A protocol for the refinement of NMR structures using simultaneously pseudocontact shift restraints from multiple lanthanide ions
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Summary
The binding of paramagnetic metal ions to proteins produces a number of different effects on the NMR spectra of the system. In particular, when the magnetic susceptibility of the metal ion is anisotropic, pseudocontact shifts (PCSs) arise and can be easily measured. They constitute very useful restraints for the solution structure determination of metal-binding proteins. In this context, there has been great interest in the use of lanthanide(III) ions to induce PCSs in diamagnetic proteins, e.g. through the replacement native calcium(II) ions. By preparing multiple samples in each of which a different ion of the lanthanide series is introduced, it is possible to obtain multiple independent PCS datasets that can be used synergistically to generate protein structure ensembles (typically called bundles). For typical NMR-based determination of protein structure, it is necessary to perform an energetic refinement of such initial bundles to obtain final structures whose geometric quality is suitable for deposition in the PDB. This can be conveniently done by using restrained molecular dynamics simulations (rMD) in explicit solvent. However, there are no available protocols for rMD using multiple PCS datasets as part of the restraints. In this work, we extended the PCS module of the AMBER MD package to handle multiple datasets and tuned a previously developed protocol for NMR structure refinement to achieve consistent convergence with PCS restraints. Test calculations with real experimental data show that this new implementation delivers the expected improvement of protein geometry, resulting in final structures that are of suitable quality for deposition. Furthermore, we observe that also initial structures generated only with traditional restraints can be successfully refined using traditional and PCS restraints simultaneously.
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Introduction
	Since the 1980’s NMR spectroscopy has been used as a technique complementary to X-ray to determine the solution structure of proteins (Wüthrich, 1986; Cavanagh et al., 2007). The usefulness of addressing protein structure determination using both NMR and X-ray approaches has been extensively documented, especially within Structural Genomics initiatives (Synder et al., 2005; Yee et al., 2005; Serrano et al., 2016). The standard protocols for NMR-based protein structures determination involve three main steps: (i) determining the chemical shift assignments of the target protein; (ii) measuring as many as possible NOEs (nuclear Overhauser enhancements) between pairs of 1H nuclei to compute internuclear distance restraints (upper distance limits, upls); and (iii) using the NOE-derived upls to generate the 3D structure of the protein. Additional restraints that are normally used include dihedral angle restraints (which often are derived from J-couplings (Karplus, 1959) or from chemical shifts (Shen et al., 2009)) and residual dipolar couplings (Tjandra and Bax, 1997). Alternative protocols based on the use of chemical shift data or chemical shift and residual dipolar couplings without any NOE information have been described (Cavalli et al., 2007; Shen et al., 2008; Vernon et al., 2013; Cavalli and Vendruscolo, 2015; van der Schot and Bonvin, 2015). As a further alternative, limited NOE information (sparse NOEs) can be used together with various other types of data, including evolutionary-based restraints, to define the protein fold with reasonable accuracy (Lange et al., 2012; Tang et al., 2015).
Within standard protocols, the energetic refinement of the initial 3D structures has a deep impact on the quality of the final NMR structure that will be eventually deposited in the PDB. Aside from the accuracy and completeness of experimental data, the quality of NMR structures thus depends on the programs utilized in the generation of initial structures with simplified force fields and in their subsequent energetic refinement (Linge and Nilges, 1999; Linge et al., 2003; Chen et al., 2004). In particular, as demonstrated by many studies, the quality of NMR structures can be improved by refinement either based on molecular dynamics simulations with state-of-the-art force field and explicit or, less often, implicit solvent (Xia et al., 2002; Linge et al., 2003; Chen et al., 2004; Feig et al., 2004; Jao et al., 2008). Other approaches based on structure rebuilding (Mao et al., 2014) or on the use of statistical potentials (Ryu et al., 2016) have been proposed. Such refinement approaches can improve significantly the geometric parameters that are often used as indicators of structural quality and can also have a positive impact on the accuracy of the structure, as measured from the agreement with the NMR data (Nabuurs et al., 2004; Nederveen et al., 2005). On the other hand, these procedures may sometimes mask errors in the NMR structures, at least as far as the normality of geometric parameters is concerned (Nabuurs et al., 2006; Saccenti and Rosato, 2008). Therefore, NMR structure validation approaches should be based on a combination of quantitative parameters describing geometric quality and agreement with NMR data (Huang et al., 2012; Rosato et al., 2013; Ragan et al., 2015; Vuister et al., 2014; Montelione et al., 2013; Doreleijers et al., 2012).
	Pseudocontact shifts (PCSs) arise in paramagnetic molecules when the magnetic susceptibility tensor of the paramagnetic center is anisotropic, as it is often the case when the paramagnetic center is a metal ion. Because of the anisotropic magnetic susceptibility, macromolecular systems featuring measurable PCSs spontaneously orient in solution in the presence of a magnetic field, thereby allowing residual dipolar couplings (RDCs) to be measured as well (Banci et al., 1998b). PCSs contain structural information that proved very helpful for solving protein structures both in solution (Gochin and Roder, 1995; Banci et al., 1996; Banci et al., 1998a; Allegrozzi et al., 2000; Bertini et al., 2001b; Gaponenko et al., 2004; Banci et al., 2004; Schmitz et al., 2012; Yagi et al., 2013; Camilloni and Vendruscolo, 2015), in the solid state (Balayssac et al., 2008; Bertini et al., 2010; Li et al., 2013; Jaroniec, 2015) and in living cells (Pan et al., 2016; Muntener et al., 2016). PCSs can also be used for structural refinement in combination with X-ray data (Rinaldelli et al., 2014; Carlon et al., 2016). In this context, the use of lanthanide ions is attractive due to their large magnetic anisotropy that induces large PCSs and RDCs (Bertini et al., 2008). Lanthanide ions can be introduced in proteins in different ways. Among these, there is extensive literature describing metal-substitution in calcium-binding proteins (Allegrozzi et al., 2000; Bertini et al., 2003) and the use of so-called lanthanide binding tags that are chemically attached to proteins (Barthelmes et al., 2011; Hass and Ubbink, 2014; Rodriguez-Castañeda et al., 2006; Su and Otting, 2010). Owing to the different number of unpaired electrons in the lanthanide series, respectively, the induced PCSs as well as paramagnetic relaxation enhancements, which lead to signal broadening even beyond detection, are significantly different for different ions. Thus, the combination of PCS data from different paramagnetic lanthanides provides structural information on different shells at variable distances from the binding site of the metal ion (Allegrozzi et al., 2000). This has been exploited not only for the structural determination of individual globular proteins (Schmitz et al., 2012; Yagi et al., 2013) but also for two-domain proteins and for protein-protein docking (Hass and Ubbink, 2014; Hulsker et al., 2008; Brewer et al., 2015; Chen et al., 2014). The software tools for structure calculation and for structure refinement can handle RDCs induced by self-orientation and the more popular RDCs induced by the presence of orienting media in solution in exactly the same way. Instead, it is necessary to implement specific routines for the use of PCSs as structural restraints. It is currently possible to generate structural models of proteins by combining traditional NMR restraints with PCS restraints from multiple lanthanides, for example using torsion angle dynamics (Banci et al., 1998a). However, is no protocol for the energetic refinement of such models. This makes it difficult to obtain structures based on multiple PCS datasets that are of sufficient quality for deposition in the PDB. Here, we report on an extension of PSEUDOAMBER (Banci et al., 1997) that addresses this limitation, by providing a protocol that closely resembles the protocols routinely used for structure determination without PCS restraints and thus can be readily adopted by NMR structural biologists. We validated the above protocol by using the PCS data measured for bovine calbindin D9k where the full series of the lanthanide ions (except the radioactive promethium and the isotropic gadolinium) was bound into its C-terminal calcium-binding site (Bertini et al., 2001a).

Materials and methods
Implementation of the restraints
We extended our previous implementation of PCS in the sander module of the AMBER suite (Banci et al., 1997), in order to permit the use of multiple experimental datasets, each from a different lanthanide ion, all referring to the position of a single metal ion. For the present implementation, we used version 12 of the suite. For each lanthanide ion, the following holds (McConnell and Robertson, 1958).


			(1)

where ax and rh are the axial and the rhombic anisotropies of the magnetic susceptibility tensor, and r, , and are the polar coordinates of the nucleus under observation with respect to the orthogonal reference system formed by the principal axes of the magnetic susceptibility tensor. To use the PCS induced by a single paramagnetic center in a protein as restraints in molecular dynamics calculations, in previous work we defined a pseudo-potential term based on the deviation between experimental (exp) and back-calculated (calc) PCS values as

		(2)

where kPCS is the weight for PCS restraints with respect to the other terms of the complete potential, wi is the relative weight of the each of the N PCS restraints and Δi is the deviation between the experimental and back-calculated values of the i-th restraint, beyond the experimental uncertainty (erri). In practice, the summation includes only violations that are greater than the uncertainty on each PCS measurement. In our experience, it is not necessary to define wi weights different from 1.0, except when using null weights for PCS data the assignment of which one wants to confirm based on the calculations results, e.g. when the assignment of an amide proton in the paramagnetic system is ambiguous.
To extend the above approach to the case of L different lanthanide ions, we modified equation 2 as follows
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where UlPCS is the contribution of the data from the l-th lanthanide ion, as defined in equation 2. The experimental PCS restraints associated to the l-th lanthanide ion are back-calculated using equation (1) with the specific  values of that ion. Such values, as well as the orientation of the magnetic susceptibility axes with respect to the laboratory frame, are kept constant during the simulation. Therefore, each of the L datasets contributes independently to the overall pseudo-potential, and its contribution can be globally scaled with respect to the other datasets by adjusting the wl weight. Note that setting a wl value different from 1 in equation (3) is equivalent to multiplying all the wi weights of the individual PCS restraints of the l-th dataset by the same scaling factor. We assume that the origin of all L tensors coincides. This is the relevant scenario when multiple lanthanides are substituted in the same metal-binding site.

Generation of initial structures
We used the program CYANA (Herrmann et al., 2002) to generate the initial structural models (without or with PCS restraints) to be used for the demonstration of our refinement protocol, using the methods and datasets described in (Bertini et al., 2001b; Bertini et al., 2001a). Briefly, we used 1539 NOE-based upper distance limits, 6 distance limits derived from paramagnetic relaxation data and dihedral angles for all residues in secondary structure elements as the ensemble of “traditional restraints”. 1097 PCS restraints were derived from measurements on eleven different calbindin D9k (Ca2Cb) samples, where one of the two calcium ions was selectively replaced by a lanthanide ion (CaLnCb). The PCS values were determined by subtracting the shifts of the CaLaCb or CaLuCb sample from the particular lanthanide derivative (Bertini et al., 2001a). Structure bundles containing 100 conformers each were generated using the standard annealing protocol of CYANA in 10,000 steps. All restraints were used from the beginning of annealing procedure. We generated two different bundles: one using only traditional restraints, which we dubbed CYnoPCS, and one with traditional restraints and PCS restraints, which we dubbed CYwithPCS.

Refinement protocol
The refinement procedure is applied to each conformer of the input bundle independently by computing a single rMD trajectory. The latter consists of six stages: two minimizations (of water only and then of the entire system), three simulated annealing stages (heating, constant-T rMD and cooling), and a final energy minimization (Figure 1 and Supplementary material). All the minimizations are carried out with a combination of steepest descent followed by conjugate gradient minimization. Before starting the refinement, every conformer of the input bundle of structures (e.g. generated with CYANA) is embedded in a rectangular or octahedral box of TIP3P water molecules with a user-selected distance (10 Å in the present test case) between the protein surface and the box walls. In the present work, the 20 conformers with the best agreement with all experimental data after rMD were retained as the refined NMR structure.
In the first stage, the protein is restrained with a harmonic potential, so that the minimization mostly affects the water molecules in the hydration shell. In the subsequent stages of the protocol, the protein moves freely in presence of the active pseudopotential of all the NMR restraints. For the rMD stages, the integration step can be set to 1-2 fs (we used 1 fs for the present text case). The rotational motion of the protein is turned off, as the reference frames of the magnetic susceptibility tensors are integral with the laboratory frame, and PBC are not used. The length of all bonds involving hydrogen atoms is constrained with the SHAKE and SETTLE (for the water molecules) algorithms. The weak-coupling algorithm is applied to control the system temperature. A tight temperature regulation is maintained during the heating phase by setting the time constant for heat bath coupling to 0.4 ps until the temperature reached its target of 300 K. The temperature coupling is then relaxed to 1 ps during the constant-T rMD trajectory. In the subsequent cooling stage, the temperature of the system returns to 0 K to complete the simulated annealing. During the warming and cooling phases, the temperature is scaled linearly with time, as commonly performed in NMR-based structure determination algorithms (Fossi et al., 2005; Mareuil et al., 2015). Finally, all the conformers are minimized to reach the closest local minimum of energy.
The user can modify most of the parameters in the protocol, such as the temperature for the rMD stages or the number of steps (i.e. simulation time in ps) of rMD. Traditional restraints (NOE-derived upper distance limits, upls, and dihedral angle restraints) are applied using a flat-bottom parabolic potential. A crucial parameter is the weight of the PCS restraints (equation 2) versus the weight of all other NMR restraints. For the present text, we chose weights of 32 kcal mol-1 Å-2 and 30 kcal mol-1 ppm-2 for traditional and PCS restraints, respectively. The user can adjust one or both of these parameters to scale the relative contribution of the different restraints, as well as the impact of the AMBER force field on the final structures. The used parameter files for AMBER, the input CYwithPCS structure and the corresponding output structure are provided as Supplementary material.
The sviol script of the AMBER package provides users with a report on the violations of traditional restraints. The default cutoffs are more than 0.1 Å for upls and 10° for dihedral angles. We used the FANTEN software (Rinaldelli et al., 2015), which is available on the WeNMR portal (Wassenaar et al., 2012), to fit the PCS data before and after the rMD, in order to assess the stability of the  parameters(Banci et al., 2004). FANTEN provides a very convenient graphical interface to visualize immediately the agreement between back-calculated and experimental PCS data. This is done for each PCS dataset against the structure bundles before and after refinement. As the rMD protocol starts from conformations that are already properly folded and not random coils (Figure 1) significant changes of the  parameters are not observed. Finally, the overall geometric quality of the bundles was assessed with the Protein Structure Validation Software suite (Version 1.5) (Bhattacharya et al., 2007). The secondary structure content was computed with the DSSP program (Kabsch and Sander, 1983).

Results and Discussion
In the context of protein structure determination based on NMR data, molecular dynamics (MD) methods are used both to generate structural models in agreement with the data and, at a later stage, to optimize the energetics and several geometric aspects of the final structures, prior to deposition in the PDB. In this work, we wanted to enable the use of MD for structure refinement also when using multiple independent PCS datasets, available thanks to the substitution of different lanthanide ions in the same metal-binding site. Our standardized refinement approach exploits short restrained MD (rMD) trajectories. rMD provides some kinetic energy to each conformer of the NMR bundle input to the refinement procedure, permitting the sampling of the conformational space around the initial conformation. In rMD the pseudo-potential of the NMR-based restraints remains always active in order to prevent the structure from sampling regions of conformational space incompatible with the data. After the rMD run at room temperature, the input conformers are cooled down to 0 K, resulting in the final bundle. This procedure is based on the concept of the RECOORD protocol (Nederveen et al., 2005), and has been extensively used by several research teams via the AMPS-NMR web portal for NMR structure refinement (Bertini et al., 2011). In a nutshell, this refinement scheme allows the protein structure to settle in local minima that are energetically sound, thanks to the use of the AMBER force field, while retaining full agreement with the experimental data. This is particularly effective for parts of the protein structure that are not well defined by the data themselves, such as the backbone conformation of long loops or the rotameric states of side chains not in the core of the structure (Bertini et al., 2011; Nederveen et al., 2005; Rosato et al., 2012).
Our new implementation of PCS restraints in the AMBER package permits the refinement of structures generated without or with the inclusion of PCS data from the very beginning of the calculation procedure (i.e. in CYANA). Hereafter, we will refer to these two initial bundles as CYnoPCS and CYwithPCS, respectively. Both scenarios converge successfully, and produce similar effects at the level of the overall protein fold (Figure 2). The fold is actually defined mostly by the NOE and dihedral restraints data, so the structural impact of the addition of PCS restraints for the present system is relatively modest. This aspect of the use of PCS restraints has been addressed in detail in previous work (Allegrozzi et al., 2000). The structural refinement in explicit solvent does not, and it is not expected to, change significantly the overall protein fold (Figure 2). Nevertheless, it appears that the definition of some elements of secondary structure improves after AMBER refinement.
The main motivation to perform the energetic refinement of macromolecular structures is to remediate deviations from optimal local configuration, as gauged by structure validation programs, while maintaining their agreement with the experimental data. The currently available software tools are lacking a protocol to perform such refinements using also multiple PCS data sets as part of the input data sets. In this work, we implemented such a protocol in the AMBER MD package. With respect to improving the local energetics and geometric features of the protein structure, the protocol is equally effective in the refinement of structures initially generated with or without inclusion of the PCS data (Table 1). The content of secondary structure elements is not significantly affected by the refinement, yet there is a small but consistent improvement in the distribution of residues in the most favored regions of the Ramachandran plot. This is apparent also from the values of the Procheck G-factor phi/psi (Z-score), especially in the case of the refinement of the CYwithPCS structure, for which this parameter increased by 0.63 (from -1.42 to -0.79). The distribution of residues in the Ramachandran plot is a sensitive indicator of the presence of errors and of local structure quality (Saccenti and Rosato, 2008). The Procheck G-factor all (Z-score) features a much greater improvement than its counterpart focusing only on the backbone conformation, mentioned above. The variation for the CYwithPCS structure is as large as 2.78. This significant difference is due to the impact of the refinement on the rotameric states of all side chains. Such an impact, which the Ramachandran plot analysis does not address, is actually much more significant than for the backbone, as measured by the larger increase observed for the G-factor computed on all angles with respect to the G-factor computed on the backbone dihedrals only.
The second prominent improvement afforded by the refinement procedure is the extensive removal of too-close contacts between atoms (bumps), as indicated by the large improvement of the MolProbity clashscore, which is also accompanied by a dramatic reduction in the spread of this parameter over the structure bundles (Table 1). The Verify3D parameter, which describes the likelihood of the overall fold, is less sensitive to the refinement, because the NOEs and dihedral angle restraints already define the topology at the level of CYANA. Clearly, even though the parameters of Table 1 separately describe specific aspects of the stereochemical and geometric quality of the structure, the refinement procedure addresses all of them simultaneously. In other words, different unsatisfactory aspects of local structure may be fixed together (Figure 3).
Indeed, a crucial aspect to assess the quality of a structure is to quantify its agreement with experimental data (Huang et al., 2012; Rosato et al., 2013; Ragan et al., 2015; Vuister et al., 2014; Montelione et al., 2013; Doreleijers et al., 2012). CASD-NMR in particular has shown that high quality as measured by the parameters of Table 1 does not imply that a structure is correct, i.e. it may not fulfil all the experimental data (Rosato et al., 2012). In practice, these two aspects of structure quality are somewhat independent and should be simultaneously verified. The application of a structure refinement procedure thus should not affect adversely the agreement with the data, with respect to the situation of the structure before refinement. This is indeed true for the present protocol (Table 2). Regardless of the inclusion of PCS restraints in the initial CYANA structure, the refinement procedure outputs structures with a consistent level of agreement with the data. The agreement before and after refinement is essentially unchanged.
A specific aspect of this work is the use of multiple PCS data as restraints. Thus, we focus on the impact of the energetic refinement on these datasets, by measuring the agreement between the experimental data and the data back-calculated from the structure bundles via equation 1. The inclusion of PCS restraints in the refinement leads to a great improvement of the agreement of the CYnoPCS structure (Table 3). This is summarized by the count of the total number of PCS deviations (Δi of equation 2) larger than 0.5 ppm, which diminishes from 375 to 85. The latter value is however higher than the result obtained for the CYwithPCS structure, both before (71 deviations) and after refinement (63 deviations). The improvement from 71 to 63 deviations, albeit very small, is noteworthy because the force field of rMD prevents the protein from sampling energetically unfavorable conformations that could be previously allowed by CYANA. Nevertheless, our protocol is capable of identifying a slightly better minimum for PCS data. By inspecting the results for each lanthanide, we observe that most of the deviations arise from the Yb dataset. If this dataset is excluded the improvements described above become more significant (not shown). For a single dataset, excluding Yb, the greatest improvement is observed for Nd (Table 3 and Figure 4) for the refinement of the CYnoPCS structure. It is possible to observe that the PCSs back-calculated from the CYnoPCS bundle deviate from the diagonal in Figure 4, whereas they move much closer to it after refinement, as indicated by the Pearson coefficient value of 0.98. Instead, changes are marginal for each individual lanthanide in the case of the CYwithPCS, as the latter was generated including also PCS restraints and thus is already in very good agreement with the PCS data before rMD.
The CYnoPCS and CYwithPCS CYANA structures did not reach the same level of agreement with the PCS data after refinement (Table 3). This is presumably due to the relatively low temperatures and high weight on the “traditional” NMR restraints used in the rMD protocol. Indeed, it is the purpose of our refinement strategy not to disrupt at any stage of the calculation the fold initially output by CYANA, which is entirely driven by the experimental data, but to optimize its features that are less well defined by the data. On the other hand, the present setup results in a convergence of the refinement protocol close to 100% (i.e. all input structures are correctly refined). This is important to allow less expert users to adopt successfully relatively complicated computational procedures. 


Concluding remarks
	We have implemented a rMD protocol that allows NMR structural biologists to simultaneously use PCS restraints derived from the substitution of multiple lanthanide ions in the same site in the energetic refinement of structures. This tool complements the available portfolio of software tools for the use of paramagnetic restraints in protein structure determination. The protocol exploits the AMBER package for molecular dynamics simulations, and can be incorporated in the AMPS-NMR portal (Bertini et al., 2011) for NMR structure refinement provided by the WeNMR electronic infrastructure (Wassenaar et al., 2012). The rMD refinement affords the expected improvement of initial structures in terms of their geometric quality, especially for rotamer distributions and interatomic bumps. Importantly, our implementation allows a structure initially calculated without PCS restraints to be refined using such data as additional restraints, obtaining both good agreement with all experimental data and good geometry. The refined bundles are of the typical quality for NMR structures deposited in the PDB. This is achieved thanks to an approach that seamlessly integrates into routine procedures for NMR-based protein structure determination (Bertini et al., 2011).
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	CYANA without PCS (CYnoPCS)
	CYANA with PCS (CYwithPCS)

	
	Before rMD
	After rMD
	Before rMD
	After rMD

	DSSP secondary structure 
	
	
	
	

	Secondary structure content
	0.86 ± 0.13
	0.84 ± 0.24
	0.83 ± 0.14
	0.85 ± 0.18

	Helical content
	0.59 ± 0.06
	0.53 ± 0.14
	0.45 ± 0.06
	0.54 ± 0.09

	Sheet content
	0.04 ± 0.01
	0.03 ± 0.02
	0.02 ± 0.01
	0.05 ± 0.01

	PROCHECK Ramachandran plot summary
	
	
	
	

	Most favored regions (%)
	84.6
	90.9
	85.5
	89.4

	Allowed regions (%)
	15.3
	9.0
	14.0
	10.4

	Generously allowed regions (%)
	0.2
	0.1
	0.5
	0.3

	Disallowed regions (%)
	0.0
	0.0
	0.0
	0.0

	Structure quality factors *
	
	
	
	

	Procheck G-factor φ-ψ (Z-score)
	-0.75
	-0.59
	-1.42
	-0.79

	Procheck G-factor all (Z-score)
	-3.78
	-1.54
	-4.55
	-1.77

	Verify3D (Z-score)
	-0.96 ± 0.02
	-0.80 ± 0.03
	-1.28 ± 0.02
	-0.96 ± 0.03

	MolProbity clashscore (Z-score)
	-1.01 ± 3.79
	1.25 ± 1.34
	-1.69 ± 3.37
	1.28 ± 1.05



Table 1. Quality parameters for calbindin structures before and after rMD refinement with all available PCS restraints. The input structures for the rMD procedure were CYANA structures generated with NOE-based upper distance limits and dihedral angle restraints, and without (CYnoPCS) or with (CYwithPCS) PCS restraints. * A positive Z-score indicates that the parameter is better than the average value observed in the PSVS reference dataset (composed by high-resolution X-ray structures). Changes larger than a Z-score unit after refinement are highlighted in bold.


	

	CYANA without PCS (CYnoPCS)
	CYANA with PCS (CYwithPCS)

	
	Before rMD
	After rMD
	Before rMD
	After rMD

	Violation analysis
	
	
	
	

	Distance restraint violations > 0.1 Å
	3 ± 0
	3 ± 0
	0 ± 0
	0 ± 0

	Mean distance violations > 0.1 Å
	0.13 ± 0.01
	0.14 ± 0.04 
	0.00 ± 0.00
	0.00 ± 0.00

	Dihedral restraint violations > 10 degrees
	0 ± 0
	1 ± 0
	0 ± 0
	1 ± 0

	Mean dihedral violations > 10 degrees
	0.00 ± 0.00
	11.92 ± 0.00
	0.00 ± 0.00
	10.12 ± 0.00



Table 2. Violation of traditional (upper distance limits and dihedral angle) restraints for calbindin structures before and after rMD refinement with all available PCS restraints. See the caption to Table 1 for details on the column headers.


	
	CYANA without PCS (CYnoPCS)
	CYANA with PCS (CYwithPCS)

	
	Before rMD
	After rMD
	Before rMD
	After rMD

	Cerium
	
	
	
	

	Correlation (%)
	95.11
	97.19
	97.47
	96.85

	Mean deviation (Å)
	0.07 ± 0.10
	0.06 ± 0.07
	0.06 ± 0.07
	0.06 ± 0.08

	# violations > 0.5 ppm
	28
	9
	3
	3

	Preseodymium
	
	
	
	

	Correlation (%)
	98.53
	99.73
	99.55
	99.71

	Mean deviation (Å)
	0.10 ± 0.15
	0.05 ± 0.06
	0.07 ± 0.07
	0.06 ± 0.06

	# violations > 0.5 ppm
	74
	0
	3
	1

	Neodymium
	
	
	
	

	Correlation (%)
	94.96
	98.04
	97.61
	98.05

	Mean deviation (Å)
	0.09 ± 0.12
	0.06 ± 0.07
	0.07 ± 0.08
	0.06 ± 0.07

	# violations > 0.5 ppm
	49
	8
	20
	3

	Samarium
	
	
	
	

	Correlation (%)
	86.77
	89.02
	89.04
	88.90

	Mean deviation (Å)
	0.07 ± 0.08
	0.06 ± 0.07
	0.06 ± 0.07
	0.06 ± 0.08

	# violations > 0.5 ppm
	3
	0
	0
	0

	Europium
	
	
	
	

	Correlation (%)
	98.20
	99.47
	99.55
	99.49

	Mean deviation (Å)
	0.17 ± 0.13
	0.09 ± 0.07
	0.09 ± 0.06
	0.09 ± 0.07

	# violations > 0.5 ppm
	16
	0
	0
	0

	Terbium
	
	
	
	

	Correlation (%)
	98.53
	99.59
	99.54
	99.61

	Mean deviation (Å)
	0.19 ± 0.17
	0.10 ± 0.09
	0.11 ± 0.10
	0.10 ± 0.09

	# violations > 0.5 ppm
	70
	0
	2
	0

	Dysprosium
	
	
	
	

	Correlation (%)
	98.16
	99.55
	99.39
	99.57

	Mean deviation (Å)
	0.15 ± 0.14
	0.08 ± 0.06
	0.09 ± 0.08
	0.07 ± 0.06

	# violations > 0.5 ppm
	40
	0
	0
	0

	Holmium
	
	
	
	

	Correlation (%)
	98.10
	98.80
	98.68
	98.84

	Mean deviation (Å)
	0.07 ± 0.07
	0.05 ± 0.05
	0.06 ± 0.06
	0.05 ± 0.05

	# violations > 0.5 ppm
	0
	0
	0
	0

	Erbium
	
	
	
	

	Correlation (%)
	98.79
	99.37
	99.10
	98.38

	Mean deviation (Å)
	0.14 ± 0.11
	0.10 ± 0.08
	0.12 ± 0.10
	0.10 ± 0.08

	# violations > 0.5 ppm
	12
	1
	1
	0

	Thulium
	
	
	
	

	Correlation (%)
	95.77
	97.19
	97.62
	97.45

	Mean deviation (Å)
	0.13 ± 0.13
	0.11 ± 0.11
	0.10 ± 0.10
	0.10 ± 0.10

	# violations > 0.5 ppm
	39
	24
	2
	15

	Ytterbium
	
	
	
	

	Correlation (%)
	55.13
	57.74
	58.74
	60.60

	Mean deviation (Å)
	0.06 ± 0.10
	0.06 ± 0.09
	0.06 ± 0.09
	0.06 ± 0.09

	# violations > 0.5 ppm
	44
	43
	40
	41

	Total
	
	
	
	

	Mean deviation (Å)
	0.11 ± 0.12
	0.08 ± 0.08
	0.08 ± 0.08
	0.07 ± 0.08

	# violations > 0.5 ppm
	375
	85
	71
	63


Table 3. Correlation between experimental and back-calculated PCS data for calbindin structures before and after rMD refinement with all available PCS restraints. The correlation is defined by the Pearson coefficient. The mean deviation and the number of violations greater than 0.5 ppm are also given. See the caption to Table 1 for details on the column headers.
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[bookmark: _GoBack]Figure 1. Flowchart summarizing the rMD refinement protocol presented in this article.
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Figure 2. Refinement of calbindin structures generated with CYANA (A, C) using AMBER with the standard protocol of the AMPS-NMR portal, incorporating all available PCS restraints (B, D). Panels A, B: Refinement of the CYANA structure generated without PCS restraints (CYnoPCS). Panels C, D: Refinement of the CYANA structure generated with all PCS restraints (CYwithPCS). In all panels, the structure of the bundle closest to the mean structure is shown. The lanthanide ion is shown as a sphere.
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Figure 3. Effects of refinement on local structure. A close contact between the side chains of Leu39 and Ile73 is present in the unrefined CYANA structure (panel A). Refinement with the present protocol removes the clash and optimizes the rotameric states of the involved residues (panel B).




Figure 4. Correlation between experimental (x axis) and back-calculated (y axis) PCS data of Nd3+‑substituted calbindin for the CYANA structures generated without PCS restraints (CYnoPCS) before (black circle) and after (grey diamonds) refinement. Each bundle was fit separately. The dashed line is y = x and is shown only to guide the eye.
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