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Modeling of Cu(II)-based Protein Spin Labels Using Rotamer 
Libraries 

Zikri Hasanbasri,a,c Maxx H. Tessmer,b,c Stefan Stoll,*b and Sunil Saxena*a 

The bifunctional spin label double-histidine copper-(II) capped with nitrilotriacetate [dHis-Cu(II)-NTA], used in conjunction 

with electron paramagnetic resonance (EPR) methods can provide high-resolution distance data for investigating protein 

structure and backbone conformational diversity. Quantitative utilization of this data is limited due to a lack of rapid and 

accurate dHis-Cu(II)-NTA modeling methods that can be used to translate experimental data into modeling restraints. Here, 

we develop two dHis-Cu(II)-NTA rotamer libraries using a set of recently published molecular dynamics simulations and a 

semi-empirical meta-dynamics-based conformational ensemble sampling tool for use with the recently developed chiLife 

bifunctional spin label modeling method. The accuracy of both the libraries and the modeling method are tested by 

comparing model predictions to experimentally determined distance distributions. We show that this method is accurate 

with absolute deviation between the predicted and experimental modes between 0.0-1.2 Å  with an average of 0.6 Å over 

the test data used. In doing so, we also validate the generality of the chiLife bifunctional label modeling method. Taken 

together, the increased structural resolution and modeling accuracy of dHis-Cu(II)-NTA over other spin labels promise 

improvements in the accuracy and resolution of protein models by EPR.

Introduction 

Pulsed dipolar EPR spectroscopy coupled with site-directed spin 

labeling (SDSL) is a powerful tool for obtaining sparse distance 

restraints1–6 that relate to the structure and conformational 

plasticity of proteins. When a protein is engineered to have two 

spin labels, distance measurements between the labels provide 

information about conformational changes7–17, ligand binding 

site location18–23, and tertiary and quaternary structures of large 

proteins and protein assemblies24–31. In these applications, the 

prediction of spin label conformations is invaluable. Specifically, 

pulse EPR measurements primarily report on the distance 

between the unpaired electrons, which are usually localized at 

the end of a side chain, several ångströms away from the 

protein backbone. Hence, understanding label conformations is 

essential for extracting information about backbone 

conformations and dynamics from the spin‒spin distances31–33. 

Predicting the distance distributions can also determine 

whether the experimental measurements correspond to a 

known PDB structure or generated protein model. Additionally, 

the conformational space of the spin label can shed light on 

whether the breadth of the distance distribution is due to the 

flexibility of the protein or the spin label itself. An 

understanding of the spin label rotamers is also crucial for 

assessing the interactions between the label and the 

surrounding environment in different protein 

conformations16,34–39. Additionally, effective experimental 

designs requires rapid spin label modeling methods, such as in 

silico screening to identify site pairs that will provide a high 

distance contrast between two or more states of interest36,40. 

Overall, accurate and fast spin label modeling methods are 

essential for experimental design and the interpretation of SDSL 

EPR data for the investigation of protein structure, allostery, 

and conformational heterogeneity.  

For monofunctional labels, such as the widely used S-(1-

oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl 

methanesulfonothioate (MTSL), many in silico prediction 

strategies are available37,41,42. However, methods to calculate 

the preferred rotamers for bifunctional labels, such as RX43,44 

and dHis-Cu(II)45–47, are more limited. These bifunctional labels 

are rigidly attached to two nearby residues, significantly 

restraining their conformational flexibility. The restrained 

conformations make bifunctional labels highly desirable since 

they minimize the influence of spin label dynamics on the 

experimental data and, by extension, improve the resolution of 

the protein backbone structure and dynamics. Recently, a 

general rotamer library approach was developed for 

bifunctional spin label in the modeling package chiLife and 

applied to the RX label to predict distance distributions given a 

protein structure model48. While this method showed 

promising results, it has not been applied to bifunctional spin 

labels beyond RX, as has been done with monofunctional label 

modeling methods42. Furthermore, utilization of the RX spin 

label requires the introduction of 4 non-native cysteines, which 
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can make purification and labeling cumbersome, prone to intra- 

and intermolecular cross-linking artifacts, and suffer from low 

yield. Therefore, developing an accurate and accessible rotamer 

library and validating the chiLife bifunctional label modeling 

method is desirable for other bifunctional labels, such as dHis-

Cu(II), to expand the toolkit of convenient labels that can be 

accurately modeled. 

 

The dHis-Cu(II) label consists of a Cu(II) coordinated to a 

chelator, such as iminodiacetic acid or nitrilotriacetic acid 

(NTA)45,47, and two strategically-placed histidine residues, 

referred to as the dHis motif46. Figure 1 shows the structure of 

dHis-Cu(II)-NTA. Because the labeling strategy uses histidine 

residues, the label can be used in proteins without removing 

native cysteine residues that may be critical for function or 

protein folding. Furthermore, the highly restrained Cu(II) provides 

distance distributions that are up to five times narrower than 

those obtained from the common monofunctional nitroxide 

labels46. Such narrow distributions are particularly well-suited for 

discerning small conformational changes49. The narrow 

distributions also enable trilateration of a native metal binding 

site with the fewest distance measurements reported19. In 

addition to distances, the rigidity of dHis-Cu(II)-NTA can resolve 

the relative orientations of the two labeled sites50, providing 

additional structural information. Furthermore, dHis labeling with 

Cu(II)-NTA is efficient due to the sub-micromolar affinity51. The 

labeling strategy is also robust in various buffers52 and in the 

presence of different competitive metals53. Importantly, dHis-

Cu(II) labeling does not require the removal of native histidine 

residues, further simplifying the labeling process54. When 

combined with other labels, the measurements can be performed 

at protein concentrations as low as  45 to 500 nM, depending on 

the label51,55,56. Consequently, the measurements can provide 

protein dimerization affinities at concentrations that are hard to 

measure by isothermal titration calorimetry57.  

Currently, two approaches are available for predicting dHis-

Cu(II) distance distributions, each with drawbacks. First, a method 

using a pre-computed rotamer library for dHis-Cu(II) was 

developed and implemented in the software MMM58. This 

method is fast and straightforward but has an error ranging from 

2.5 Å to 5 Å compared to the experimental distance58,59. This error 

is significant, considering the standard deviation of distributions 

from rigid dHis-Cu(II)-NTA on a small globular protein is on the 

order of 1 Å. Second, force field parameters were developed, 

enabling molecular dynamics (MD) simulations that yielded good 

predictions within 2 Å of the experimental data59. The drawback 

of the MD simulations is that they require extensive 

computational resources and time and do not integrate well with 

other analyses and modeling pipelines like routine in-silico label 

site screening, or iterative structural sampling methods like 

Markov chain Monte Carlo sampling. Therefore, there is still a 

need for fast, extensible, and accurate modeling methods for 

dHis-Cu(II) spin labels. The recent development of chiLife’s40 

general approach to bifunctional label modeling48 offers a 

potential solution. 

In this work, we computationally explore the conformational 

space of the dHis-Cu(II) motif and develop bifunctional rotamer 

libraries for the chiLife bifunctional label modeling method using 

in silico molecular modeling methods. We first analyze the 

conformational preferences of dHis-Cu(II)-NTA in the context of 

𝛼-helix and 𝛽-sheet sites. We then construct rotamer libraries 

from the resulting structural ensembles and test the efficacy of 

the chiLife bifunctional label modeling method and the rotamer 

libraries by comparing predicted and experimental distance 

distributions collected from three proteins. We show that the 

modeling method and the rotamer libraries provide accurate 

predictions of the experimental distance distributions. These 

results and the rigidity of the dHis-Cu(II) spin label allow for more 

stringent SDSL EPR distance restraints for protein modeling with 

less label ambiguity, which in turn should lead to higher-

resolution protein structure and conformational ensemble 

models. 

Fig. 1: The dHis-Cu(II)-NTA bifunctional spin label. A) 3D representation of the 

dHis-Cu(II)-NTA spin label. Carbon atoms are shown in green, nitrogen atoms in 

blue, oxygen atoms in red, and the copper (II) atom is shown as a small copper 

sphere. Flexible dihedral angles are indicated. B) Lewis structure of the dHis-Cu(II)-

NTA label.
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Experimental 

Generation of MD-based rotamer ensembles of dHis-Cu(II)  

Ten previously published MD simulations of dHis-Cu(II)-NTA-

labeled GB1 labeled at different sites60 were analyzed using the 

MDAnalysis Python module61. In summary, PDB:2QMT for the 

structure of GB1 was simulated using the ff14SB Amber force 

fields62. On the other hand, the dHis-Cu(II)-NTA was simulated 

based on the previously published force field parameters59. The 

solvent water was treated with the TIP3P water model63. 

Sodium and chloride ions were added to neutralize the charge 

and maintain the salt concentration of about 50 mM. The MD 

simulation steps are performed using the pmemd program in 

the AMBER18 package. The system was minimized by applying 

a harmonic restraint force constant on the bonds, released from 

20 to 0 kcal/mol/Å2 over 12000 steps. Minimization was 

followed by gradual heating from 0 K to 298.15 K, which was 

then maintained for the production phase of the MD simulation 

for a total of 200 ns simulation time. The temperature control 

used a Langevin thermostat with a collision frequency of 5/ps. 

The pressure of the system was maintained at 1 atm with a 

relaxation time of 1 ps. The MD simulations were performed for 

10 different sites of GB160. 

 Each site was classified as either α-helical or β-sheet based 

on the backbone environment. Of the ten trajectories, seven 

were in the β-sheet context and three were in the α-helical 

context. The dHis motif and the Cu(II)-NTA atoms were 

extracted from each frame of each trajectory and pooled into 

either an α-helical or β-sheet aggregate ensemble. 

 

Generation of CREST-based rotamer ensembles 

The conformational space of the dHis-Cu(II)-NTA label was also 

explored using the conformer-rotamer ensemble sampling tool 

(CREST)64. CREST-based rotamer ensembles were constructed as 

previously described48. For both the α-helical and β-sheet 

contexts, a minimal system was constructed manually using 

PyMol. For each backbone context, four different starting 

structures were used to ensure sampling of four different possible 

coordination geometries (Figure S3). Two octahedral six-

coordinate geometries were used where the ε-nitrogen (Nε) 

coordinating the copper atom coaxially with the nitrogen of the 

NTA capping ligand belonged to either the N-terminal or C-

terminal histidine. Two square pyramidal five-coordinate 

geometries were used analogous to the six-coordinate 

geometries where the carboxyl group of NTA coordinating 

coaxially with the other histidine is instead no longer 

coordinating, as observed in a related crystal structure65 and in 

previous quantum calculations58. Several other geometries were 

attempted but were energetically unstable when minimized using 

the GFN2-xTB semiempirical tight binding method66,67 and 

resulted in dissociation of one of the histidines. Each minimal 

system was capped with an N-terminal acetyl cap and a C-

terminal amide cap. All non-dHis-Cu(II) residues were glycine to 

minimize bias caused by side chain atoms. Conformations were 

sampled with CREST64 using the default sampling settings, the 

generalize born/surface area implicit water model and the GFN2-

xTB67 semiempirical method to evaluate energy. To maintain α-

helical or β-sheet contexts, backbone torsion angles were 

restrained to (φ, ψ) = (− 64°, − 41°) and (−135°, 135°) respectively, 

using a restraining cartesian force constant of 0.01 hartree/bohr2 

(11.88 kcal/mol/Å2). Additionally, bifunctional coordination was 

enforced by adding 2.03 Å distance restraints between the 

histidine Nε atoms and the Cu2+ ion and a 2.36 Å restraint 

between the NTA nitrogen and the Cu2+ ion, using the same force 

constant. These distances are comparable to those observed both 

computationally and experimentally for five- and six-coordinated 

geometries59. 

 

Ensemble clustering and rotamer library generation 

For each ensemble, the hundreds to tens of thousands of 

structures were clustered to eliminate redundancy for 

construction of the rotamer libraries. Each ensemble was 

clustered in dihedral space using only the dihedral angles of the 

bifunctional label heavy atoms including the angles illustrated in 

Figure 1 as well as the dihedral angles of the NTA cap, but ignoring 

backbone, non-label, and hydrogen dihedrals. Clustering was 

performed using the DBSCAN algorithm68 with a distance cutoffs 

of 20° for any one dihedral and a minimum cluster size of 200 for 

the 7 β-sheet MD ensembles, 20 for the 3 α-helical MD 

ensembles, and 1 for the CREST ensembles. Cluster centers were 

defined as the structure closest to all neighbors in a cluster for 

MD and the lowest-energy structure for CREST ensembles. Cluster 

centers were then used for rotamer library construction. 

The CREST-based cluster center structures were pruned in 

two additional steps. In the first step, chemically non-viable 

structures were eliminated. This includes structures that did not 

coordinate the copper atom with both histidines, the nitrogen of 

the NTA and at least two carboxyl oxygens of the NTA cap. 

Additionally, structures where the NTA cap was hydrogen 

bonding with the backbone were also discarded. These structures 

are likely highly unfavorable and arise as artifacts from using an 

implicit-solvent model. In the second pruning step, redundant 

structures that differ only in atom numbering, but not in 

geometric structure, were eliminated. Due to the threefold 

symmetry of the NTA capping ligand, a specific NTA geometry can 

have three different atom numberings and therefore different 

dihedral angles. To identify such subsets of equivalent structures, 

structures were compared pairwise using iterative closest-point 

alignment of the side chain heavy atoms where the numbering of 

non-NTA atoms was fixed and the numbering of the NTA atoms 

was varied. Two structures were deemed equivalent if the 

pairwise root-mean-square deviation (RMSDs) was less than 0.3 

Å. From each subset, all but the lowest-energy structure were 

eliminated. 

Cluster centers were used to generate bifunctional rotamer 

libraries using chiLife40. Each rotamer was weighted based on the 

size of the cluster (MD libraries) or the expected Boltzmann 

equilibrium populations based on the calculated rotamer 

energies (CREST libraries). For the CREST libraries, the bottom 1% 

were discarded due to a large number of high-energy structures. 

Mobile dihedral angles were defined to include all rotatable side 

chain dihedrals between the α-carbons (Cαs) of the coordinating 

histidines as illustrated in Figure 1A. 
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Analysis of experimental data 

All data from previous publications were reanalyzed using a 

custom Python script to ensure consistent error estimation across 

different systems. X-band data (all GB1 sites) were modeled using 

a separable non-linear least squares approach69 whereby the 

DEER background and foreground were fit simultaneously. The 

foreground was modeled using Tikhonov regularization with the 

second derivative operator and the background using a 

homogeneous 3D spin distribution model. To regularize 

background fitting against long-distance artifacts in the 

distribution, an additional restraint against the magnitude of the 

modulation depth was used, like that used in LongDistances70. 

The regularization parameter was selected using the Akaike 

information criterion. All data were analyzed using the isotropic 

dHis-Cu(II)-NTA g-value of 2.13046 = (g∥ + 2g⊥)/3.  

For Q-band data (all YopO data and hGSTA1), we summed 

DEER traces at three field positions54,71 to eliminate orientational 

selection and performed background correction by subtracting a 

3rd-order polynomial which was fit to the last ¾ of the time-

domain signal. The summed and background corrected data were 

fit using model-free Tikhonov regularization with only the 

modulation depth as a nonlinear parameter, i.e. no background 

model. 

Confidence intervals for all fitted distance distributions were 

obtained using bootstrap sampling with 100 samples. For each 

sample, the Tikhonov regularization parameter was fixed at the 

fit value and all other parameters were free. 

Results and Discussion 

Development of MD-based dHis-Cu(II)-NTA rotamer libraries 

The development of dHis-Cu(II)-NTA rotamer libraries requires 

accurate and efficient sampling of the conformational diversity 

of the label. We first sought to investigate this conformational 

diversity by analyzing 10 recently published MD simulations of 

dHis-Cu(II)-NTA60. These simulations consist of dHis-Cu(II)-NTA 

attached to 7 different β-sheet sites and 3 different α-helix sites 

on a globular protein, GB1, providing insight into the 

conformational diversity of dHis-Cu(II)-NTA in different 

environments. This conformational diversity primarily 

originates from the six flexible side chain dihedrals described in 

Figure 1 (three on each histidine). Figure 2 shows histograms of 

the six dihedral angles for all frames of all MD simulations of 

both the α-helical and β-strand sites. Correlation plots between 

additional dihedral pairs are shown in Figures S1-S2. More 

details of the context of each dihedral angle are discussed in the 

SI. These data reveal relatively little conformational diversity 

compared to monofunctional labels such as R172 and the more 

flexible bifunctional label RX44. These findings are consistent 

with the observations that distance distributions between dHis-

Cu(II)-NTA spin labels are often considerably sharper than those 

of other common labels46. Furthermore, these data reveal 

distinct rotameric preferences for dHis-Cu(II)-NTA that can be 

used as the basis of a rotamer library. Notably, the 

conformations of dHis-Cu(II)-NTA on β-sheet sites are more 

diverse than the conformations on 𝛼-helix sites, suggesting that 

dHis-Cu(II)-NTA rotamers in the context of 𝛼-helices are more 

restrained than the rotamers in the β-sheet context. 

Next, we developed rotamer libraries from the MD 

trajectories by pooling all frames with similar backbone 

contexts (i.e., α-helix or β-sheet) into aggregate trajectories. 

Then, we clustered the dHis-Cu(II)-NTA rotamers in dihedral 

space as described in the Methods section. The clustering 

provided 2 and 5 representative rotamers for α and β contexts, 

Fig. 2: MD-based dHis-Cu(II)-NTA rotamer libraries. Left: Blue and red structural ensembles depict α-helix (top) and β-strand libraries (bottom). Right: 

Histograms of the six side chain dihedral angles over the corresponding MD trajectories, in grayscale, with rotamer library members indicated as blue 

(α-helix) and red (β-strand) circles. 
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respectively (Figure 2). These representative rotamers were 

then compiled into a multi-state PDB and assigned weights 

based on the number of represented frames in the MD 

trajectory, i.e., cluster size. These rotamers are plotted as blue 

(α-helical, top) and red (β-strand, bottom) circles on Figure 2. 

This shows that the obtained rotamers correspond to the 

dominant conformations of the MD trajectories. 

Note that the conformational variations observed in the MD 

simulations relies on the force-field parameterization of dHis-

Cu(II)-NTA as a unit59. Hence, the MD simulations do not contain 

conformational diversity that arises from the heterogeneity of 

the coordination between Cu(II) and NTA. Notably, the 

coordination geometry of the NTA cap has been modeled both 

as octahedral59  and as square pyramidal58 and conclusive 

experimental evidence for the prevalence of either state has 

not yet been published. Even within a given coordination 

geometry, NTA coordination can have slightly different isomeric 

structures, as illustrated in Figure S3. Therefore, we explored an 

additional rotamer sampling method to obtain different 

coordination geometries and isomeric arrangements.  

 

Development of CREST-based rotamer libraries of dHis-Cu(II) 

We  consider alternative coordination geometries and isomeric 

structures on the conformational landscape of dHis-Cu(II)-NTA 

by using the conformer-rotamer ensemble search tool 

(CREST)64, as described in the Methods section. To allow for 

alternative coordination geometries, we used the GFN-xTB2 

semi-empirical method for energy evaluation and to maximize 

the sampling of alternative coordination geometries. 

Furthermore, we used four different starting structures (Figure 

S3) with different coordination geometries (see Methods 

section) for both α-helical and β-strand contexts. 

The resulting rotamer libraries are shown in Figure 3, with 

17 rotamer in the α-helical context and 40 in the β-strand 

context. Like the MD rotamer libraries, the β-strand context 

exhibits more conformational diversity than the α-helical 

context. Comparison of Figures 2 and 3 reveals similar patterns 

in both rotamer libraries for α and β contexts; however, the 

CREST-based libraries show considerably more conformational 

diversity. Interestingly, the vast majority of rotamers exhibit an 

octahedral six-site coordination geometry with 11 out of 40 

rotamers of the β-sheet library having square pyramidal, five-

site coordination geometries and none in the α-helix library, 

despite half of the starting structures having five-site 

coordination geometries. Both contexts exhibited a significant 

amount of isomeric heterogeneity, where the nitrogen of the 

NTA cap coordinated coaxially with either the N-terminal or C-

terminal histidine. While this conformational diversity may not 

affect the placement of the Cu2+, it may reflect alternate 

conformations that arise to accommodate clashes from 

neighboring atoms when labeling more complex environments. 

 

Bifunctional modeling of dHis-Cu(II) with chiLife 

We incorporated the clustered rotamers and the associated 

weights into the software package chiLife40 as bifunctional 

rotamer libraries48. chiLife performs bifunctional rotamer 

modeling by splitting bifunctional labels into two monofunctional 

labels with a subset of redundant atoms (henceforth referred to 

as the “cap”) and then optimizing the cap alignment by fitting the 

mobile dihedrals of the label. The cap region is made up of all 

atoms beyond the terminal mobile dihedrals of each 

monofunctional subunit. This includes the Cu2+ ion and the NTA 

capping ligand (Figure 4A). Figure 4B illustrates the fitting 

procedure. A movie of this procedure for dHis-Cu(II)-NTA is 

available in the SI. First, the two monofunctional labels are 

Fig. 3: CREST-based dHis-Cu(II)-NTA rotamer libraries. Blue and red structural ensembles depict α-helix (top) and β-strand libraries (bottom). Dihedral angles of library 

rotamers are plotted as blue (α-helix) and red (β-strand) circles. 
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individually aligned to the protein backbone sites of interest. 

Minor differences between the labeling site backbone structures 

and the backbone structure the rotamer was derived from causes 

slight mismatches in the position of the two caps, including the 

two copies of Cu2+. Next, the mobile dihedral angles of each 

rotamer in the library are varied until the two cap copies overlap 

as previously described48 and the monofunctional subunits are 

merged back into a bifunctional label. After achieving optimal 

overlap, the final rotamers are evaluated for clashes with other 

molecules or sidechains from the protein. High-energy rotamers, 

caused by either poor cap alignment or external clashes, are 

discarded. 

Rotamer libraries provide accurate predictions of Cu(II)-Cu(II) 

distance distributions 

To evaluate the accuracy of the dHis-Cu(II)-NTA rotamer libraries 

as well as the chiLife bifunctional label modeling method, we 

Fig. 4: Cap definition and bifunctional modeling procedure of dHis-Cu(II)-NTA. A) Cap definition and construction of monofuntional subunits of dHis-Cu(II)-NTA. B) chiLife 

bifunctional label modeling procedure for a single rotamer.

Fig. 5: Prediction of experimental Cu-Cu distance distributions. Comparison of predicted and experimental distance distributions for two sites on GB1 (PDB: 2QMT), 

human GSTA1 (PDB: 1K3L), and YopO (PDB: 2H7O). 
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modeled dHis-Cu(II)-NTA on 7 sites on 3 proteins and compared 

the predicted distance distributions to previously published 

experimentally derived distributions between site pairs on the 

GB1 domain of protein G, human glutathione S-transferase A1 

(hGSTA1), and Yersinia outer protein O (YopO)54,59,71. This analysis 

is shown in Figure 5. Both rotamer libraries predicted the 

experimental distributions with high accuracy, with an absolute 

mode deviation between 0.0-1.0 Å with an average of 0.46 Å for 

the MD-based libraries and between 0.0-1.2 Å with an average of 

0.56 Å for the CREST-based libraries. We note that the deviations 

are comparable to the resolutions of 1-1.5 Å of the PDB structures 

used in Figure 5. Therefore, given the Å resolution of pulsed-EPR 

distance measurements and the rigidity of dHis-Cu(II), the small 

deviations in the modeling strategy enable meaningful 

interpretation of the relative positions of the protein backbones. 

It is also instructive to compare the predicted distribution 

widths with experiments54,59,71. For GB1, the predicted widths are 

close to experiment. GB1 has limited backbone fluctuations60,73–

75 and therefore this protein serves as an important test case to 

establish the robustness of the analysis. On the other hand, the 

experimental distributions for hGSTA-1 and YopO are broader 

than predicted. While over-smoothing due to low signal-to-noise 

ratio (SNR) can result in such broadenings, this does not apply to 

the original signal for hGSTA1-1 and YopO, which have high 

SNR54,71. Therefore, the broader distances are likely from the 

flexible protein backbones that we cannot model from a single 

PDB structure. In the case of Figure 5, the labeled sites on 

hGSTA1-1 and YopO are likely more flexible than the labeled sites 

on GB1. These results highlight the utility of dHis-Cu(II) to resolve 

protein backbone fluctuations and conformations that are 

obfuscated when using more flexible spin labels. 

  With the caveat of only using a small sample size, the 

accuracy of our dHis-Cu(II) modeling method outperforms 

monofunctional label modeling methods which generally have 

an absolute mode error on the order of 2-4 Å42. Furthermore, 

the rotamer libraries in this work have ~4 times better accuracy 

than previously published rotamer library method for modeling 

dHis-Cu(II)58, which exhibited an average absolute mode 

deviation of 2.1 Å over this same data set (Figure S4). Finally, 

the distance predictions of GB1 in Figure 5 have similar accuracy 

as MD simulations of GB1 that have deviations up to 2 Å59. 

Notably, the smaller, less conformationally diverse MD-

based rotamer libraries performed equally as well as the CREST-

based libraries, reinforcing the observations that the dHis-Cu(II) 

motif is highly restrained. This result also demonstrates the 

effectiveness of the chiLife bifunctional ensemble modeling 

method, and it establishes the generality of the method to 

bifunctional labels other than RX, for which it was first 

developed and validated. The modeling method was also 

relatively fast at an average of 82 ms per rotamer, resulting in 

average ensemble modeling times of 2.0 s and 0.2 s for the 

CREST and MD libraries, respectively, using an AMD Ryzen 

5980HX laptop processor. The speed of the modeling provides 

an accessible method to perform high-throughput in silico 

screening of site pairs on a given PDB structure. 

 

Prediction of distance distribution is robust to protein 

structural diversity in PDB structures 

One of the major advantages of SDSL EPR spectroscopic 

methods is their ability to probe protein conformational 

elasticity. GB1 has been a well-studied molecule with several 

models deposited in the protein data bank using both x-ray 

diffraction76 and nuclear magnetic resonance methods77–82, 

each with modest structural differences resulting from both 

conformational heterogeneity and differences in model 

construction. To assess the tolerance of the rotamer libraries 

and the bifunctional label modeling method to model structural 

variability, we modeled dHis-Cu(II)-NTA using several available 

PDB structures of GB1 and compared the predicted distance 

distributions with the experimentally derived distance 

distributions. The results are shown in Figure 6 and illustrate 

that the dHis-Cu(II)-NTA models make accurate and consistent 

predictions despite the minor differences in protein structure 

used. Again, both rotamer libraries performed similarly better 

with a mean absolute deviation of the mode of 0.6 Å for the 

Fig. 6: Prediction of distance distributions on different GB1 PDB structures. 

Comparison of predicted and experimental distance distributions for two sites on 

GB1 with PDB IDs shown next to corresponding distributions. 
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CREST library and 0.7 Å for the MD-based library. Both 

predictions are considerably more accurate than those of 

monofunctional labels and RX42,48. 

 

Model selection using dHis-Cu(II)-NTA 

Next, we assess the dHis-Cu(II) rotamer libraries as a tool for 

distinguishing two different protein conformations, using YopO. 

Previously, dHis-Cu(II) measurements were performed on two 

YopO constructs, 598H602H/620H624H and 

591H595H/620H624H54. The two constructs have both dHis 

motifs on 𝛼-helix 14. Figure 7A shows the 𝛼-helix 14 of YopO 

and the dHis-Cu(II) sites based on the two available crystal 

structures of YopO, PDB:2H7O83 and PDB:4CI684, color-coded as 

blue and red, respectively. In the PDB:2H7O structure the 𝛼-

helix 14 is straight, while in PDB:4CI6 it is slightly bent as a result 

of a minor allosteric change induced by the interaction of YopO 

with actin84. We used the two PDB structures to model the 

distance distributions and compared them to the previously 

measured experimental distance distribution. 

Figure 7B shows the expected distance distributions for the 

two YopO constructs using the MD-based libraries and Figure 7C 

show the same for the CREST-based libraries. The predicted 

distance distributions are color-coded with blue and red 

corresponding to PDB:2H7O and PDB:4CI6, respectively. For 

comparison, the experimental distance distributions are shown 

in gray. For the short-distance YopO construct on the bottom 

panels of Figure 7B and 7C, the experimental distances agree 

well with the prediction from PDB:2H7O using both rotamer 

libraries. On the other hand, prediction of the long-distance 

YopO construct is less conclusive. Particularly, the measured 

distance distribution has a maximum between the prediction 

from the two crystal structures. Furthermore, the distribution is 

wide enough to have significant overlap with the predictions 

from either crystal structures. These observations are 

consistent with previous work54. Particularly, previous 

predictions using MMM and MD also provided the same 

ambiguous interpretation of the long YopO construct and a 

straightforward agreement between the PDB:2H7O model and 

the short YopO experimental data. Nonetheless, the predictions 

using the CREST and MD-based rotamer libraries best support 

that YopO adopts a straight 𝛼-helix 14 conformation, a similar 

conclusion with previous study54. Therefore, the dHis-Cu(II)-

NTA rotamer libraries and chiLife bifunctional modeling method 

are effective, or at least as effective as previous methods, for 

selecting an appropriate model that matches the experimental 

data. Furthermore, Figure 7 highlights that this modeling 

strategy and distances from dHis-Cu(II) can distinguish 

structures that differ by a backbone RMSD as little as 2.0 Å, as 

is the case between helix 14 of 2H7O and 4CI6, resulting in 

distance distribution difference of ~4 Å. Overall, the dHis-Cu(II) 

MD-rotamer library approach is an accessible method for 

calculating distance distributions. 

The dHis-Cu(II)NTA rotamer libraries and the chiLife 

bifunctional modeling method benefit from the relatively 

narrow experimental data. In the presence of flexible protein 

backbones, the approach needs to be combined with other 

methods to completely model distance distributions. Protein 

backbone diversity can be generated using elastic network 

modeling, as implemented in MMM and MMMx37,85 or using 

MD simulations, especially with the use of enhanced sampling 

methods86. As a scriptable Python-based API, chiLife can easily 

be integrated with an implementation of the same, or an 

equivalent elastic network modelling protocol, utilize full MD 

trajectories of native proteins as inputs to model Cu-Cu distance 

distributions, or integrate with other modelling software like 

Rosetta16,87 and Xplor-NIH88, allowing dHis-Cu(II)-NTA distance 

constraints to be used in a wide variety of existing and future 

analysis and protein modelling pipelines.  

Fig. 7: Prediction of distance distributions on two different YopO structures. 

A) Structures of YopO with a straight (PDB:2H7O, blue) and a bent (PDB:4CI6, 

purple) 𝛼-helix 14. The teal sticks and balls represent the dHis-Cu(II)-NTA sites. 

B) Comparison of the predicted and experimental distance distributions of two 

YopO constructs using the MD-based rotamer libraries. C) Comparison of the 

predicted and experimental distance distributions of two YopO constructs using 

the CREST-based rotamer libraries 

Page 8 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
4 

12
:3

6:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3CP05951K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05951k


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

 

Conclusions 

This work establishes an accessible, robust, and accurate method 

for modeling the dHis-Cu(II)-NTA label on a protein structure 

using rotamer libraries generated using two different approaches. 

The method is validated against experimental data from three 

proteins, and we hope that future work will extend this validation 

to a broader range of proteins. Fast calculation times compared 

to full MD provide an efficient tool for designing dHis variants for 

experiments and for applying restraints in iterative protein 

modeling pipelines. Additionally, the narrow widths of dHis-Cu(II) 

distance distributions coupled with the improved accuracy of 

distance distribution predictions provides a basis for better model 

selection and modeling accuracy when using sparse EPR distance 

restraints. Of particular interest is the enhanced resolution of 

backbone conformational heterogeneity, making minor backbone 

fluctuations resolvable both experimentally and in silico. This 

capability arises from limited rotameric preferences of the dHis-

Cu(II) that are easier to calculate and sample than more flexible 

mono-functional labels89–91. With a thorough understanding of 

dHis-Cu(II) conformations, we can start to explore methods for 

generating accurate protein models by using experimentally 

measured dHis-Cu(II) distance restraints, as demonstrated for 

nitroxide labels16,34–36,38.  
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