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Abstract 

Labeling of biomolecules with a paramagnetic probe for nuclear magnetic resonance (NMR) 

spectroscopy enables determining long-range distance restraints, which are otherwise not 

accessible by classically used dipolar coupling-based NMR approaches. Distance restraints 

derived from paramagnetic relaxation enhancements (PREs) can facilitate the structure 

determination of large proteins and protein complexes. We herein present the site-directed 

labeling of the large oligomeric bacterial DnaB helicase from Helicobacter pylori with cysteine-

reactive maleimide tags carrying either a nitroxide radical or a lanthanide ion. The success of 

the labeling reaction was followed by quantitative continuous-wave electron paramagnetic 

resonance (EPR) experiments performed on the nitroxide-labeled protein. PREs were extracted 

site-specifically from 2D and 3D solid-state NMR spectra. A good agreement with predicted 

PRE values, derived by computational modeling of nitroxide and Gd3+ tags in the low-

resolution DnaB crystal structure, was found. Comparison of experimental PREs and model-

predicted spin label-nucleus distances indicated that the size of the “blind sphere” around the 

paramagnetic center, in which NMR resonances are not detected, is slightly larger for Gd3+ 

(~14 Å) than for nitroxide (~11 Å) in 13C-detected 2D spectra of DnaB. We also present Gd3+-

Gd3+ dipolar electron-electron resonance EPR experiments on DnaB supporting the conclusion 

that DnaB was present as a hexameric assembly.  
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Introduction 

Solid-state NMR spectroscopy represents a versatile tool for the structural characterization of 

proteins as well as for probing their conformational dynamics[1, 2]. Technical advances in 

solid-state NMR spectroscopy, such as the availability of high magnetic-field strengths[3, 4], 

high rotation frequencies in magic-angle spinning (MAS) experiments[5, 6] as well as the 

development of highly efficient multidimensional radiofrequency pulse sequences, have 

enabled the routine assignment of uniformly 13C-15N labeled proteins with molecular weights 

up to ~30 kDa[7], and determination of the structures of small to medium-sized proteins (<100-

150 amino acids per symmetric monomer). Structure determination mostly relies on the 

collection of a large number of distance restraints extracted from dipolar coupling-based NMR 

experiments and backbone torsion-angle restraints derived from the chemical shifts, e.g. via 

TALOS predictions[8]. Since the dipolar-coupling constant between two nuclei (denoted here 

by i and j), Dij, is inversely proportional to the third power of the distance separating the two 

nuclei, the detected spin pairs have short distances. Collection of long-range restraints (with |i-

j| >4), with small Dij values, requires recording spectra with long mixing times. While for large 

proteins signal overlap in the spectra recorded at long mixing times can become problematic, 

the resolution can be improved in these cases by going to higher dimensions or by increasing 

the external magnetic-field strength[3, 4].  

Pseudo-contact shifts (PCSs) or paramagnetic relaxation enhancements (PREs), which are 

caused by the interaction of nuclear spins with metal ions or radicals bearing unpaired 

electrons[9, 10], are a promising alternative to dipolar coupling-based distance restraints. Due 

to the much larger gyromagnetic ratio of electrons, PCSs and PREs can be observed over long 

distances (~20-25 Å, for some lanthanides even up to 40 Å[11]) providing long-range structural 

restraints. By contrast, typical dipolar nuclear distance restraints do not exceed 8 Å. 

The relaxation properties of nuclei in a protein containing a paramagnetic center are affected 

by PREs[9, 12-14]. This relaxation phenomenon is treated within the Solomon-Bloembergen 

relaxation theory[15, 16] and originates from the modulation of the dipolar part of the electron-

nucleus hyperfine coupling[15]. The mathematical expressions for the contribution of the PRE 

to the longitudinal (  and transverse ( relaxation rate constants in the solid state, 

respectively, are given by equations (1) and (2):  
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Herein, ωn and ωe represent the nuclear and electron Larmor frequencies. T1e denotes the 

longitudinal electron spin relaxation time constant with which the correlation time is 

approximated (with T1e ≈ T2e)[17, 18] neglecting chemical-exchange effects. 

 

Different sample preparation schemes for paramagnetic NMR studies have been described. In 

case of metalloproteins, naturally occurring metal binding sites can be used and loaded with 

transition metals or lanthanide ions[19]. For instance, the diamagnetic Mg2+ cofactor in ATP-

driven proteins can be exchanged with paramagnetic metal ions[20, 21]. Additionally, 

diamagnetic proteins and nucleic acids[22] can be modified at specific positions with covalently 

bound paramagnetic tags[12, 23], e.g. by using tags that react with the thiol groups of free 

cysteines which can be site-specifically introduced into proteins by mutagenesis[24-27]. In case 

of membrane proteins, transition metal ions can be attached to the phospholipid head groups of 

the membrane by chelating tags[28-30]. Another alternative is to engineer completely new 

lanthanide binding sites into proteins[31-33]. 

 

PCSs and PREs can be integrated in both, resonance assignment and structure determination. 

The relative strengths of the two effects depend on the chosen paramagnetic tag or metal 

ion[10]. PREs and PCSs have been employed to support the 3D assignment of the uniformly or 

amino acid selectively labeled protein by comparing experimental PRE and PCS data with 

values calculated from the 3D structure, if the latter is known[34-40]. PCSs have been applied 

in various solid-state NMR studies[41-45] and PREs have been employed, for instance, in the 

structure determination of GB1[46-48]. 

 

We herein expand on these previous studies by applying paramagnetic tagging and solid-state 

NMR to the large bacterial DnaB helicase from Helicobacter pylori[49, 50]. DnaB is an ATP-

fueled motor protein that unwinds double-stranded DNA into single strands during DNA 

replication[51]. In its active conformation, DnaB forms a ring-shaped hexamer with each 

polypeptide chain comprising 488 amino acid residues. The spin labeling of DnaB using a 

nitroxide (3-maleimido-PROXYL) and a lanthanide tag (Gd3+-maleimido-DOTA), 

respectively, is described. The efficiency of the labeling reaction was monitored by quantitative 

EPR spectroscopy carried out on the nitroxide-labeled protein. Site-specific PREs were 

extracted as signal attenuations from 2D 13C-13C Dipolar Assisted Rotational Resonance 

(DARR)[52, 53] and 3D NCACB correlation spectra using dia- and paramagnetic protein 

samples, for the latter without dilution with diamagnetic protein[42]. The PREs were compared 
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to theoretical values. Those were obtained by generating ensemble distribution models of the 

nitroxide as well as the Gd3+ tag attached to the low-resolution X-ray structure of DnaB[54] by 

computational modeling with Rosetta[55]. Based on the structural models and their comparison 

with the experimental PRE data, we determined the blind sphere radii (i.e., the region in which 

NMR resonances are broadened beyond detection) for both tags. Finally, we present Gd3+-Gd3+ 

EPR distance measurements confirming that DnaB formed indeed a hexamer of dimers. Our 

study paves the way for combining paramagnetic solid-state NMR and EPR to unravel the 

interactions of DnaB with other proteins involved in DNA replication, such as the primase 

DnaG[56].  
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Results and Discussion 

Spin labeling of the DnaB helicase with nitroxide and lanthanide tags. 

Spin labeling of DnaB was achieved by covalently modifying the two native cysteine residues 

in DnaB (C60 and C271) with either a nitroxide tag (3-maleimido-proxyl, abbreviated with 

PROXYL-M in the following) or a lanthanide-chelating tag (maleimido-DOTA, abbreviated 

with DOTA-M in the following) (Scheme 1, vide infra). The two tags were chosen in order to 

compare and contrast their applicability for protein solid-state NMR studies. The diamagnetic 

reference for the PROXYL-M-tagged protein was obtained by reducing PROXYL-M with 

ascorbic acid after tagging of DnaB[22]. In case of the DOTA-M tag, the paramagnetic protein 

sample was prepared by using Gd3+, whereas the diamagnetic reference state was obtained by 

using Lu3+. 

 
Scheme 1: 3-maleimido-proxyl (PROXYL-M) (a) and maleimido-DOTA (DOTA-M) (b) tags 
used for site-directed spin labeling of DnaB. 

 

The crystal structure of H. pylori DnaB (resolution 6.7 Å) shows a stack-twisted double 

hexamer[54]. Each of the two hexamers can be described as a trimer of dimers which are 

assembled into a circular topology (see Figure 1a). The N-terminal domains (NTDs) and C-

terminal ATPase domains (CTDs) of each DnaB monomer contribute to two separate rings, 

termed NTD- and CTD-rings, that have two different symmetries and give rise to a two-tiered 

hexamer (Figure 1b). While the NTD-ring is C3 symmetric and composed of a planar trimer of 

NTD dimers, the CTD-ring adopts a pseudo six-fold symmetry. 

DnaB exhibits two cysteine residues per monomer which were employed for site-directed spin 

labeling. C60 is located in the loop following helix α3 in the NTD ring (Figure 1c), and C271 

is located on helix α13 in the CTD ring (Figure 1d). Within the NTD homodimer, the two C60 

residues experience different structural environments, one cysteine is oriented towards a 

neighboring DnaB subunit while the other cysteine is located on the outer surface of the NTD 
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ring and is not involved in inter-subunit interactions. By contrast, within the CTD homodimer, 

the two copies of C271 have similar locations on the outer collar of the CTD-ring. 

All four cysteine residues per DnaB homodimer are readily accessible to solvent. Within the 

DnaB crystal structure, the molecular surface area of the side-chain of these cysteine residues 

(determined using their atoms’ van der Waals radii) ranges from 87% to 95% relative to the 

surface area of the side-chain of the free amino acid. Thus, we expected nearly stoichiometric 

labeling efficiency of these sites when reacted with PROXYL-M and Gd3+-DOTA-M tags. 

 

Figure 1: Spin labeling positions in DnaB. Dodecameric assembly of DnaB with the CTD 
colored in red and the NTD shown in blue (a), side and top view of one DnaB hexamer (b), 
side and top view of the NTDs within one hexamer with C60 highlighted by red circles (c) and 
side and top view of the CTDs within one hexamer with C271 highlighted by green circles. 
PDB ID 4ZC0 has been used to visualize the protein structure. 

 

Quantification of spin labeling efficiency by CW-EPR spectroscopy. 

NMR studies require labeling efficiencies of more than >80% to avoid any doubling of peaks 

owing to the presence of the resonances of both dia- and paramagnetic protein species in the 
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NMR spectrum. This issue is of particular importance for large proteins because of the limited 

resolution of their NMR spectra. The success of the labeling reaction with the PROXYL-M tag 

was monitored by comparing the continuous wave (CW)-EPR spectra of unbound PROXYL-

M dissolved in NMR buffer and of PROXYL-M-tagged DnaB solubilized in the same buffer 

(Figure 2a and b). As expected, the EPR resonance of PROXYL-M-tagged DnaB shows a 

significant anisotropic broadening pointing to slow molecule tumbling and thus an immobilized 

nitroxide species. Double integration of the EPR spectrum allowed determining the nitroxide 

spin concentration and calculation of the spin labeling efficiency of DnaB of 93±20% on 

average for the two labeling sites per DnaB monomer. Thus, we conclude that our spin labeling 

protocol is suitable to produce a nearly complete tagging of DnaB with PROXYL-M, which is 

required for solid-state NMR studies. Additionally, we assume from this result and from the 

accessibility of the cysteines that the labeling efficiency for the chemically similar DOTA-M 

tag will be in the same range as for PROXYL-M. The quantification of the Gd3+ spin 

concentration from CW EPR spectra is, however, challenging due to broad resonance lines 

owing to large zero field splittings. 

 

Figure 2: Determination of the spin labeling efficiency of PROXYL-M-tagged DnaB by EPR. 
CW-EPR spectrum of a 100 μM solution of free PROXYL-M (a, blue spectrum) and CW-EPR 
spectrum of PROXYL-M-tagged DnaB (738 μM protein concentration) (b, red spectrum). The 
double integration of both spectra (same color code as in a and b) is shown in c. Taking the 
concentrations into account, the spin labeling efficiency is determined to be 93 ± 20% on 
average for the two labeling sites per DnaB monomer. 
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Solid-state NMR spectra of spin labeled DnaB. 

Figure 3 shows spectral fingerprints of the 13C-13C Dipolar Assisted Rotational Resonance 

(DARR) spectra recorded on DnaB tagged with PROXYL-M (red) and DnaB with the reduced 

tag (blue). Note that the paramagnetic sample was not diluted with diamagnetic protein. This is 

typically done for protein preparations in the microcrystalline state to suppress intermolecular 

paramagnetic effects[42]. However, we assumed that the impact of such intermolecular 

paramagnetic effects on the NMR spectrum is negligible for a sedimented protein sample, 

because in this case the protein molecules have no preferred orientation relative to each other. 

Structural details about sediments are still missing until today and more thorough investigations 

of such states are needed. Dilution of the paramagnetic protein with non-labeled diamagnetic 

protein has also practical limitations as this would further reduce the spectral signal-to-noise 

ratios precluding investigations of large proteins, such as DnaB. 

The absence of several resonances in the spectrum of PROXYL-M-tagged DnaB, e.g., of F66 

and I67, is attributed to pronounced transverse PREs experienced by these residues . This can 

also be seen in the 1D traces along F2 (Figure 3) in which intensity reductions of additional 

peaks become apparent. Additional sections of the 2D DARR spectra showing the complete 

aliphatic region and another spectral fingerprint region, respectively, are displayed in Figures 

S1 and S2 in the supporting material. PREs were determined by comparing the intensities (peak 

heights) of the resonances in the spectrum of DnaB with the reduced PROXYL-M-tag (dia) 

with those in the spectrum of PROXYL-M-tagged DnaB (para); in the following expressed as 

the ratio Ipara/Idia (note that the intensities were normalized to the correlation of D39). 
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Figure 3: Detection of PREs in PROXYL-M-tagged DnaB by 2D DARR spectroscopy. Spectral 
fingerprints of 13C-13C DARR correlation spectra of PROXYL-M-tagged DnaB (red) and DnaB 
with reduced PROXYL-M tag (blue). 1D traces along the dashed lines are shown next to the 
2D spectra. Complete DARR spectra of DnaB are shown in Figure S1 in the supporting 
material. 

Similarly, solid-state NMR spectra of DOTA-M-tagged DnaB were recorded. Spectral 

fingerprints are given in Figure 4. For the spectra showing the complete aliphatic region and 

another fingerprint region, respectively, see Figures S2 and S3. The spectrum of DOTA-M-

tagged DnaB loaded with diamagnetic Lu3+ (reference sample) is shown in gray whereas the 

spectrum of DnaB tagged with paramagnetic Gd3+-DOTA-M is colored in orange. As for the 

PROXYL-M-tagged DnaB sample, pronounced PREs were observed in the spectrum of Gd3+-

DOTA-M as cancellation of several NMR signals suggesting that labeling with Gd3+ was also 

nearly complete. 
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Figure 4: Detection of PREs in Gd3+-DOTA-M-tagged DnaB by 2D DARR spectroscopy. 
Spectral fingerprints of 13C-13C DARR correlation spectra of diamagnetic Lu3+-DOTA-M-
tagged DnaB (gray) and paramagnetic Gd3+-DOTA-M-tagged DnaB (orange). 1D traces along 
the dashed lines are displayed next to the 2D spectra.  
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Location of site-specific PREs in spin labeled DnaB and comparison with the DnaB crystal 

structure. 

For PROXYL-M-tagged DnaB, strong relaxation enhancements (Ipara/Idia ≤ 0.25) of the NMR 

signals of D59, C60, P61, I62, F66, I67, T248, and C271 were observed. Residues D59-I62 are 

direct neighbors of C60 within the same polypeptide chain of DnaB. T248 on helix α11 is 

spatially close to C271 in the DnaB crystal structure model, which was initially derived from a 

low-resolution electron density (resolution 6.7 Å)[54]. Similarly, for Gd3+-DOTA-M-tagged 

DnaB, residues with pronounced PREs (Ipara/Idia ≤ 0.25) included, besides C60 and C271, those 

residues which are in close proximity to the spin labeling sites in the DnaB crystal structure, 

namely D59, P61, I62, F66, I67, and T248. 

In order to more quantitatively compare our experimental PRE data with the crystal structure 

model of DnaB, we used a computational modeling approach. We created ensemble 

conformation models[57] for PROXYL-M and Gd3+-DOTA-M and determined effective 

distances between the spin labels and every amino-acid residue in DnaB. First, we generated 

libraries of conformations for PROXYL-M and Gd3+-DOTA-M tags linked to the side-chain of 

Cys by sampling rotamers of small molecule fragments that matched regions in PROXYL-M-

Cys or Gd3+-DOTA-M-Cys from the Crystallography Open Database[58, 59] (COD) (Figure 

S4). Based on the resulting conformer libraries, we then modeled the conformational ensembles 

of PROXYL-M and Gd3+-DOTA-M spin labels at every cysteine in the DnaB dodecamer using 

the Rosetta program[55] as basis for distance measurements. 
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Figure 5: Model-predicted nitroxide spin density of PROXYL-M tags in DnaB dodecamer and 
comparison between experimental and calculated PREs. (a) Side view of DnaB dodecamer in 
cartoon representation. Helix regions are depicted as cylinders and the O1 atom positions, 
resulting from modeled conformations of the PROXYL-M tag, are shown as red spheres. (b) 
Zoom in view in DnaB showing four different spin labeling sites located on three adjacent DnaB 
monomers. O1 atom densities corresponding to distributed conformation models of PROXYL-
M are shown as red transparent volumes. For every spin label site, a representative conformer 
is depicted in sticks. (c) Experimentally observed and model-calculated Ipara/Idia signal intensity 
ratios versus DnaB residue number. The paramagnetic spectrum (Ipara) was measured on 
PROXYL-M-tagged DnaB and the diamagnetic spectrum (Idia) was measured on reduced 
PROXYL-M-tagged DnaB. Vertical bars correspond to estimated errors for experimental and 
calculated PREs. The latter represent one standard deviation of 100 trials of a Monte Carlo error 
estimation protocol in which 50% of the model-predicted spin label-protein residue distances 
were randomly deleted. (d) Experimental vs. calculated Ipara/Idia correlation plot. The gray 
shaded area corresponds to an uncertainty of Ipara/Idia of ±0.2. 

 

Figure 5a shows the positions of the nitroxide O1 atom obtained from the distributed conformer 

models of PROXYL-M. Figure 5b displays the resulting O1 atom density at each of the four 

spin label sites within one DnaB homodimer. We determined effective spin label-amino acid 

residue distances by first calculating the O1 atom center of mass at every spin label site in the 

DnaB dodecamer and second measuring all pairwise distances between the centers of mass and 

the Cα or side-chain carbon atoms of residues in the asymmetric DnaB homodimer (see 
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Materials and Methods). Figures 5c and 5d compare the experimentally observed PRE data for 

PROXYL-M-tagged DnaB with expected PREs that were calculated based on the effective spin 

label-amino acid distances. Overall, we found a favorable correlation between experimental and 

calculated PREs; for 82% of PREs the difference between experimental and predicted value 

was smaller or equal ±0.2. This supports the notion that our computational models of the 

ensemble of PROXYL-M spin labels based on the low-resolution DnaB crystal structure 

provide a faithful atomistic interpretation of the experimental NMR measurements. 

While the determination of PREs in 2D spectra of DnaB is difficult due to the large protein size, 

we have recently described for DnaB that this problem can, in principle, be mitigated by 

increasing the number of spectral dimensions[20]. Thus, we also recorded 3D NCACB spectra 

of PROXYL-M-tagged DnaB and apo DnaB, respectively. Figure S5a displays experimental 

site-specific PRE data (black data points) and simulated PRE data (red curve) for the 3D 

NCACB experiment. While the number of site-specifically assigned PRE data is increased in 

the 3D NCACB spectrum compared to the 2D DARR spectrum, the agreement between 

experimental and calculated PREs is not as good as for the DARR experiment (for only 56% of 

PREs the difference was within a margin of +/- 0.2). This could be attributed to the lower signal-

to-noise ratios of the 3D spectra leading to larger errors of the experimental PRE values and/or 

to the high sensitivity of the DREAM transfer step for the chosen experimental conditions. 

Therefore, we interpreted those PREs only qualitatively in previous studies[21]. 
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Figure 6: Model-predicted Gd3+ density of Gd3+-DOTA-M tags in DnaB dodecamer and 
comparison between experimental and calculated PREs. (a) Side view of DnaB dodecamer in 
cartoon representation. Helix regions are depicted as cylinders and the Gd3+ positions of the 
Gd3+-DOTA-M tag are shown as gray spheres. (b) Zoom in view in DnaB showing four 
different spin labeling sites located on three adjacent DnaB monomers. Gd3+ ion densities 
corresponding to ensemble conformation models of Gd3+-DOTA-M are shown as gray volumes. 
For every spin label site, a representative conformer is depicted in sticks. (c) Experimentally 
observed and model-calculated Ipara/Idia signal intensity ratios versus DnaB residue number. The 
paramagnetic spectrum (Ipara) was measured on DOTA-M-tagged DnaB loaded with Gd3+ and 
the diamagnetic spectrum (Idia) was recorded after replacing the metal ion with Lu3+. Vertical 
bars correspond to estimated errors for experimental and calculated PREs. The latter represent 
one standard deviation of 100 trials of a Monte Carlo error estimation protocol in which 50% 
of the model-predicted spin label-protein residue distances were randomly deleted. (d) 
Experimental vs. calculated Ipara/Idia correlation plot. The gray shaded area corresponds to an 
uncertainty of Ipara/Idia of ±0.2. 

 

Figures 6a and 6b show the positions of the Gd3+ ion of Gd3+-DOTA-M in the DnaB dodecamer 

and the Gd3+ density at four different spin-label sites in one DnaB homodimer, respectively. 

While the overall shape of the Gd3+ density distribution is similar to that one observed for the 

nitroxide radical, the space sampled by the Gd3+ ion in the computational simulation is normally 

larger compared to the nitroxide radical. This is likely a consequence of the increased number 

of side-chain degrees of freedom of Gd3+-DOTA-M (seven dihedral angles) versus PROXYL-
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M (four dihedral angles). Interestingly, the spaces occupied by PROXYL-M and Gd3+-DOTA-

M at one of the two C60 residues in the DnaB homodimer (labeled C60-C in Figures 5b and 

6b) are slightly displaced relative to each other. This could be explained by the fact that C60 is 

located at the interface between two DnaB NTD dimers, which limits the conformational space 

for the larger Gd3+-DOTA-M tag but leaves more room for the smaller PROXYL-M tag. 

Figures 6c and 6d compare experimental PREs obtained on Gd3+-DOTA-M-tagged DnaB with 

PREs calculated from the DnaB structure by determining effective Gd3+-amino acid residue 

distances. Overall, structural modeling supports the experimental PRE measurements; for 63% 

of PREs, the agreement between experimental and calculated values is equal or better ±0.2. 

Noteworthy, Ipara/Idia values with deviations from the calculated curve clustered around residue 

positions 400 and 450 in Figure 6c. This could possibly indicate flexibility of the CTD which 

also escaped detection by solid-state NMR. Another small but noticeable difference between 

experimentally observed and calculated Ipara/Idia values was found for the cross peaks of V34. 

This could indicate increased conformational flexibility of the helix α1-α2-connecting loop 

containing V34. Alternatively, this could indicate some flaws of the X-ray structure model in 

this loop region, which is poorly defined by the previously reported low-resolution electron 

density (see for a further discussion the supporting material and Figure S6). 

 

Determination of the blind sphere of Gd3+-DOTA-M and PROXYL-M spin labels. 

An important consideration for NMR experiments employing paramagnetic spin labels is the 

size of the so-called “blind sphere”, i.e., the region where a nucleus is sufficiently close to the 

unpaired electron so that its NMR signal is broadened entirely beyond detection. To determine 

the blind spheres induced by the nitroxide radical and Gd3+ ion for direct detection of 13C, we 

plotted the experimental PRE values versus the model-determined effective nitroxide-carbon 

and Gd3+-carbon distances, respectively, and analyzed the resultant curves by calculating the 

least-squares fits to the theoretically-derived equation described in reference [18]. Figure 7 and 

Figures S7 and S8 illustrate how the PRE (Ipara/Idia) changes with the nitroxide-carbon or Gd3+-

carbon distance in the 2D DARR and 3D NCACB experiment, respectively. 
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Figure 7: Intensity-vs-spin label distance curves for Gd3+-DOTA-M and PROXYL-M. (a) 
Ipara/Idia ratio extracted from 2D spectra versus effective nitroxide-nuclear spin distance for 
PROXYL-M, and (b) Ipara/Idia ratio versus effective Gd3+-nuclear spin distance for Gd3+-DOTA-
M. The dashed line indicates the lower limit of the signal intensity ratio below which the signal 
in the paramagnetic spectrum is usually too weak to be detected. The colored lines represent 
least-squares fits to the theoretically-derived equation described in reference [18] assuming 
different electronic T1e relaxation times. A 25% intensity ratio corresponds to an effective 
distance of 11 Å or 14 Å for PROXYL-M and Gd3+-DOTA-M tags, respectively, which marks 
the size of the blind sphere for these tags (orange arrows). (c) Visual comparison of the size of 
the blind sphere for PROXYL-M and Gd-DOTA-M tags in DnaB. 

 

Best fits were obtained with T1e-values of 100 ns for the nitroxide radical and 20 ns for the Gd3+ 

ion, which agrees well with previously determined values for T1e[60]. Assuming a lower 

detection limit for Ipara/Idia of 25%, below which an NMR signal is usually too weak to be 

detected in the paramagnetic spectrum, these fits yielded estimates for the size of the 13C blind 

sphere in 2D DARR spectra of 11 Å and 14 Å for the nitroxide and Gd3+, respectively. In 

comparison, the nitroxide tag leads to a slightly larger 13C blind sphere in the 3D NCACB 

spectrum of 12 Å (Figure S5c and S8). These values compare favorably with the reported ones 

for the nitroxide in MTSL[61] or the Gd3+ ion in dopants and metalloproteins[62, 63], as well 

as in metal-ion DNP studies employing Gd3+-DOTA-M tags[26]. Noteworthy, the lengths of 

the linker connecting the protein backbone to the nitroxide (10.2 Å) or the Gd3+ ion (12.5 Å) in 

the model structures is only slightly smaller than the size of the blind sphere determined in 

Figure 7. A sufficiently large linker ensures that the unpaired electron is removed from the 

protein surface, and, thus, avoids that too many residues get within the blind region of the spin 

label, which is relevant for instance in protein-protein interaction studies. If, however, the blind 

sphere information shall be used in structure determination, tags with shorter linkers are even 

favored.  

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 14, 2021. ; https://doi.org/10.1101/2021.09.14.460235doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460235


18 

EPR distance measurements using Gd3+-DOTA-M-tagged DnaB. 

Spin labeled DnaB also opens the way for EPR distance measurements using dipolar electron-

electron resonance (DEER) spectroscopy[64-66]. We recorded Gd3+-Gd3+ DEER[67] data after 

labeling DnaB with Gd3+-DOTA-M at a single cysteine site. To this end, residue T116 was 

replaced by a cysteine and the two native cysteine residues, C60 and C271, were mutated to an 

alanine and a serine, respectively. The DEER distance distribution in Figure 8a shows three 

maxima at around 3.8, 6, and 7.5 nm, although the latter cannot be extracted with high 

confidence. We compared the location of the maxima in the experimental distance distribution 

to the ones in the distance distribution obtained by molecular modeling with Rosetta (Figure 

8b) and found a good overall agreement. Such a distance distribution is consistent with a 

labeling of all available T116C sites in the DnaB crystal structure model (Figure 8c) and 

therefore serves as a spectroscopic evidence that DnaB was present as a dimer of hexamers (or 

dodecameric assembly). Similar experiments will also allow us in the future to probe 

interactions of DnaB with other proteins, such as with the DnaG primase within the primosome 

complex. 

 

Figure 8: Gd3+-Gd3+DEER distance distribution obtained on Gd3+-DOTA-M-tagged DnaB is 
consistent with a hexameric subunit stoichiometry. (a) Experimental Gd3+-Gd3+ DEER distance 
distribution at 10 K, green: shape of distance distribution is reliable; yellow: mean distance and 
width are reliable; orange: mean distance is reliable; red: long-range distance contributions may 
be detectable, but cannot be quantified. Theoretically predicted distance distributions using 
Rosetta (b). (c) Gd3+ spin densities on the lanthanide-tagged DnaB mutant C60A/T116C/C271A 
as calculated with Rosetta. 
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Conclusions 

We herein describe the site-directed covalent spin labeling of the bacterial DnaB helicase from 

Helicobacter pylori with PROXYL-M and DOTA-M tags. DnaB constitutes a large protein 

with 488 residues per monomer and we show that paramagnetic solid-state NMR on this 

oligomeric assembly becomes possible opening the way for structural investigations. Site-

specific PRE data were extracted from 2D and 3D solid-state NMR spectra and agreed well 

with PREs back-calculated from the DnaB structure by computational modeling using the low-

resolution DnaB crystal structure. The radius of the blind sphere of PROXYL-M in 13C-13C 

DARR experiments (~11 Å) is smaller than that of Gd3+-DOTA-M (~14 Å). This information 

will be of practical relevance for the design of future NMR studies using these paramagnetic 

tags. Our study showcases the combined application of paramagnetic spin labeling, solid-state 

NMR, and computational modeling for the structural characterization of the large DnaB 

complex. Integrative technologies like these have the potential to facilitate the structure 

determination of biomolecular systems that are difficult to study by only a single technique, 

such as flexible and dynamic macromolecular assemblies and membrane-associated complexes. 

We also envision that EPR experiments on spin labeled DnaB will be a useful tool providing 

new insights into the mode of action of DnaB and for large motor proteins in general. 
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MATERIALS AND METHODS 

Sample preparation 

13C and 15N labeled DnaB was expressed as described in reference [68]. All protein solutions 

were sedimented[69-71] in the MAS-NMR rotor (16 h at 4 °C at 210,000 x g) using home-built 

tools[72].  

Tagging of DnaB with PROXYL-M 

DnaB solution (20 mg dissolved in 5 mL buffer (2.5 mM sodium phosphate, pH 7.5, 130 mM 

NaCl)) was transferred to new buffer (10 mM sodium phosphate, 150 mM NaCl, 10% glycerine, 

pH 7.5) and desalted with PD-10 column. The protein was concentrated to 40 mg/mL by 

centrifugation using Millipore concentrator (30 kDa cut-off). The spin-labeling reaction with 

PROXYL-M was performed at 4 °C and pH 7.5 for 18 h using a protein concentration of 50 µM 

and a 30-fold excess of spin label (per cysteine). Finally, the solution was desalted with PD-10 

column. 

Tagging of DnaB with the reduced form of PROXYL-M 

DnaB solution (32 mg dissolved in 10 mL buffer (2.5 mM sodium phosphate, pH 7.5, 130 mM 

NaCl)) was transferred to new buffer (10 mM sodium phosphate, 150 mM NaCl, 10% glycerine, 

pH 7.5) and desalted with PD-10 column. The protein was concentrated to 7 mg/mL by 

centrifugation using Millipore concentrator (30 kDa cut-off). The spin labeling rection with 

PROXYL-M was performed at 4 °C and pH 7.5 for 18 h using a protein concentration of 

110 µM and a 30-fold excess of spin label (per cysteine).  The reduction of the PROXYL-M 

tag was performed in a new buffer (10 mM sodium phosphate, 150 mM NaCl, 30 mM ascorbic 

acid, 10% glycerine, pH 7.5)[22]. Finally, the solution was desalted with PD-10 column. 

Tagging of DnaB with Lu3+-DOTA-M 

DnaB solution (35 mg dissolved in 9 mL buffer (2.5 mM sodium phosphate, pH 7.5, 130 mM 

NaCl)) was transferred to new buffer (10 mM sodium phosphate, 150 mM NaCl, 10% glycerine, 

pH 7.5) and desalted with PD-10 column. The protein was concentrated to 15 mg/mL by 

centrifugation using Millipore concentrator (30 kDa cut-off). The spin labeling reaction with 

Lu3+-DOTA-M was performed at 4 °C and pH 7.5 for 18 h using a protein concentration of 

160 µM and a 30-fold excess of spin label (per cysteine). Finally, the solution was desalted with 

PD-10 column. 
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Tagging of DnaB with Gd3+-DOTA-M 

DnaB solution (35 mg dissolved in 9 mL buffer (2.5 mM sodium phosphate, pH 7.5, 130 mM 

NaCl)) was transferred to new buffer (10 mM sodium phosphate, 150 mM NaCl, 10% glycerine, 

pH 7.5) and desalted with PD-10 column. The protein was concentrated to 15 mg/mL by 

centrifugation using Millipore concentrator (30 kDa cut-off). The spin labeling reaction with 

Gd3+-DOTA-M was performed at 4 °C and pH 7.5 for 18 h using a protein concentration of 160 

µM and a 30-fold excess of spin label (per cysteine). Finally, the solution was desalted with 

PD-10 column. 

EPR sample preparation 

DnaB with PROXYL-M. DnaB with PROXYL-M solution (1.09 mg dissolved in 25 µL buffer 

(10 mM sodium phosphate, 150 mM NaCl, 10% glycerine, pH 7.5)) was used for the CW-EPR 

experiment. 

PROXLY-M reference solution. A 3.4 mM PROXYL-M stock solution in buffer (10 mM 

sodium phosphate, 150 mM NaCl, 10% glycerine, pH 7.5) was prepared. The solution was 

diluted with buffer (10 mM sodium phosphate, 150 mM NaCl, 10% glycerine, pH 7.5) until a 

concentration of 100 µM PROXYL-M was reached. 

DnaB-C60A C271S T116C with Gd3+-DOTA-M. DnaB with Gd3+-DOTA-M solution (0.25 mg 

dissolved in 0.5 mL buffer (10 mM sodium phosphate, pH 7.5, 150 mM NaCl)) was transferred 

to new buffer (10 mM sodium phosphate, 150 mM NaCl, 10% glycerine, pH 7.5) and 

concentrated to 2.5 mg/mL by centrifugation using Millipore concentrator (10 kDa cut-off). 

DnaB solution was transferred to new buffer (10 mM sodium phosphate, 150 mM NaCl, pH 

7.8, D2O) and concentrated to 3.6 mg/mL by centrifugation using Millipore concentrator 

(10 kDa cut-off). The mutant C60A C271S T116 was expressed as described above for the 

wild-type protein. 

Solid-state NMR 

Solid-state NMR spectra were acquired on a wide-bore 850 MHz Bruker Avance III 

spectrometer using a 3.2mm Bruker Biospin “E-free” probe[73]. The MAS frequency was set 

to 17.0 kHz and the sample temperature was adjusted to 278 K using the water line as an internal 

reference[72]. The 2D spectra were processed with the software TOPSPIN (version 3.5, Bruker 

Biospin) with a shifted (3.0) squared cosine apodization function and automated baseline 

correction in the indirect and direct dimension. Spectral analysis was performed using CcpNmr 
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Analysis 2.4.2 [74-76]. The spectra were referenced to 4,4-dimethyl-4-silapentane-1-sulfonic 

acid (DSS). For all experimental details see Table S4. 

EPR 

Continuous-wave EPR spectroscopy 

CW EPR spectra of nitroxide spin-labelled protein were recorded at room temperature at X 

band (9.5 GHz) using a Bruker ElexsysE500 spectrometer including a Bruker super high Q 

resonatorER4122SHQ. Protein samples were filled into 50 μL glass capillaries with an 

outer/inner diameter of 1.5/0.9 mm (BLAUBRANDs). All spectra were recorded with 100 kHz 

field modulation, 1 G modulation amplitude, a time constant of 10.24 ms, a conversion time of 

40.96 ms and 25 dB microwave power attenuation. Spin labeling efficiencies were calculated 

by digital double integration of the recorded spectra and comparison with the reference EPR 

measurement of nitroxide solution of 100 μM concentration.  

DEER spectroscopy 

Pulsed EPR measurements were performed at a home-built high power Q-band spectrometer 

(35 GHz) with 200 W output micro-wave power, a Bruker ElexSys acquisition system (E580) 

and a home-built TE001 pulse probe (OD 3 mm sample tubes). Temperature stabilisation during 

all measurements was performed with a He-flow cryostat (ER 4118CF, Oxford Instruments) 

and a temperature control system (ITC 503, Oxford Instruments). The four pulse DEER 

experiment was used to measure Gd(III)-Gd(III) distances at 10 K. The frequency offset 

between detection and pump pulse was 100 MHz, all pulse lengths were set to 12 ns, the primary 

echo delay time was set to 400 ns, with pump pulse step of 12 ns and an eight-step ESEEM 

averaging cycle with a step of 8 ns. Intermolecular couplings, which cause background decay 

in the time domain data, were removed by background correction (with dimension parameter 

D=3.0) and distance distributions in a range of 1.5 to 10.0 nm were obtained by Tikhonov 

regularization. 

Structural modeling of Gd-DOTA-M and PROXYL-M tags in DnaB 

The structures of Gd-DOTA-M and PROXYL-M tags conjugated to the side-chain of cysteine 

(termed Gd-DOTA-M-Cys or PROXYL-M-Cys, respectively) were built in Avogadro 

(version1.2)[77]. Gd-DOTA-M-Cys was built in two absolute configurations (R and S) to 

account for the presence of a chiral carbon atom in the Cys-linked maleimide ring. For 

PROXYL-M-Cys, the structures of four stereoisomers were considered in molecular modeling 

because of two chiral atoms, one at the maleimide ring and another at the PROXYL ring (see 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 14, 2021. ; https://doi.org/10.1101/2021.09.14.460235doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460235


23 

Figure S4). Structure geometry was optimized by DFT calculations with Gaussian09 (Gaussian, 

Inc., Wallingford CT) using the quasi-relativistic effective core potential (ECP)[78] and 

[5s4p3d]-GTO valence basis sets for the Gd3+ ion, the 6-31(d,p) standard basis set for all other 

atoms, and the M06 functional[79]. Solvation effects were evaluated with the integral equation 

formalism of the polarizable continuum model (IEFPCM)[80] implemented in Gaussian09. 

The BCL::ConformerGenerator method[81] was used to build libraries of 2000 unique 

conformations for each stereoisomer of Gd-DOTA-M-Cys and PROXYL-M-Cys, respectively. 

The method generates 3D ligand conformers by combining rotamers of small molecule 

structures from the Crystallography Open Database (COD)[58, 59] according to a statistically-

derived scoring function. For Gd-DOTA-M-Cys, the linker connecting the DOTA chelator to 

the backbone Cα atom was fully flexible in conformer generation, while the Gd-DOTA 

complex was treated as rigid. For PROXYL-M-Cys, all four side-chain dihedral angles were 

flexible. A total of 20000 conformer generation iterations were carried out from which the 2000 

best-scoring conformations were kept after removing similar conformers with a pairwise root-

mean-squared distance deviation (RMSD) <0.25Å. The resulting conformer libraries were 

deemed nearly complete as all of the expected rotamers of the six (Gd-DOTA-M-Cys) or four 

(PROXYL-M-Cys) dihedral angles occurred with similar probabilities (see Figure S4). 

The Rosetta software (version 3.12)[55] was used to model the side-chain conformations and 

determine the spin density for Gd-DOTA-M and PROXYL-M at every cysteine residue in 

DnaB. First, the structure of dodecameric DnaB from H. pylori (PDB: 4ZC0)[54] was refined 

by adding missing residues, which were not resolved in the original X-ray structure model, and 

performing constrained minimization in the Rosetta force field[82]. Modeling of unresolved 

regions was accomplished by insertion of backbone fragments with PSIPRED-[83] and 

JUFO9D-[84] predicted secondary structures in combination with cyclic coordinate descent 

(CCD)[85] loop building algorithms implemented through the Rosetta comparative modeling 

(RosettaCM)[86] program. In this step, D3 symmetry of DnaB dodecamer was enforced with 

the help of symmetry definition files[87], and Cα-atom pair distance constraints were applied 

to prevent any large movements of the protein backbone during loop modeling and 

minimization. Second, all of the 24 native cysteine residues in DnaB were successively replaced 

by every conformer of the S- and R-isomers of Gd-DOTA-M-Cys or PROXYL-M-Cys, 

respectively, by aligning the corresponding backbone atoms of protein and spin label residue 

with each other. The backbone and side-chain degrees of freedom of all protein residues 

surrounding the spin label were minimized using the Rosetta all-atom ref2015 energy 

function[82] while applying weak distance constraints between all pairs of Cα-atoms which 
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were within 10 Å of each other. Spin label conformers which still clashed with the protein after 

minimization according to a Rosetta energy cutoff (-5000 kcal/mol) were removed. The 

remaining conformers were used to calculate the spin density distribution for the Gd3+ ion or 

the nitroxide radical, respectively. The molecular surface area of cysteine residues in the DnaB 

structure model was measured with the get_area function in PyMOL (The PyMOL Molecular 

Graphis System, Version 2.4, Schrödinger, LCC). 

Simulation of PREs for Gd3+ and nitroxide spin labels 

The intensity ratio of an NMR signal recorded in the para- vs. diamagnetic spectrum was 

calculated according to: 

 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐼𝐼𝑑𝑑𝑑𝑑𝑝𝑝

= 𝐼𝐼𝐶𝐶𝐶𝐶(𝜏𝜏𝐶𝐶𝐶𝐶) ∙ 𝐼𝐼𝑡𝑡1 ∙ 𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝜏𝜏𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) ∙ 𝐼𝐼𝑡𝑡2 (3) 

where ICP is the change in signal intensity during the cross polarization (CP) step, IDARR is the 

signal reduction during the DARR mixing period, and It1 and It2 represent the signal intensity 

reduction during the evolution (t1) and detection (t2) periods, respectively. The derivation of 

equation (1) is described in detail in Tamaki et al. [18]. ICP is dependent on the paramagnetic 

relaxation rates of 1H and 13C in the rotating frame (Γ1ρ,H, Γ1ρ,C), IDARR is a function of the 

paramagnetic longitudinal relaxation rate of 13C (Γ1,C), and It1 and It2 are determined by the 

paramagnetic transversal relaxation rate of 13C (Γ2,C). All equations and simulation parameters 

are provided in the supporting material (see Figures S7-S9). 

The effective unpaired electron-nucleus distance, �̅�𝑟, was calculated based on the refined DnaB 

structure model and the simulated spin density distributions for Gd3+ and the nitroxide radical 

according to[26]: 

 �̅�𝑟 =  � 1
𝑁𝑁𝑐𝑐ℎ𝑝𝑝𝑑𝑑𝑛𝑛𝑎𝑎

∑ ∑ 𝑟𝑟𝑖𝑖𝑖𝑖−6
𝑁𝑁𝑆𝑆𝑆𝑆
𝑖𝑖=1

𝑁𝑁𝑐𝑐ℎ𝑝𝑝𝑑𝑑𝑛𝑛𝑎𝑎
𝑖𝑖=1 �

−16 (4) 

NSL is the number of spin label sites (NSL = 24) in the DnaB dodecamer, and rij is the distance 

between a carbon atom in DnaB, for which a cross peak was detected in the NMR experiment, 

and the center of mass of the Gd3+ ion (DOTA-M) or O1 atom (PROXYL-M) positions, 

respectively, for each of the 24 spin label sites. In calculating the center of mass of the spin 

density, we assumed an N-jump model for the spin label in accordance with previous 

approaches[57, 88]. Because the dipolar relaxation of a nucleus in one DnaB monomer is the 

combined effect of all 24 spin labels in DnaB dodecamer, the effective distance in equation (4) 

is evaluated by the sum of r-6 distances to the Gd3+ or O1 centers of mass of all 24 spin label 
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sites. In addition, the distances to both DnaB carbon atoms, which contribute to the same NMR 

cross peak, are included in the summation in equation (4). Note that because the conformations 

of chains A and B in the DnaB crystal structure are not identical (Cα-RMSD is 4.6 Å over 72% 

of the residues), r-6 averaging of the distances calculated for chains A and B is additionally 

applied in equation (4). Thus, Nchains denotes the number of asymmetric protein chains (A and 

B, Nchains = 2) in the DnaB dodecamer. 
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