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Abstract:



Although often depicted as rigid structures, proteins are highly dynamic systems, whose motions are essential to their functions. Despite this, it is difficult to investigate protein dynamics due to the rapid timescale at which they sample their conformational space, leading most NMR-determined structures to represent only an averaged snapshot of the dynamic picture. While NMR relaxation measurements can help to determine local dynamics, it is difficult to detect translational or concerted motion, and only recently have significant advances been made to make it possible to acquire a more holistic representation of the dynamics and structural landscapes of proteins. Here, we briefly revisit our most recent progress in the theory and use of exact nuclear Overhauser enhancements (eNOEs) for the calculation of structural ensembles that describe their conformational space. New developments are primarily targeted at increasing the number and improving the quality of extracted eNOE distance restraints, such that the multi-state structure calculation can be applied to proteins of higher molecular weights. We then review the implications of the exact NOE to the protein dynamics and function of cyclophilin A and the WW domain of Pin1, and finally discuss our current research and future directions.
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1. Introduction


Proteins exist in equilibrium between many structural states, and as such, are inherently dynamic systems. They sample conformational states that cover large amplitudes and timescale ranges, spanning 10−11 to 10−6 m and 10−12 to 105 s, respectively. While most proteins have been represented as single state-structures in the past, it is becoming increasingly apparent that dynamics are important to their functions [1,2,3,4]. In parallel, it is recognized that concerted motions may be a pivotal factor in the enzymatic function of proteins and in protein–ligand interactions [5,6,7,8]; examples include concerted motions and allosteric responses upon ligand/substrate binding or dissociation [1,2,3,5,9], as well as changes in protein volume, which are correlated with internal motion [4]. Spatial sampling, entropic changes, and allosteric communication within structured and disordered regions have also been shown to influence enzyme catalysis and allow for adaptive responses [5,6,8]. In addition, dynamics are integral to intrinsically disordered proteins, which lack clear-cut energy minima, often form ternary complexes and can have many binding partners [7]. Another prime example is the protein folding process, which comprises dynamics of a complex nature on large scales in both time and space. Currently, the most common way to investigate protein folding is through molecular dynamics simulations [10,11], and through thermodynamic and kinetic studies [8,12,13]. For a detailed understanding of protein function at the atomic level, not only are 3D atomic-resolution structures a prerequisite, but an accurate description of their dynamic properties is also required [10,14,15]. NMR spin relaxation methods have long been used to characterize these properties [16]—yet the analysis of such data beyond single-site flexibility and exchange, such as allosteric motions, relies heavily on molecular dynamic simulations [16,17] or statistical model selection techniques [18].



One of the major challenges in structural biology is thus a comprehensive description of the 3D structures and the exchange dynamics between structural states at the atomic resolution. Conventional NMR structure determination relies heavily on nuclear Overhauser enhancement (NOE) rate constants to determine an averaged conformation of the protein structure. However, this method has been described as representing “the shape of the molecule as it would be seen on a photograph taken at low shutter speeds” [19], and furthermore, “the average derived from spectroscopic data represents a virtual structure devoid of physical meaning” [19]. While this view is over-pessimistic, it does reflect the fact that an NMR observable is an averaged property rather than an exact representation. For example, if a single residue on a protein fluctuates in its distance relative to a nearby residue, the NOE measured between atoms of those two residues is an average between the two states, leading to a calculated distance that lies between the two exact distances. The well-established standard NMR structure calculation protocol makes use of these overabundant and experimentally readily accessible NOE rate constants—typically up to 20 per residue for small proteins [20]. Although the NOE rate constant is proportional to the inverse 6th power of the distance between two dipolar interacting spins (r−6) [21], these rate constants are employed in a semi-quantitative manner at most because the measurement of NOEs is compromised by various interfering mechanisms throughout the pulse sequence [22], and also by spin diffusion [23]. Thus, the calculated structures determined from conventional NOEs fail to represent the dynamic nature and exact structure of the proteins by which they are measured, and the protocol for the generation of atomic-resolution spatial representations still needs improvement, due to the difficulty in detecting translational and concerted motions.



We previously developed an ensemble-based structure determination protocol using ensemble-averaged distance restraints obtained from exact NOE (eNOE) rate constants, and applied it to the model protein GB3 (third immunoglobulin binding domain of protein G) [24,25]. This work showed that eNOEs could be used to obtain multi-state structural ensembles of GB3 that described the experimental data better than the single-state ensemble. These multiple states allowed for the concerted motion across a β-sheet and interconversion between α-helix states of GB3 to be represented. The exceptional definition of the ensemble is due to the high precision and accuracy of the eNOEs [26]. For example, we showed that the measurement of eNOEs [27,28] between amide protons in perdeuterated and protonated human ubiquitin and GB3 enabled the determination of distances up to 5 Å with less than a 0.1 Å error [29,30]. The nature of eNOEs results in extremely tight structural bundles with very low root-mean-square deviations (RMSDs) when compared to conventional structure calculations. Interestingly, using eNOEs for single-state structure calculations results in many distance restraint violations, which are indicative of the structure not agreeing well with the experimental data. We found that these violations can be attributed to the motion-averaged nature of the measured eNOEs, which carry information about the spatial dynamics of mobile atoms in a protein. The distance restraints can be satisfied by allowing the structure calculation to assume multiple states, thereby capturing dynamics information regarding the protein or biomolecule of interest. This is exemplified in Figure 1, which depicts the multi-state ensembles we have calculated so far. The gallery consists of those for the WW domain of human Pin1, the third domain of immunoglobulin binding protein G (GB3), the second post-synaptic density-95/discs large/zonula occludens-1 (PDZ2) domain from human tyrosine phosphatase 1E, and human cyclophilin A. Thus, eNOEs lend unprecedented precision to the calculation of distance restraints used for structure calculation.


Figure 1. Exact nuclear Overhauser enhancement (eNOE) structure gallery. The multi-state ensembles calculated from eNOEs for the WW domain of Pin1 (34 residues), the third domain of immunoglobulin binding protein G (GB3; 56 residues), the second post-synaptic density-95/discs large/zonula occludens-1 (PDZ2) domain from human tyrosine phosphatase 1E (97 residues), and human cyclophilin A (165 residues), are shown from left to right.
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We have recently investigated the experimental accuracy of uni-directional eNOEs [22], and have extended the eNOE data set of large proteins by the evaluation of NOEs with unresolved diagonals [31]. We have also extended our previously reported eNOE data set for the protein GB3 by a very large set of backbone and side-chain residual dipolar couplings (RDCs) and three-bond J couplings [32], and have investigated how much structural and dynamics information is shared between the eNOEs and other NMR probes [33]. We have demonstrated that at least four structural states are required to represent the complete data set for GB3 by dissecting the contributions to the CYANA target function (TF) [34]. Finally, we have applied our eNOE-based multi-state ensemble protocol to the regulatory WW domain of the human mitotic regulator Pin1 [35], as well as another human prolyl isomerase, cyclophilin A [36]. These recent advances will be discussed in Section 2, after a short general overview of the eNOE methodology in the remainder of Section 1.



1.1. The Exact Nuclear Overhauser Enhancement Extraction Protocol


It is still routine in protein structure determination to employ NOEs as upper distance restraints rather than exact average values [20]. This practice has resulted from the difficulty in converting NOEs into exact distances for large biomolecules [27]. However, with the introduction of the 3D nuclear Overhauser effect spectroscopy (NOESY) and augmented spectrometer sensitivity, it is now possible to convert NOE build-ups into exact distance restraints. We established a protocol to extract eNOEs between two spins, i and j, using an optimized 3D heavy atom-resolved [1H,1H]-NOESY experiment, ideally on cryogenic probes [26]. Extraction of the corresponding cross-relaxation rate is severely hampered by spin diffusion that is relayed via neighboring spins [23,37]. Therefore, we developed two approaches for the extraction of the rate that take into account the error obtained from spin diffusion [29,30]. These protocols are encoded into the MATLAB program eNORA (exact NOE by relaxation matrix analysis) [38] and its successor, eNORA2 (see below). The eNORA routine fits the NOESY-derived diagonal-peak intensities to mono-exponential decay functions to extract the auto-relaxation constants, pi and pj, and the initial magnetizations, ΔMii(0) and ΔMjj(0). In the first approach, cross-peak build-up curves are then simulated with the full relaxation matrix approach [23] applied to a conventionally determined NMR structure or an X-ray structure. This approach corrects for spin diffusion because the magnetization transfer pathways between all spins are active simultaneously. Corrections for the intensities at each mixing time are derived from the simulation and applied to the experimental intensities. The corrected cross-peak build-up curves are fitted by using pi, pj, ΔMii(0), and ΔMjj(0) as fixed input parameters, and the cross-relaxation rate constants σij and σji as free variables. The quality of the fit is evaluated, and σij and σji are converted into distance restraints r through the relationship σ ∝ r−6. A structure calculation is then performed with the new distance restraints using software packages such as CYANA [39,40]. The newly calculated structure may then be used as an input for the next correction simulation and for refinement of the structure. A schematic representation of our eNORA protocol is shown in Figure 2.


Figure 2. Flow chart representation of the eNORA structure determination protocol using eNOEs. As an example, the eNOE originating from the amide H of Gly9 (spin i, orange) and enhancing Hβ3 of Asn8 (spin j, green) of GB3 is shown. (1) The diagonal-peak intensities derived from the NOESY spectra are fitted to mono-exponential decay functions to extract the auto-relaxation rate constants ρi and ρj, and the initial magnetizations, ΔMii(0) and ΔMjj(0); (2) A build-up curve taking into account all magnetization pathways is simulated with the full relaxation matrix approach. This simulation requires a 3D structure as input, which may be based on a conventionally determined structure with sufficient accuracy; (3) Corrections for the intensities at each mixing time are applied to the experimental NOE build-ups; (4) The NOE build-up intensity is fitted, the quality of the fit is evaluated, and upper- and lower-bound distance restraints are created; (5) A structure calculation is performed with the new distance restraints using established packages such as CYANA [39,40]. This structure may be used as an input for (2) in a new cycle, as indicated by the broken arrow. Adapted from [38] with permission from ACS, Copyright (2012).
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The second approach, originally coded in our diffusion of magnetization in NOESY (DOMINO) script [30], accounts for spin diffusion by summing individual correction contributions from each neighboring spin k obtained from the exact solution of the expected peak intensity modulations of three-spin systems ijk. This approach is well-suited for partially deuterated proteins [38]. We have shown that this approach is in agreement with the full relaxation matrix protocol for a large range of molecular overall tumbling and NOESY mixing times where the spin diffusion is easily traceable [38].




1.2. Exact Nuclear Overhauser Enhancements to Determine Dynamics through Multiple-State Ensembles


To understand how allowing for multiple states in structure calculations alleviates the distance restraint disagreements associated with single-state calculations, and why multiple states can represent the dynamics of the protein, a simple three-atom example may be considered, as shown in Figure 3. In this theoretical protein, atoms B and C are fixed at determined positions, while atom A exists in a dynamic equilibrium where, half of the time, it is in close proximity to B, and the other half, it is in close proximity to C (top, left). For this system, eNOEs would be measured between atoms A and B and between atoms A and C, and would then be used as inputs for the structure calculation. While the eNOEs measured between atom A and atoms B and C are due to two separate states, the eNOE appears to be due to atom A interacting with atoms B and C at the same time, leading the averaged eNOEs to represent an apparent distance that is longer than when atom A is closest to atoms B and C (top, right). This averaging appears in the cross-relaxation rate as σ ∝ r−6, and is thus extremely sensitive to the distance between the atoms. Therefore, the cross-relaxation rate is dominated by the points in time when atom A is closest to atoms B and C, splitting the eNOE into two main signals representing those two states. If a single-state structural ensemble is then calculated with these averaged eNOEs, atom C becomes positioned between its two true positions and the positions of atoms A and B are brought towards atom C in order to reduce the distance restraint violations, which are strongly enhanced by the nonlinearity of the distances’ dependence on the NOE (top right, bottom left). The shortcoming of a single-state model is obvious, especially when we scale this scenario up to the size of an entire protein, leading to a distorted and unphysical structural representation. If the structure calculation process is instead allowed to satisfy its distance restraints by assuming multiple states, atom A is allowed to exist in two states, in proximity to either atom B or atom C, better satisfying its distance restraints and capturing true dynamic information about the atom (bottom, right). This principle may be generalized to more than two states, however, we use the minimal number of states in order to prevent an over-fitting of the data. Thus, in contrast to the standard structure determination protocol, eNOEs take into account the fact that the NOE is a time- and ensemble-averaged parameter.


Figure 3. Schematic representation of single-state vs multiple-state eNOE structure calculation. (Top, left) A theoretical system of atoms A, B, and C within a protein. Atoms B and C are fixed at certain positions, while atom A exists in dynamic equilibrium, where it is in close proximity with both atom B and atom C; eNOEs would be measured between both atoms A and B as well as atoms A and C; (Top, right) The eNOEs measured appear to be from atom A interacting with atoms B and C at the same time. Assuming a single-state structure causes atom A to be placed directly between atoms B and C, and causes atoms B and C to be brought closer to atom A, distorting the calculated structure away from the true positions; (Bottom, left) Representation of how atoms A, B, and C in the calculated single-state structure (green) are distorted from their real positions (red); (Bottom, right) Allowing the structure calculation to employ multiple states (yellow and purple) allows atom A to occupy its true positions between atoms B and C, thus satisfying the eNOE-derived distance restraints and capturing important dynamics information.
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We note that our treatment of time-averaging is strictly correct for motion on timescales slower than nanoseconds. Although not implemented at this point, motion that is even slower than the chemical shift timescale (slower than ca. 100 ms), resulting in peak splitting, could easily be accounted for by extracting separate distances from the split-peak components. Fast motion (faster than nanoseconds), on the other hand, which typically exhibits smaller amplitudes than slow motion, is treated in an approximate manner [41].




1.3. Definitions of States, Conformers and Ensembles


Before we go further, it is useful to define many of the terms that we have been using in the text. A structure is defined by a bundle (or an ensemble) of conformers fulfilling the experimental data. A conformer is the result of one individual structure calculation that fulfills the experimental data and may be composed of one or more states. A state is one set of coordinates for all atoms of a molecule. If there are multiple states, they fulfill the experimental data on average and not individually. Sub-bundles are formed by sorting the states contained in a set of conformers according to structural similarity in the region of interest. There are as many sub-bundles as there are states in a conformer, and each sub-bundle comprises as many conformers as the original structure bundle. This requires each state to belong to exactly one sub-bundle. The sub-bundle for each structural state is a measure of the precision of the individual structural state, similar to the conventional bundle representation. This description is represented graphically in Figure 4. It is important to note that these states do not necessarily correspond to states given by energy minima, instead, eNOEs only have the potential to resolve these states.


Figure 4. Definition of states, conformers, and ensembles. (Top) Shown are two different states of a theoretical protein, with each individual state being defined as one set of coordinates for all the atoms of a molecule. Structure calculation using this data would result in a single conformer that satisfied the data well and could be composed of one or more states; (Middle) The structure calculation is repeated multiple times, resulting in many conformers; (Bottom) Finally, the ensemble is the superposition of all of the conformers. If multiple states were allowed in the structure calculation, then the ensemble could be divided into sub-bundles, each of which would be identified by structural similarity in the region of interest, which corresponds to a single state.
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2. Exact Nuclear Overhauser Enhancement Recent Advances


2.1. Exact Nuclear Overhauser Enhancement Methodology


We have recently shown that eNOE distance restraints contain more information than those derived from conventional NOEs, and eNOE data alone offered as much information as conventional NOE data in combination with abundant RDC and J coupling data [33]. Figure 5a shows multi-state ensembles of GB3 calculated with conventional NOEs alone, supplemented with J couplings and RDCs, or with just eNOEs. This finding is significant, as the experimental effort required to obtain eNOEs is significantly less than to collect J couplings and RDCs. Using this data set encompassing eNOEs, RDCs and J couplings, which is significantly larger than that used in our previous ensemble calculation [24,25], we dissected residue-specific contributions from GB3 to the CYANA TF [34]. Figure 5c left shows that the major contributions to the TF were from residues 8 and 35, which underwent drastic decreases in their TF upon an increase in the number of states. We performed the same analysis with just the side-chain atoms in Figure 5c right, and found that it mimicked the outcome of the total-residue analysis, again, with a significant decrease upon the use of additional states. This indicated that the largest decrease to the TF comes from allowing side chains to populate additional χ1 rotamer states, further supporting the fact that eNOEs can capture important dynamics information. In contrast to our previously published three-state ensemble of GB3, we found that the optimal number of states to accurately represent the dynamics of GB3 was four. The four-state structural ensemble of GB3 is shown in Figure 5d, which was very compact, and well defined by the input data set.


Figure 5. Recent eNOE advances. (a) Two-state ensembles of GB3 calculated from conventional NOEs, NOEs supplemented with RDCs and J couplings, or from eNOEs alone, from right to left, respectively. Adapted from Journal of Structure Biology, 191, Vögeli, Olsson, Riek, Güntert, Complementarity and congruence between exact NOEs and traditional NMR probes for spatial decoding of protein dynamics [33], 306–317, Copyright (2015), with permission from Elsevier; (b) Single-state structural ensembles of cyclophilin A calculated using 1254 eNOEs supplemented with 2217 generic normalized eNOEs (left), 1254 eNOEs alone (middle), or using 4537 conventional NOEs (right). Adapted from [31], Copyright (2015), with permission from Springer; (c) Residue-specific target function (TF) values. The individual contributions are plotted versus the residue number and the number of states on the x and y axes, respectively. On the left are the contributions from the entire residue, while the right are only those from the side-chain atoms; (d) Heavy-atom (left) and backbone (right) representations of the four-state GB3 structural ensemble are shown. The 20 conformers with the lowest TF values were selected, and the four states colored gold, red, green, and blue were obtained by grouping the loop comprising residues 9–12. Images (c) and (d) were both reprinted from [34].
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In addition, we established a protocol to obtain accurate distance restraints from uni-directional eNOEs (NOEs for which only one of the symmetry-related cross peaks can be evaluated) and from NOEs with unresolved diagonals, significantly increasing the number of distance restraints that can be extracted, and thus being used in the structure calculation [22,31]. Through this analysis, we justified our previously published choice of additional tolerances to upper and lower distance limits of ±15% to ±20% for uni-directional eNOEs. Importantly, we found that, as opposed to our common practice, normalization of the cross-peak intensities to the diagonal-peak intensity of the spin of the destination magnetization rather than the origin of magnetization works equally well for 2D NOESY, and even better for 3D NOESY-HXQCs (where the HXQC stands for HSQC or HMQC). This finding opens up the possibility to collect and use many more uni-directional eNOEs in the structure calculation. For NOEs with unresolved diagonals, we introduced a protocol to increase the number of eNOEs that can be obtained from proteins of larger size, while avoiding adding semi-quantitative restraints, such as those obtained from conventional NOEs, that may induce distance errors into the structure. We normalize such eNOE buildups to a value that is chosen to be larger than any fitted diagonal-peak height of the entire molecule. We have termed these as generic normalized eNOEs (gn-eNOEs). This data does not enforce an incorrect separation of states, thus allowing eNOE-based multi-state ensemble calculations to be applied to larger, biologically active proteins. Figure 5b shows the impact of supplementing eNOEs with gn-eNOEs on the 165-residue enzyme cyclophilin A, which resulted in a much tighter bundle than with eNOEs alone or with conventional NOEs. We have also developed a method for stereospecific assignments for the majority of relevant diastereotopic groups by comparing eNOE-derived distances to protein structure bundles calculated without stereospecific assignments, making it possible to obtain more detailed structural and dynamical information from NOEs [42].




2.2. The eNORA2 Program


In our initial studies, NOE buildup fitting, spin-diffusion correction, book keeping, and upper and lower distance limit generation involved intensive manual work and thus, was very time consuming. The eNOE analysis also required a deep understanding of the underlying principles. Therefore, we have developed an extensive MatLab package for eNOE analysis, named eNORA2 (see Figure 6) [43] that supersedes the previously published eNORA [38] and DOMINO programs [30]. The package is written for experts and non-experts alike, and it speeds up the process considerably. No understanding of spin dynamics is required any longer. The program integrates all data processing steps required to convert intensities of assigned peaks in NOESY series into upper and lower distance limits for structure calculation. Notable improvements over the original version of eNORA include options to correct for spin diffusion without stereospecific assignment, saving plots of fits to cross-peak and diagonal-peak intensities as separate files, and the addition of mixing times. There are also options for buildup normalization to diagonal-peak intensities of spins of magnetization origin or destination, the generation of upper and lower distance files for structure calculation with the CYANA package, and the generation of upper limits from gn-eNOEs. We provide an extensive user manual and example files.


Figure 6. The eNORA2 program for eNOE analysis; eNORA2 significantly speeds up and automates the process of eNOE extraction and data processing, decreasing the time required from several months to ca. 2 weeks. See reference [43] for more information regarding this program.
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2.3. Exact Nuclear Overhauser Enhancement Analysis of Pin1 WW domain


The advances lined out above have allowed us to extend our eNOE protocol to an assortment of proteins, as shown before in Figure 1. For one of the proteins in the gallery, the 34-residue peptidyl-prolyl cis-trans isomerase Pin1-WW, we have been able to elucidate information regarding allosteric signal transduction in the WW domain upon ligand binding [35]. Pin1 contains two domains, a flexible N-terminal binding domain (WW), which is tethered via a flexible linker to a larger C-terminal domain that contains the peptidyl-prolyl cis-trans isomerase (PPIase) activity [44,45]. Both domains interact with a wide range of ligands containing phosphorylated Ser/Thr-Pro motifs [44]. Interestingly, it has been shown that there is significant cross-talk between the two domains by means of loop 2 of the WW domain (residues 27–30) and residues 138 and 140–142 in the PPIase domain [46,47,48,49]. For example, a binding event in one domain alters the binding affinity in the other domain. The allosteric communication is mediated by dynamic circuits, as demonstrated by extensive methyl and backbone NMR relaxation measurements [49,50]. The spatial aspects of the dynamic nature of Pin1 have been difficult to capture experimentally, but with the help of eNOEs, a comprehensive picture of its dynamics is coming into view. Ensembles of Pin1 generated using a combination of replica-exchange molecular dynamics (MD) simulations and maximum entropy-based chemical shift reweighing [51,52] resulted in two highly probable states, termed the native and near-native states, and many less-defined unfolded states, shown in Figure 7a. Our eNOEs recorded from the WW domain alone were highly sensitive to the presence of the near-native state and also to the unfolded states, as shown by the RMSD violations in Figure 7b, which was remarkable considering that the near-native state was lowly populated (~5–10%). This analysis suggested that Pin1 exists in its native conformation shown in Figure 7c (magenta), and an energetically excited near-native state conformation shown in Figure 7c (teal). One of the major characteristics of the near-native state was a topological rearrangement of the N- and C-termini, as well as in loop 1 (residues 17–20, Figure 7c, top) of the WW domain. In addition, there was an altered preference of the backbone dihedral angles in the binding loop. In the native state, the WW domain of Pin1 might be free to interact with the PPIase domain, but this interaction may be obstructed in the near-native state. The equilibrium between these two states might be allosterically modulated by the binding of different ligands, thus possibly allowing for the recruitment of Pin1 for a variety of different functions. Further analysis by eNOEs might be able to determine the spatial sampling of not only the WW domain, but the entire Pin1 protein. This is a current goal of our lab and is discussed in Section 3.


Figure 7. The eNOE is sensitive to minor populated states in the Pin1 WW domain. (a) Free-energy landscapes and cluster populations from replica-exchange molecular dynamics (MD) simulations and maximum entropy-based chemical shift reweighing carried out at 303 K are shown. The upward facing red triangles indicate cluster centroids that have a higher population in the reweighed ensemble (RE) than the canonical ensemble. The downward pointing triangles indicate clusters that have a lower population. For more information, see reference [35]; (b) Root-mean-square deviation (RMSD) violations of cross-relaxation rate constants from bidirectional (top) and unidirectional (bottom) eNOEs from REs and canonical ensembles (CEs), as well as from the native and near-native conformational clusters at 303 K. RMSD violations of 0.1–0.2 s—1 translate into distance errors of approximately 0.3–0.4 Å. Secondary structure by residue (black lines indicate loops and coiled regions, and blue blocks indicate β strands) are shown on x-axis; (c) The conformational changes inherent to the native and near-native states are depicted by calculated structural ensembles. The change in loop 1 (residues 17–20, top) of the WW domain and the topological rearrangement of the N and C termini (bottom) are especially prevalent. Ten conformers are shown in each cluster. This figure was adapted from [35], Copyright (2016), with permission from Cell Press.
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2.4. Exact Nuclear Overhauser Enhancement Analysis of Cyclophilin A


The largest protein to which we applied our eNOE-based multi-state ensemble protocol to date is the well-studied 165 residue peptidyl prolyl cis-trans isomerase cyclophilin A [53,54,55,56]. Previous studies suggested that the mechanism of action involves a dynamic network between the enzyme’s active site and nearby segments, and involves an electrostatic handle mechanism at the carbonyl group of the residue proceeding the proline in the substrate [56,57,58]. For such systems, eNOEs can significantly contribute to the elucidation of the dynamics. In order to obtain an experimentally derived description of the various substates of cyclophilin A at atomic resolution, we calculated multi-state ensembles using eNOEs and RDCs [36]. The use of the gn-eNOEs was crucial in this study because there were not enough bi-directional eNOEs present to resolve the dynamic loop of the enzyme. Supplementing our data set with gn-eNOEs, however, doubled the number of eNOEs used in the bundle calculation [31]. As can be seen in Figure 8b, the CYANA TF (black points) decreased as the number of states was increased from one to three, indicating that multiple states were necessary to describe the eNOE data well. These findings were cross-validated via a jackknife procedure (red points) as well as with RDCs and 3JHNHa couplings [36], which again all decreased with increasing the number of states. For structural analysis, we chose 20 two-state conformers, as shown in Figure 8a, in order to avoid over-fitting the data. The ligand binding loop comprising residues 64–74 sampled two spatially well-separated states. We termed these two states as the “open” state (blue) and the “closed” state (cyan) because the closed state was slightly more compact. The two states were also distinct in their active sites and in the surrounding regions, indicating long-range correlations. In addition, our two-state ensemble was able to capture the dynamic profile of the side chains seen within the active site of the enzyme, shown in Figure 7d and Figure 8c. Importantly, we found that these sampled states resolved the proposed activity-related dynamic network at an atomic resolution [56], which guided the charged side chain of R55 into position to create an electrostatic potential that acted on the carbonyl group of the proline-preceding residue of the ligand [58]. In addition, the side chains of the open state (blue for backbone, red for side chains) and closed state (cyan for backbone, yellow for side chains) closely matched those of the crystal structure of cyclophilin A in complex with the HIV-1 capsid protein (purple for backbone, black for side chains; PDB ID: 1ak4) [59], as shown in Figure 8d. Thus, we were able to determine a two-state model of cyclophilin A in the apo state, which revealed a long-range and well-orchestrated conformational interchange between sub-states important for its catalytic activity. This highlighted a synergistic induced-fit and conformational sampling mechanism of action, and further showed the validity of eNOE-calculated multi-state ensembles for the determination of protein dynamics.


Figure 8. The eNOE detection of an allosteric network in cyclophilin A. (a) A structural ensemble of cyclophilin A in its apo form is shown, highlighting the presence of two distinct states. Each of the 20 conformers represents two states. States were color-coded as open (blue) and closed (cyan). Two distinct states are observed throughout most of the structure. The orientation of the structural ensemble shown on the right is a 90° rotation of that on the left; (b) The dependence of the CYANA TF (black) and the overall TF from the jackknife-type cross-validation (red) are shown as functions of the number of states; (c) The two-state ensemble of the active site residues of cyclophilin A. On the left, a ribbon representation of the 20 conformers is shown, color-coded individually for the two states: the closed state is shown in cyan for the backbone and in yellow for the side chains of the active site, while the open state is shown in blue for the backbone and in red for the side chains in the active site. The right shows a single representative from each state, with the side chains labeled. The lowest energy two-state conformers were selected; (d) Proposed mechanism of action of cyclophilin A at the atomic resolution. The X-ray structure of cyclophilin A in complex with the HIV-1 capsid protein (PDB ID: 1ak4 [59]) was superimposed with the presented two-state ensemble, which highlights the fact that the open-state matched the ligand-bound state well. The closed state is shown in cyan for the backbone ribbon and in yellow for the side chains, the open state in blue for the backbone ribbon and in red for the side chains, and the X-ray structure is shown in purple for the backbone ribbon and in black for the side chains. Individual close-ups of the superposition are shown. The potential modes of action for catalysis of the individual residues are indicated by arrows. Reprinted from [36], Copyright (2015), with permission from Wiley.
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3. Current Research and Development


3.1. Applying Exact Nuclear Overhauser Enhancements to Pin1


As mentioned before, we previously used our eNOE protocol to investigate the dynamics of the Pin1-WW domain, which revealed dynamics information that potentially explained how the WW domain influences the mechanism of action of Pin1. However, these results were somewhat speculative, as they only involved the WW domain of the protein. We are currently extending our eNOE approach to the entire Pin1 protein. Multi-state ensembles may provide an unprecedented spatial representation of the allosteric mechanism between the two domains at the atomic resolution.




3.2. Extension of Exact Nuclear Overhauser Enhancements to the Proteasome


Spin relaxation, the same phenomenon that allows for NOEs to be measured, also ultimately defines the upper size limit of molecules that NMR can be applied to. Generally, proteins larger than ~35 kDa have such fast transverse relaxation rates (T2 relaxation times) that the peaks are too broad to obtain any data from. However, there are exceptions. Recently, spin relaxation measurements were obtained from methyl groups in various deuterated constructs of the 20S proteasome of Thermoplasma acidophilium, some as large as 1.1 MDa, which directly allowed for the extraction of order parameters characterizing angular motion amplitudes on the sub-nanosecond timescale, the extraction of RDCs containing orientational information, or studies involving paramagnetic samples [60,61,62]. While exciting, these probes were all complementary to the most significant form of structural/dynamics information, internuclear distances [33]. Therefore, we are currently testing whether it is possible to determine exact time-averaged distances using eNOEs between methyl groups in the 360 kDa half proteasome from Thermoplasma acidophilium. Preliminary results demonstrate the feasibility of obtaining uni- and bi-directional NOE buildups, as exemplified in Figure 9. We anticipate that our work will open up an avenue for eNOE measurements on molecules of at least one megadalton weight. One significant application of such measurements would be the detection of relative changes in proton–proton distances upon induction of structural changes by ligand binding.


Figure 9. NOE buildup curves obtained from the 360 kDa half-proteasome. Bi-directional buildup intensities for the spin pairs Val77Qγ1–Ile165Qδ1 and Ile141Qδ1–Ile215Qδ1 are shown. The intensities are normalized to the diagonal-peak intensities at the onset of mixing, which are obtained together with auto-relaxation rates from fits to the diagonals.
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3.3. Applying F1F2-Selective NMR Spectroscopy to Exact Nuclear Overhauser Enhancements


Recently, it has been shown that insertion of the solution-state Hartmann–Hahn cross-polarization (CP) [63,64] element prior to 2D pulse-sequences gives the ability to reveal information equivalent to that of conventional 4D experiments [65]. The selectivity of CP means that the resulting spectra are free of overlap common to higher-dimensional NMR spectra and are easy to assign, and measurement times are drastically reduced if only certain nuclei are of interest [65]. This technique is particularly attractive for our eNOE protocol, as the F1F2-selective CP element can be inserted into the conventional NOESY experiment to determine NOE buildups at varying mixing times in a fraction of the typically long time required to measure a series of complete 3D or 4D NOESY spectra. The reduced measurement time and peak overlap would allow us to more easily extend eNOEs to track structural changes induced by ligand binding or by allosteric effects in larger proteins. Indeed, F1F2-selective NOESY experiments could find significant use in the abovementioned studies of the 20S proteasome from Thermoplasma acidophilium.





4. Conclusions


In conclusion, we have presented the latest advances in the eNOE methodology and its application to biological systems. More original aspects of the eNOE and multi-state structure calculation have been reviewed in previous publications [26,66,67]. We believe that the eNOE technology is a highly versatile tool that will help with answering diverse questions in structural biology.







Acknowledgments


This work was supported by a start-up package from the University of Colorado at Denver to B.V., S.O. acknowledges funding from FU Berlin and European Commission (DRS POINT-Marie Curie COFUND postdoctoral fellowship), and C.C. by the Wenner-Gren foundation WG-17 returning grants to C.N.C.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Van den Bedem, H.; Fraser, J.S. Integrative, dynamic structural biology at atomic resolution—It’s about time. Nat. Methods 2015, 12, 307–318. [Google Scholar] [CrossRef] [PubMed]

	2. 
Barends, T.R.M.; Foucar, L.; Ardevol, A.; Nass, K.; Aquila, A.; Botha, S.; Doak, R.B.; Falahati, K.; Hartmann, E.; Hilpert, M.; et al. Direct observation of ultrafast collective motions in CO myoglobin upon ligand dissociation. Science 2015, 350, 445–450. [Google Scholar] [CrossRef] [PubMed]

	3. 
Hekstra, D.R.; White, K.I.; Socolich, M.A.; Henning, R.W.; Ranganathan, R.; Biology, C. Electric field-stimulated protein mechanics. Nature 2016, 540, 1–18. [Google Scholar] [CrossRef] [PubMed]

	4. 
Law, A.B.; Sapienza, P.J.; Zhang, J.; Zuo, X.; Petit, C.M. Native State Volume Fluctuations in Proteins as a Mechanism for Dynamic Allostery. J. Am. Chem. Soc. 2017, 139, 3599–3602. [Google Scholar] [CrossRef] [PubMed]

	5. 
Kim, T.H.; Mehrabi, P.; Ren, Z.; Sljoka, A.; Ing, C.; Bezginov, A.; Ye, L.; Pomès, R.; Prosser, R.S.; Pai, E.F. The role of dimer asymmetry and protomer dynamics in enzyme catalysis. Science 2017, 355, eaag2355. [Google Scholar] [CrossRef] [PubMed]

	6. 
Capdevila, D.A.; Braymer, J.J.; Edmonds, K.A.; Wu, H.; Giedroc, D.P. Entropy redistribution controls allostery in a metalloregulatory protein. Proc. Natl. Acad. Sci. USA 2017, 114, 4424–4429. [Google Scholar] [CrossRef] [PubMed]

	7. 
Berlow, R.B.; Dyson, H.J.; Wright, P.E. Hypersensitive termination of the hypoxic response by a disordered protein switch. Nature 2017. [Google Scholar] [CrossRef] [PubMed]

	8. 
Papaleo, E.; Saladino, G.; Lambrughi, M.; Lindorff-Larsen, K.; Gervasio, F.L.; Nussinov, R. The Role of Protein Loops and Linkers in Conformational Dynamics and Allostery. Chem. Rev. 2016, 116, 6391–6423. [Google Scholar] [CrossRef] [PubMed]

	9. 
Chi, C.N.; Bach, A.; Engström, Å.; Wang, H.; Strømgaard, K.; Gianni, S.; Jemth, P. A Sequential Binding Mechanism in a PDZ Domain. Biochemistry 2009, 48, 7089–7097. [Google Scholar] [CrossRef] [PubMed]

	10. 
Shaw, D.E.; Maragakis, P.; Lindorff-Larsen, K.; Piana, S.; Dror, R.O. Atomic-level characterization of the structural dynamics of proteins. Science 2011, 330, 341–346. [Google Scholar] [CrossRef] [PubMed]

	11. 
Lindorff-Larsen, K.; Piana, S.; Dror, R.O.; Shaw, D.E. How Fast-Folding Proteins Fold. Science 2011, 334, 517–520. [Google Scholar] [CrossRef] [PubMed]

	12. 
Eichmann, C.; Preissler, S.; Riek, R.; Deuerling, E. Cotranslational structure acquisition of nascent polypeptides monitored by NMR spectroscopy. Proc. Natl. Acad. Sci. USA 2010, 107, 9111–9116. [Google Scholar] [CrossRef] [PubMed]

	13. 
Fersht, A. Structure and Mechanism in Protein Science: A Guide to Enzyme Catalysis and Protein Folding; W.H. Freeman and Co.: New York, NY, USA, 1999; Volume 13409, ISBN 0716732688. [Google Scholar]

	14. 
Zhuravlev, P.I.; Papoian, G.A. Protein functional landscapes, dynamics, allostery: A tortuous path towards a universal theoretical framework. Q. Rev. Biophys. 2010, 43, 295–332. [Google Scholar] [CrossRef] [PubMed]

	15. 
Chill, J.H.; Naider, F. A solution NMR view of protein dynamics in the biological membrane. Curr. Opin. Struct. Biol. 2011, 21, 627–633. [Google Scholar] [CrossRef] [PubMed]

	16. 
Xue, Y.; Ward, J.M.; Yuwen, T.; Podkorytov, I.S.; Skrynnikov, N.R. Microsecond time-scale conformational exchange in proteins: Using long molecular dynamics trajectory to simulate NMR relaxation dispersion data. J. Am. Chem. Soc. 2012, 134, 2555–2562. [Google Scholar] [CrossRef] [PubMed]

	17. 
Olsson, S.; Noé, F. Mechanistic Models of Chemical Exchange Induced Relaxation in Protein NMR. J. Am. Chem. Soc. 2016, 139, 200–210. [Google Scholar] [CrossRef] [PubMed]

	18. 
Palmer, A.G.; Massi, F. Characterization of the dynamics of biomacromolecules using rotating-frame spin relaxation NMR spectroscopy. Chem. Rev. 2006, 106, 1700–1719. [Google Scholar] [CrossRef] [PubMed]

	19. 
Jardetzky, O. On the nature of molecular conformations inferred from high-resolution NMR. BBA Protein Struct. 1980, 621, 227–232. [Google Scholar] [CrossRef]

	20. 
Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley: Hoboken, NJ, USA, 1986; Volume 32, ISBN 0471828939. [Google Scholar]

	21. 
Solomon, I. Relaxation processes in a system of two spins. Phys. Rev. 1955, 99, 559–565. [Google Scholar] [CrossRef]

	22. 
Strotz, D.; Orts, J.; Minges, M.; Vögeli, B. The experimental accuracy of the uni-directional exact NOE. J. Magn. Reson. 2015, 259, 32–46. [Google Scholar] [CrossRef] [PubMed]

	23. 
Keepers, J.W. Validation of the CHARMM27 force field for nucleic acids using 2D nuclear Overhauser effect spectroscopy. J. Magn. Reson. 1984, 57, 404. [Google Scholar]

	24. 
Vögeli, B.; Kazemi, S.; Güntert, P.; Riek, R. Spatial elucidation of motion in proteins by ensemble-based structure calculation using exact NOEs. Nat. Struct. Mol. Biol. 2012, 19, 1053–1057. [Google Scholar] [CrossRef] [PubMed]

	25. 
Vögeli, B.; Güntert, P.; Riek, R. Multiple-state ensemble structure determination from eNOE spectroscopy. Mol. Phys. 2013, 111, 437–454. [Google Scholar] [CrossRef]

	26. 
Vögeli, B. The nuclear Overhauser effect from a quantitative perspective. Prog. Nuclear Magn. Reson. Spectrosc. 2014, 78, 1–46. [Google Scholar] [CrossRef] [PubMed]

	27. 
Kumar, A.; Wagner, G.; Ernst, R.R.; Wüthrich, K. Buildup rates of the nuclear overhauser effect measured by two-dimensional proton magnetic resonance spectroscopy: Implications for studies of protein conformation. J. Am. Chem. Soc. 1981, 103, 3654–3658. [Google Scholar] [CrossRef]

	28. 
Fesik, S.W.; Zuiderweg, E.R. Heteronuclear three-dimensional nmr spectroscopy. A strategy for the simplification of homonuclear two-dimensional NMR spectra. J. Magn. Reson. 1988, 78, 588–593. [Google Scholar] [CrossRef]

	29. 
Vögeli, B.; Friedmann, M.; Leitz, D.; Sobol, A.; Riek, R. Quantitative determination of NOE rates in perdeuterated and protonated proteins: Practical and theoretical aspects. J. Magn. Reson. 2010, 204, 290–302. [Google Scholar] [CrossRef] [PubMed]

	30. 
Vögeli, B.; Segawa, T.F.; Leitz, D.; Sobol, A.; Choutko, A.; Trzesniak, D.; Van Gunsteren, W.; Riek, R. Exact distances and internal dynamics of perdeuterated ubiquitin from NOE buildups. J. Am. Chem. Soc. 2009, 131, 17215–17225. [Google Scholar] [CrossRef] [PubMed]

	31. 
Chi, C.N.; Strotz, D.; Riek, R.; Vögeli, B. Extending the eNOE data set of large proteins by evaluation of NOEs with unresolved diagonals. J. Biomol. NMR 2015, 62, 63–69. [Google Scholar] [CrossRef] [PubMed]

	32. 
Vögeli, B.; Olsson, S.; Riek, R.; Güntert, P. Compiled data set of exact NOE distance limits, residual dipolar couplings and scalar couplings for the protein GB3. Data Brief 2015, 5, 99–106. [Google Scholar] [CrossRef] [PubMed]

	33. 
Vögeli, B.; Olsson, S.; Riek, R.; Güntert, P. Complementarity and congruence between exact NOEs and traditional NMR probes for spatial decoding of protein dynamics. J. Struct. Biol. 2015, 191, 306–317. [Google Scholar] [CrossRef] [PubMed]

	34. 
Vögeli, B.; Olsson, S.; Güntert, P.; Riek, R. The Exact NOE as an Alternative in Ensemble Structure Determination. Biophys. J. 2016, 110, 113–126. [Google Scholar] [CrossRef] [PubMed]

	35. 
Olsson, S.; Strotz, D.; Vögeli, B.; Riek, R.; Cavalli, A. The Dynamic Basis for Signal Propagation in Human Pin1-WW. Structure 2016, 24, 1464–1475. [Google Scholar] [CrossRef] [PubMed]

	36. 
Chi, C.N.; Vögeli, B.; Bibow, S.; Strotz, D.; Orts, J.; Güntert, P.; Riek, R. A Structural Ensemble for the Enzyme Cyclophilin Reveals an Orchestrated Mode of Action at Atomic Resolution. Angew. Chemie Int. Ed. 2015, 54, 11657–11661. [Google Scholar] [CrossRef] [PubMed]

	37. 
Kalk, A.; Berendsen, H.J. Proton magnetic relaxation and spin diffusion in proteins. J. Magn. Reson. 1976, 24, 343–366. [Google Scholar] [CrossRef]

	38. 
Orts, J.; Vögeli, B.; Riek, R. Relaxation matrix analysis of spin diffusion for the NMR structure calculation with eNOEs. J. Chem. Theory Comput. 2012, 8, 3483–3492. [Google Scholar] [CrossRef] [PubMed]

	39. 
Güntert, P.; Mumenthaler, C.; Wüthrich, K. Torsion angle dynamics for NMR structure calculation with the new program Dyana. J. Mol. Biol. 1997, 273, 283–298. [Google Scholar] [CrossRef] [PubMed]

	40. 
Güntert, P.; Buchner, L. Combined automated NOE assignment and structure calculation with CYANA. J. Biomol. NMR 2015, 62, 453–471. [Google Scholar] [CrossRef] [PubMed]

	41. 
Leitz, D.; Vögeli, B.; Greenwald, J.; Riek, R. Temperature Dependence of 1HN-1HN Distances in Ubiquitin As Studied by Exact Measurements of NOEs. J. Phys. Chem. 2011, 115, 7648–7660. [Google Scholar] [CrossRef] [PubMed]

	42. 
Orts, J.; Vögeli, B.; Riek, R.; Güntert, P. Stereospecific assignments in proteins using exact NOEs. J. Biomol. NMR 2013, 57, 211–218. [Google Scholar] [CrossRef] [PubMed]

	43. 
Strotz, D.; Orts, J.; Chi, C.N.; Riek, R.; Vögeli, B. The eNORA2 exact NOE analysis program. J. Chem. Theory Comput. Accepted.

	44. 
Lu, K.P.; Hanes, S.D.; Hunter, T. A human peptidyl-prolyl isomerase essential for regulation of mitosis. Nature 1996, 380, 544–547. [Google Scholar] [PubMed]

	45. 
Ranganathan, R.; Lu, K.P.; Hunter, T.; Noel, J.P. Structural and functional analysis of the mitotic rotamase Pin1 suggests substrate recognition is phosphorylation dependent. Cell 1997, 89, 875–886. [Google Scholar] [CrossRef]

	46. 
Bayer, E.; Goettsch, S.; Mueller, J.W.; Griewel, B.; Guiberman, E.; Mayr, L.M.; Bayer, P. Structural analysis of the mitotic regulator hPin1 in solution: Insights into domain architecture and substrate binding. J. Biol. Chem. 2003, 278, 26183–26193. [Google Scholar] [CrossRef] [PubMed]

	47. 
Wilson, K.A.; Bouchard, J.J.; Peng, J.W. Interdomain interactions support interdomain communication in human pin1. Biochemistry 2013, 52, 6968–6981. [Google Scholar] [CrossRef] [PubMed]

	48. 
Guo, J.; Zhou, H.X. Dynamically Driven Protein Allostery Exhibits Disparate Responses for Fast and Slow Motions. Biophys. J. 2015, 108, 2771–2774. [Google Scholar] [CrossRef] [PubMed]

	49. 
Wang, X.; Mahoney, B.J.; Zhang, M.; Zintsmaster, J.S.; Peng, J.W. Negative Regulation of Peptidyl-Prolyl Isomerase Activity by Interdomain Contact in Human Pin1. Structure 2015, 23, 2224–2233. [Google Scholar] [CrossRef] [PubMed]

	50. 
Peng, J.W. Investigating dynamic interdomain allostery in Pin1. Biophys. Rev. 2015, 7, 239–249. [Google Scholar] [CrossRef] [PubMed]

	51. 
Olsson, S.; Frellsen, J.; Boomsma, W.; Mardia, K.V.; Hamelryck, T. Inference of Structure Ensembles of Flexible Biomolecules from Sparse, Averaged Data. PLoS ONE 2013, 8, e79439. [Google Scholar] [CrossRef] [PubMed]

	52. 
Olsson, S.; Vögeli, B.R.; Cavalli, A.; Boomsma, W.; Ferkinghoff-Borg, J.; Lindorff-Larsen, K.; Hamelryck, T. Probabilistic determination of native state ensembles of proteins. J. Chem. Theory Comput. 2014, 10, 3484–3491. [Google Scholar] [CrossRef] [PubMed]

	53. 
Henzler-Wildman, K.A.; Lei, M.; Thai, V.; Kerns, S.J.; Karplus, M.; Kern, D. A hierarchy of timescales in protein dynamics is linked to enzyme catalysis. Nature 2007, 450, 913–916. [Google Scholar] [CrossRef] [PubMed]

	54. 
Kern, D.; Eisenmesser, E.Z.; Wolf-Watz, M. Enzyme Dynamics during Catalysis Measured by NMR Spectroscopy. Meth. Enzym. 2005, 394, 507–524. [Google Scholar] [PubMed]

	55. 
Eisenmesser, E.Z.; Millet, O.; Labeikovsky, W.; Korzhnev, D.M.; Wolf-Watz, M.; Bosco, D.A.; Skalicky, J.J.; Kay, L.E.; Kern, D. Intrinsic dynamics of an enzyme underlies catalysis. Nature 2005, 438, 117–121. [Google Scholar] [CrossRef] [PubMed]

	56. 
Fraser, J.S.; Clarkson, M.W.; Degnan, S.C.; Erion, R.; Kern, D.; Alber, T. Hidden alternative structures of proline isomerase essential for catalysis. Nature 2009, 462, 669–673. [Google Scholar] [CrossRef] [PubMed]

	57. 
Zydowsky, L.D.; Etzkorn, F.A.; Chang, H.Y.; Ferguson, S.B.; Stolz, L.A.; Ho, S.I.; Walsh, C.T. Active site mutants of human cyclophilin A separate peptidyl-prolyl isomerase activity from cyclosporin A binding and calcineurin inhibition. Protein Sci. 1992, 1, 1092–1099. [Google Scholar] [CrossRef] [PubMed]

	58. 
Camilloni, C.; Sahakyan, A.B.; Holliday, M.J.; Isern, N.G.; Zhang, F.; Eisenmesser, E.Z.; Vendruscolo, M. Cyclophilin A catalyzes proline isomerization by an electrostatic handle mechanism. Proc. Natl. Acad. Sci. USA 2014, 111, 10203–10208. [Google Scholar] [CrossRef] [PubMed]

	59. 
Gamble, T.R.; Vajdos, F.F.; Yoo, S.; Worthylake, D.K.; Houseweart, M.; Sundquist, W.I.; Hill, C.P. Crystal structure of human cyclophilin A bound to the amino-terminal domain of HIV-1 capsid. Cell 1996, 87, 1285–1294. [Google Scholar] [CrossRef]

	60. 
Sprangers, R.; Kay, L.E. Quantitative dynamics and binding studies of the 20S proteasome by NMR. Nature 2007, 445, 618–622. [Google Scholar] [CrossRef] [PubMed]

	61. 
Religa, T.L.; Sprangers, R.; Kay, L.E. Dynamic Regulation of Archaeal Proteasome Gate Opening As Studied by TROSY NMR. Science 2010, 328, 98–102. [Google Scholar] [CrossRef] [PubMed]

	62. 
Ruschak, A.M.; Kay, L.E. Proteasome allostery as a population shift between interchanging conformers. Proc. Natl. Acad. Sci. USA 2012, 109, E3454–E3462. [Google Scholar] [CrossRef] [PubMed]

	63. 
Chiarparin, E.; Pelupessy, P.; Bodenhausen, G. Selective cross-polarization in solution state NMR. Mol. Phys. 1998, 95, 759–767. [Google Scholar] [CrossRef]

	64. 
Pelupessy, P.; Chiarparin, E.; Bodenhausen, G. Excitation of selected proton signals in NMR of isotopically labeled macromolecules. J. Magn. Reson. 1999, 138, 178–181. [Google Scholar] [CrossRef] [PubMed]

	65. 
Walinda, E.; Morimoto, D.; Shirakawa, M.; Sugase, K. F 1 F 2-selective NMR spectroscopy. J. Biomol. NMR 2017, 68, 41–52. [Google Scholar] [CrossRef] [PubMed]

	66. 
Vögeli, B.; Orts, J.; Strotz, D.; Güntert, P.; Riek, R. Discrete three-dimensional representation of macromolecular motion from eNOE-based ensemble calculation. Chimia (Aarau) 2012, 66, 787–790. [Google Scholar] [CrossRef] [PubMed]

	67. 
Vögeli, B.; Orts, J.; Strotz, D.; Chi, C.; Minges, M.; Wälti, M.A.; Güntert, P.; Riek, R. Towards a true protein movie: A perspective on the potential impact of the ensemble-based structure determination using exact NOEs. J. Magn. Reson. 2014, 241, 53–59. [Google Scholar] [CrossRef] [PubMed]



























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
_ temionk

036

Violsion 6~

-

c
Loop 1
Ntorm Ntorm
Ntorm Ntoam

&





media/file4.png
j
HB3 8-ASN diagnonal peak decay
x 10° .
71 R?=99%
Q=1%
6
laxp
4
3 . . ‘
0 0.02 0.04 0.06

mixing time (s)

o 1.0)

N

H 9-GLY diagnonal peak decay

mixing time (s)

x10° .
6 R? = 95%
Q=1.8%
/ 5
exp
-]
4
0 002 004 006

Simulated build-up curves

x10°

3 Full relaxation matrix @

J' iforre
o _
2 e

.

-

wo spins model

(

0 002

004 0.06

ctions

¢
£

Schematic 2D NOESY

HB3 8-ASN
®
04

H 9-GLY H 9-GLY >

HB3 B-ASN

@

Wo

A

(1)

y

H 9-GLY -> HB3 8-ASN NOE build up

R? = 98%
15[ Q=57% T
Ic:orr L l
s
- (3)
O L L L
0 0.02 004 0.06

mixing time (s)

@

Quality checks

©), &

mixing time (s)
, Structure calculation|
- - - - - |

Distances restraints






nav.xhtml


  molecules-22-01176


  
    		
      molecules-22-01176
    


  




  





media/file18.png
Normakzed cross-peak ntensity [1/1000]

Y
=

&

S

—
=

-

=

Val77 QG -lle165 QN .
[ -]

004 008 0412

time [5]

lle141 QD1 - lle215 QD1

004 008

0.12





media/file16.png
(@ TF | [O TF (Cross validation)|

b

(30ON® uoneplen sso) 4|

0 © < o o © ©
-~ -~ — ~— — o o
— — — — - — —
L 1 1 1 1 1 ~
[ ] - ©
o e
o ° -
0 @ - o
O ® - oy
® O -
g & & 2 3 & o o°
< o o [=+] © < o~
~— ~— —

number of states






media/file2.png
\

65






media/file5.jpg
nen 2

€NOE (A-BC)






media/file3.jpg
i e 100 1
LS SR ()]
x10°
o p—
e
Qmimn L]
= "
heay waar
L]
" om oo o o 0w oo o =
e e

‘Stmuatod buiktup cores.

HE-GLY > HB3 8-ASN NOE bud up

e
| o

o P Iw e

L

T E e (‘) s AT 3)

% o@ oo oe | % GG o0 o006

N | s )

e G

,,,,, = (=

Distancas resvaits






media/file1.jpg
34






media/file7.jpg
State A Stte B

Conformer 1 Conformer 2 Conformer 3

Ensembles can then b colorcoded
according o the separte sates





media/file10.png
TF(absolute) 1A%

NUE, J, RDC

eMOEs alone

~Side-Chain C

et —

ﬂ‘._

. |

i

AL AR






media/file12.png
PDB
Ihtensities

L

o paterts oa v
e Mathworks

All data processing steps are integrated
Intensive manual and example files

No need for understanding of spin dynamics
Spin diffusion correction without
stereospecific assignment

eNOE buildup normalization to spins of
magnetization origin or destination
Generation of exact upper and lower
distance restraints from gn-eNOEs

o

File Edit View Inset Tools Desktop Window Help

DEde M RAUDEL- 2 08 D

24 Ay= 1DPrm=22803ATy= DPmho=-2869(Ty= 1 rho=18
Const =32534%#22  chiN <0nAG0$9BARAGHO  chiN CRRGOSZRABZAP31  chil = 0.0001

correction (isatropic) [%]

0
i} 100 200 300 40

B Figue2n

) Q.
S 0.05 L e 0.05 a1 = 0 0.05 0.1
time time
28 DPat= Rat = DPrERnr =32 3DP£Rat =1
SignigAB = J21793  chitdigndBRIBREHA270  chiigniBBO-336R D467  chiNi = 56104
= . oog, = 0% = e |
= Oy S 2| oo SO r— o T
3 3 5 sl . i oy
2 10 24 2 oor
.E 0 0.05 0.1 .E 0 0.05 0.1 ‘E File Edit View Insert Tools Desktop Window Help
= time = time = ITRe A & & o =) Ers B
4 Pa- Db 4 TDPRPt = OPrER 5 ‘:nﬁa‘m e =Y
sgm%ﬂ;;l%ﬂﬂ)\e cnus%nngﬁom chilig B | i in Diffusion (i o i
22 b [Ba e, [
s 0 =
B 0vin0ps di0de 0005 0 S
i time T time it

File Edit View Insert

Tools Desktop Window  Help

dOdds kA UBDEL- 20D

eNQORA 2

slsoExpvs. slsoSim

B Fiqure 272

o
=@ =]

File Edit View I

indow  Hel

Insert  Tools Desktop Wi P
Dade |k BR0D8L- 2 0H O

risoExp vs. Pdb
T
6+
*
o tF

5]

‘  6beb
|[Fle Edt Disploy Tools Window Help

T
BN L=

Show
[7] Aves
Show
[C] Axes

Models

®1

Models

@1






media/file9.jpg
) wew

Side-Chain Contribusions Onty
Total Residus Contribuions






media/file0.png





media/file14.png
2nd PC

ITemperaturf: 303K

=10

220 <15 <10 =5 0 5
Ist PC

Free Energy (kT)

Violation (s~ 1)

Violation (s~1)

303K

= Near Native
ol — Native
— CE
— RE
0.6
0s
0.4
(R 8
0.2
0.1
20 25 W 15 4
— -
~=  Near Native
.7} — Native
— CE
0 —— RE
0.5
(4
0.y
0.2
0l

0 s

0 23 L

Residue






media/file8.png
State B

. Conformation Exchange
Ll
I |
|
|

Conformer 3

Conformer 2

State A

Conformer 1

-Ensembles can then be color coded
- according to the separate states





media/file11.jpg
PDB
Ihtensities

Alldata processingsteps are ntegrated
fensive manual and example fls

No need for understanding o spin dynamics





media/file6.png
Averaged
eNOE (A-BC)






media/file15.jpg





media/file17.jpg
‘Normalized cross-peak intensity [1/1000]

8

Val77 QG1 - le165 QD1

004 008

012

time [s]

[

lle141 QD1 - le215 QD1

004 008

012





