-ol resulting in two covalent disulfide 
bonds. 

 

 

 

Figure S3. Structural model of the nitroxide group from Figure S1A. The calculated directions of g- and hfi-tensor 
principal axes (unit vectors) are superimposed for the bent structure (gray) and a planar structure (orange). The 
unit vectors of the planar structure (omitted for clarity) are centered at the nitrogen atom of the bent structure. 
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Figure S4. (A) Structural model of the 115/119RX side chain refined to a resolution of 1.18 Å with a 2Fo-Fc electron 
difference density map at 1.0 σ level as gray mesh. (B) The structural model of the 115/119RX side chain refined 
to 1.8 Å was visualized from PDB entry 3L2X and the 2Fo-Fc map in gray was calculated by the Electron Density 
Server at Uppsala University and contoured at 1.0 σ level. 

 

 

Figure S5. Stick model of the two conformations of the 115/119RX side chain (orange and white) is superimposed 
by a 2Fo-Fc density difference map at the σ = 1.0 level (blue mesh) and a FoFc map contoured to either σ = +3.0 
(green mesh) or σ = -3.0 (red mesh). Due to the fragmented electron density of the minor spin label conformation 
(white) this conformer is omitted in the final structure deposition (PDB entry: 5LWO) although it is required to 
correctly interpret the EPR spectra presented in this study. For the sake of clarity hydrogen atoms have been 

omitted. The dihedral angles (χ1;  χ2) of the two tethering groups of the RX side chain are the 
same (−60°; − 60°) for the major conformation,3 the corresponding angles of the minor 
conformation are (60°;60°) and (-60°;180°), which have not been observed frequently for spin-
labeled side chains (R1) and can explain the low population of this conformation.4 
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Figure S6. X-band EPR-spectra obtained from a homogenous solution of microcrystals grown at room 
temperature. (A) T4L 115/119RX variant. (B) T4L 118R1 variant. 

 

 

Figure S7. X-band EPR-spectra obtained from a homogenous solution of microcrystals (black). The EPR spectra 
were fitted using an effective Hamiltonian approach with principal components of the Zeeman- and hyperfine 
interactions as shown in Table S2 and are shown as red T4L 115/119RX (a) and blue T4L 118R1 (B) traces, 
respectively. 

 

 

Table S2. EPR fit parameters obtained using the effective Hamiltonian approach by fitting an X-band EPR 
spectrum of a microcrystalline solution of the T4L 115/119RX and 118R1 variant. 

Variant Axx 

[mT] 
Ayy 

[mT] 

Azz 

[mT] 

gxx gyy gzz Lw (FWHM) 
[mT] 

115/119RX 0.69 0.58  3.65  2.0084 2.0063 2.0023 0.20  
118R1 0.74 0.68  3.55  2.0084 2.0062 2.0023 0.25  
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Table S3. EPR fit parameters obtained by fitting a W-band EPR spectrum of a polycrystalline solution of T4L 118R1 
with collinear and tilted g- and A-tensors. The parameters obtained from a best fit X-band spectrum of crushed 
polycrystals (Table S2) are depicted in parentheses for direct comparison. 

g- and A-
tensor 

alignment 

Axx 

[mT] 
Ayy 

[mT] 

Azz 

[mT] 

gxx gyy gzz Lw 
(FWHM) 

[mT] 

collinear 0.56 
(0.74) 

0.53 
(0.68) 

3.52 
(3.55) 

2.0086 
(2.0084) 

2.0062 
(2.0062) 

2.0024 
(2.0023) 0.26 (0.25) 

tilted 0.46 0.53 3.57 2.0087 2.0063 2.0023 0.26 

 

 

 

 

Figure S8. Decomposition of the spectral simulation into the spectral components of each of the two conformers  
shown exemplarily for one magnetic field orientation of the spin-labeled crystal variants 118R1 (A) and 
115/119RX (B), respectively. The CW-EPR spectra (black traces) taken at Q-band (34 GHz) of variant 118R1 and 
115/119RX were recorded at 25 °C and were numerically integrated (see text for details). The components for 
the minor and major spin label conformer are shown in red and blue (A and B), respectively. The resulting final 
line shape simulation, which accounts for both conformers, is superimposed in magenta (A and B). 



 21 

 

Figure S9. Two representative integrated CW-EPR spectra taken out of an angle dependent series (Figure 3) of 
the spin-labeled single crystal variants 115/119RX (A) and 118R1 (B), respectively. Spectral simulations are 
superimposed for the experimental magnetic field orientation (red). A misalignment of the magnetic field in the 
plane of rotation +5° and -5° results in simulated spectra shown in magenta and blue, respectively. 

 

Table S4. Calculated g-shift components (in ppt) and absolute g-values for structures 1 (Figure S10) and 2 (Figure 
S11), from single-point calculations employing different functionals and IGLO-III basis sets for all atoms, 
respectively. 

Structure 1  ∆giso ∆g11 ∆g22 ∆g33 

      
BP86-D3 

 3.5 
(2.0058) 

-0.1 
(2.0023) 

3.5 
(2.0059) 

6.9 
(2.0093) 

B3LYP-D3 
 3.8 

(2.0062) 
-0.1 

(2.0022) 
3.9 

(2.0062) 
7.7 

(2.0101) 

BHLYP-D3 
 4.2 

(2.0065) 
-0.1 

(2.0022) 
4.3 

(2.0066) 
8.5 

(2.0108) 
      

Structure 2  ∆giso ∆g11 ∆g22 ∆g33 

      
BP86-D3 

 3.2 
(2.0055) 

-0.1 
(2.0023) 

3.4 
(2.0058) 

6.1 
(2.0085) 

B3LYP-D3 
 3.5 

(2.0058) 
-0.1 

(2.0022) 
3.8 

(2.0061) 
6.8 

(2.0091) 

BHLYP-D3 
 3.7 

(2.0061) 
-0.1 

(2.0022) 
4.1 

(2.0064) 
7.3 

(2.0096) 
      

Value of the free electron ge = 2.002322. 

Table S5. Computed HFC tensors (in MHz) for structures 1 and 2, from single-point calculations employing 
different functionals and IGLO-III basis sets for all atoms, respectively. Aiso is the total isotropic value, Aii are the 
tensor components of the full A tensor. 
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   Aiso  A11  A22  A33 

           BP86-D3  39.24  15.2  15.9  86.6 
1 B3LYP-D3  46.77  22.1  22.6  95.5 
 BHLYP-D3  55.59  31.1  31.3  104.5 
          
 BP86-D3  16.73  ‒9.9  ‒9.2  69.3 

2 B3LYP-D3  26.21  ‒1.2  ‒0.7  80.6 
 BHLYP-D3  39.25  11.6  11.8  94.3 
          

 

 

Structure 1 Structure 2 

 

 

 

 Dip angle θD = θ ‒ 90°:  13.3° 0.0° 

 Relative energy [kJ mol-1]:   6.6 0.0 (B3LYP-D3(BJ)/def2-TZVPP) 

 

 

 

Figure S12. Definition of angle θ used to characterize the bent structure in Figure S10. 

EXPERIMENTAL SECTION 

 

Generation of cysteine mutant, gene expression and protein purification 

Figure S10. Spin density plot from B3LYP-
D3/IGLO-III single-point calculation on the 
partly optimized structure (fixed angles 
around N) 1 (isosurface = 0.005 a.u.). 

Figure S11. Spin density plot from B3LYP-
D3/IGLO-III single-point calculation on the 
fully optimized structure 2 (isosurface = 
0.005 a.u.). 
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The T4 lysozyme “pseudo wild-type” gene carrying the C54T and C97A mutations 5 was kindly 

provided by the lab of Prof. Wayne L. Hubbell (UCLA). The gene was inserted into a pET-11a 

expression vector providing ampicillin resistance. The two additional T115C and R119C mutations were 

introduced using the QuikChange method (Agilent Technologies) with a modified protocol.6 To verify 

the mutation the whole gene was sequenced using the Sanger method. Culturing of Escherichia coli 

BL21 DE3 cells as well as protein purification was performed as described previously for the L118C 

variant.7 

Spin labeling of T4 Lysozyme 115C/119C 

T4 lysozyme 115C/119C was transferred into labeling buffer (50 mM MOPS, 25 mM NaCl, pH 6.8) 

using a HiTrap desalting column (GE Healthcare). The protein was incubated overnight with a 10-fold 

molar excess of 3,4-bis-(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-

yloxy radical (HO-1944). Uncoupled spin label was removed using a HiTrap desalting column 

equilibrated with labeling buffer. Labeled protein was concentrated to 15-20 mg/ml using an Amicon 

Ultra Filter Unit with a 10 kD cut-off (Millipore).  

Protein crystallography and structure determination 

Single crystals were grown as described previously.7 Diffraction data to a resolution of 1.18 Å were 

collected at 100 K on BL 14.3 operated by the Joint Berlin MX-Laboratory at the BESSY II electron 

storage ring (Berlin-Adlershof, Germany).8 X-ray data collection was performed at 100 K. For 

calculation of the free R-factor, a randomly generated set of 3.1 % of the reflections from the diffraction 

data set was used and excluded from the refinement. The structure was initially refined by applying a 

simulated annealing protocol and in later refinement cycles by maximum-likelihood restrained 

refinement with PHENIX.1, 9 Model building and water picking were performed with COOT.10 In final 

stages of the refinement, B-factors were refined anisotropically and hydrogens were generated. The 

Quality Control Check server of the Joint Center for Structural Genomics was used for the validation of 

the model (http://smb.slac.stanford.edu/jcsg/QC). The final model coordinates were deposited at the 

Protein Data Bank with the accession number 5LWO. Figures were generated with PyMOL.11 

 

Orientation determination of spin-labeled lysozyme crystals for EPR spectroscopy 

For characterization by EPR, single protein crystals were mounted in glass capillaries (Hilgenberg, 

Germany, ID 0.7 mm) and sealed with wax. The capillaries were mounted on a goniometer head, and 

X-ray diffraction images were collected at room temperature to determine the orientation matrix of the 

unit cell of the crystal. The diffraction experiments were carried out using an Xcalibur Nova O generator 

equipped with an Atlas CCD detector (Agilent Technologies, Yarnton, U.K.). A four-circle goniometer 
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was used to determine the kappa, omega and phi angular values that align each of the three cell axes a, 

b, and c of the crystal parallel with the X-ray beam. An in-house written program was used to transform 

the cell axes into a Cartesian coordinate system with respect to the orientation of the quartz capillary. 

EPR spectra, taken prior and after determination of the unit cell orientation, showed no change in the 

angle-dependent spectra. This ensured that the crystals did not change their position within the capillary 

during handling of the sample, and that no significant radiation damage took place.     

 

EPR spectroscopy 

Electron paramagnetic resonance measurements were performed in three different frequency ranges. 

Using X-band, measurements were performed with a Bruker B-ER420 X-band spectrometer upgraded 

by a Bruker ECS 041XG microwave bridge and a lock-in amplifier (Bruker ER023M). A spherical SHQ 

cavity (Bruker, Karlsruhe, Germany) equipped with a homemade Peltier cooling device was used for 

temperature-controlled measurements. For single crystal EPR a T4 lysozyme crystal was mounted in a 

quartz capillary (see above) located in the center of the cavity. A goniometer-like setup was designed to 

measure angular dependency compared to the external magnetic field. The same setup served as an 

attachment for the goniometer head to determine the unit cell orientation (see above). Incident 

microwave power of 20 mW and a modulation amplitude of 2.0 G at 100 kHz were used to acquire all 

spectra.  

For EPR measurements performed at Q-band (34 GHz), the Bruker B-ER420 spectrometer was 

upgraded by a Bruker ER 051QG Q-band microwave bridge and the ER 5106 QT Q-band cavity using 

the same lock-in amplifier (Bruker ER023M).  

For EPR measurements performed at W-band (94 GHz) a Bruker Elexsys E680 S/W-band EPR 

spectrometer equipped with a Teraflex EN600-1021H probe head was utilized (Bruker Biospin, 

Karlsruhe, Germany). An isotropic suspension of microcrystals was sucked into quartz capillaries of i.d. 

0.15 mm, o.d. 0.25 mm (VitroCom Inc, Mountain Lakes, USA) and closed by Critoseal (Leica 

Microsystems, Wetzlar, Germany). The magnetic field was calibrated using a N@C60 standard.12 

Spectral simulations 

Experimental EPR spectra were simulated using a Labview program written in house, which uses the 

effective Hamiltonian approach13 to calculate the resonance positions and assumes Lorentzian line of 

constant width for each for the resonances. The effective principal components of the interaction 

matrices were obtained by fitting the spectrum of an isotropic suspension of microcrystals at different 

magnetic fields (see Table S2 and Table S3). The orientation of the unit cell as well as the nitroxide 

moiety within the unit cell were determined by X-ray diffraction. For the space group P3221 the unit cell 
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contains six molecules, which can adopt two conformations for both variants of the protein investigated 

here. Hence, 12 nitroxide orientations with respect to the magnetic field contribute to the spectrum. A 

constant intensity ratio is assumed for the two conformations for each molecule in the unit cell. While 

the orientation of the nitroxide moiety with respect to the unit cell is determined by X-ray 

crystallography, the orientation of magnetic interaction matrices with respect to the molecule were 

assumed according to theory based on the structure of the nitroxide ring observed at low temperature or 

the expectation of the planar nitroxide, respectively. The transformation between the different 

frameworks used to describe the orientation of the magnetic field, the unit cell of the crystal, the spin 

label within the unit cell as well as the magnetic interaction matrices used the conventions of EasySpin 

4.5.5, namely a rotation around the z-axis followed by a rotation around the resulting y-axis, and finally 

by a rotation around the resulting z-axis.14  

Quantum-chemical calculations 

All electronic-structure calculations for the simulation of EPR spectra were performed using density 

functional theory (DFT) methods. Structure optimizations were done at the B3LYP-D3(BJ)/def2-

TZVPP 15-19 level of theory, employing the empirical dispersion corrections of Grimme (DFT-D3) with 

Becke-Johnson damping (BJ).20-21 Based on the B3LYP-D3(BJ) optimized structures, additional single-

point calculations employing different functionals (BP86, B3LYP, BHLYP) and IGLO-III 22 basis sets 

for all atoms have been performed. Optimizations and single-point calculations were done with the 

TURBOMOLE program, version 6.3.1.23-26 For the calculations of hfi- (A-) and g-tensor components 

(see Table S4 and Table S5) the unrestricted Kohn-Sham orbitals obtained from the single-point 

calculations were transferred to the in-house MAG-ReSpect program, version 2.1,27 by suitable interface 

routines. A common gauge at the nitrogen atom was used for the g-tensor calculations. In all calculations 

a simplified structural model of the nitroxide-containing L118R1 side chain has been employed, in 

which the sulfur link was replaced by a hydrogen atom. Model Structure 2 (cf. Figure S11), obtained 

from full optimization without restrictions, exhibits a planar arrangement around the nitrogen atom (dip 

angle θD(NCCO) of 0.0°). For model Structure 1 (cf. Figure S10) the corresponding dip angle 

θD(NCCO)=13.3° was fixed during the structure optimization to preserve the crystal structure 

arrangement. 

All quantum chemical calculations for the potential energy profile of the nitroxide ring bending were 

performed with the program Gaussian03.28 Partial structure optimizations of the model system in which 

the methyl groups as well as the tether at the position 3 of the ring were replaced by hydrogen with fixed 

ring bending angles were performed with a) DFT using the functionals B3LYP with and without 

Grimme’s empirical dispersion corrections (D3) with Becke-Johnson damping (BJ),20-21 b) second order 

Möller-Plesset perturbation theory (MP2), and c) the double hybrid B2PLYPD 29 including dispersion 

correction 30; in all cases using Dunning’s cc-pVDZ basis set.31 Based on the partially optimized B3LYP 

structures, single point coupled cluster calculations with singles, doubles and perturbative triples 
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(CCSD(T)) were performed using Dunning’s aug-cc-pVTZ basis set.31 Similar calculations were 

performed for the unmodified nitroxide ring with a) B3LYP with and without D3 and Dunning’s cc-

pVTZ basis set and – based on the partially optimized B3LYP structures – the double hybrid B2PLYPD 

including dispersion correction applying Dunning’s aug-cc-pVTZ basis set. 
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