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Abstract

Macromolecular function frequently requires that proteins change conformation into high-energy 

states1–4. However, methods for solving the structures of these functionally essential, lowly 

populated states are lacking. Here we develop a method for high-resolution structure determination 

of minorly populated states by coupling NMR spectroscopy-derived pseudocontact shifts5 (PCSs) 

with Carr–Purcell–Meiboom–Gill (CPMG) relaxation dispersion6 (PCS–CPMG). Our approach 

additionally defines the corresponding kinetics and thermodynamics of high-energy excursions, 

thereby characterizing the entire free-energy landscape. Using a large set of simulated data for 

adenylate kinase (Adk), calmodulin and Src kinase, we find that high-energy PCSs accurately 

determine high-energy structures (with a root mean squared deviation of less than 3.5 angström). 

Applying our methodology to Adk during catalysis, we find that the high-energy excursion 

involves surprisingly small openings of the AMP and ATP lids. This previously unresolved high-

energy structure solves a longstanding controversy about conformational interconversions that are 
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rate-limiting for catalysis. Primed for either substrate binding or product release, the high-energy 

structure of Adk suggests a two-step mechanism combining conformational selection to this state, 

followed by an induced-fit step into a fully closed state for catalysis of the phosphoryl-transfer 

reaction. Unlike other methods for resolving high-energy states, such as cryo-electron microscopy 

and X-ray crystallography, our solution PCS–CPMG approach excels in cases involving domain 

rearrangements of smaller systems (less than 60 kDa) and populations as low as 0.5%, and enables 

the simultaneous determination of protein structure, kinetics and thermodynamics while proteins 

perform their function.

Modern structural methods describe macromolecules with atomic resolution, but they 

primarily capture the lowest-energy, most populated structures. However, macromolecules 

transiently populate high-energy sub-states that remain unseen in these static snapshots. 

Excursions into these minorly populated states appear pivotal for macromolecular functions 

such as catalysis, signalling, membrane transport, folding, protein–protein or DNA–RNA 

interactions and drug binding1–4,7–12. The ability to traverse these specific sub-states is a 

feature of macromolecules that currently cannot be rationally designed. Therefore, the next 

phase in structural biology involves expanding our arsenal of methodologies to capture 

high-energy sub-states. Currently, room-temperature X-ray crystallography and ensemble-

refinement approaches excel under conditions in which high-energy states are accessible 

within the crystal lattice, but they lack energetic information such as sub-state occupancies 

or interconversion rates13. Cryo-electron microscopy shows promise for uncovering minor 

conformations for large systems, provided that the minor state is sufficiently populated to be 

observable14.

Nuclear magnetic resonance (NMR) spectroscopy has championed the exploration of high-

energy states, particularly with methods detailing the kinetics and thermodynamics of 

dynamic processes6, yet characterizing structures of high-energy states using NMR still 

remains impossible for most systems. Population-weighted average restraints (for example, 

nuclear Overhauser effect (NOE), residual dipolar coupling (RDC), paramagnetic relaxation 

enhancement (PRE) and PCS) have shown promise for describing ensembles15–17. 

Nevertheless, deconvoluting high-resolution minor state structures remains a statistical 

challenge18. Alternatively, backbone chemical shifts or RDC restraints for the high-energy 

state can be directly measured using NMR relaxation dispersion methods19. In some cases, 

chemical shifts have been used to access high-energy structures in small proteins19 (less than 

150 residues), but this method is hampered by the relatively large uncertainty in relating 

chemical shifts to structure20. Furthermore, the relatively minute size of RDCs (±25 Hz) 

compared with the uncertainty of high-energy state chemical shifts necessitates exquisite 

sensitivity19.

Here we develop a method for high-resolution structure determination of high-energy states 

by coupling PCSs with CPMG relaxation dispersion. We show that the method is highly 

accurate, applicable for proteins up to 60 kDa, and sensitive to long-range structural changes 

such as domain reorientation. This method relies on the use of PCSs, which provide 

powerful, long-distance restraints during structure determination. PCSs are produced 

through incorporation of an anisotropic paramagnet and are structurally informative, 
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possessing both an orientation (φ, θ) and radial dependence (r−3), with consequently 

extensive effects (5–50 Å). Measured spectroscopically as the difference between a 

diamagnetic and paramagnetic chemical shift, PCSs are extremely large (±1,600 Hz for 
1H at 800 MHz). Whereas chemical shifts alone provide tenuous local structural restraints, 

PCSs deliver otherwise inaccessible information on tertiary structure and interdomain 

orientation21. In addition, coupling PCSs with relaxation dispersion provides large and 

tuneable dispersion effects22,23. Although this concept has been postulated previously22,24, 

rotation of the paramagnet on the millisecond timescale has prevented elucidation of high-

energy structures.

PCS–CPMG of Adk during catalysis

We set out to develop and benchmark our method by solving the unknown high-energy 

state of the enzyme adenylate kinase (Adk) during catalysis. Adk is a model system for 

multi-domain protein conformational changes that are fundamentally linked to its enzymatic 

cycle25. The active site of Adk, once it is formed through the closure of a rigid-body lid, 

efficiently catalyses the reversible phosphoryl transfer between ATP and AMP into two ADP 

molecules25 (phosphoryl-transfer rate constant (kP-transfer) > 5,000 s−1). Disassembly of the 

active site, which mediates product release through lid opening, represents the rate-limiting 

step for catalysis (kcat ≈ kopen ≈ 100 s−1, where kcat is the catalytic rate constant and 

kopen is the rate constant for lid opening) (Fig. 1a, b). Whereas the majorly populated 

closed form has been well-studied using X-ray crystallography26, the transiently populated, 

high-energy state–in which product is released from the enzyme–has only been detected 

indirectly27–29. Using the natural zinc-binding site of Geobacillus stearothermophilus Adk–

exchanged with paramagnetic cobalt–we aimed to produce PCS restraints for high-energy 

structure determination.

The tetra-cysteine binding site, located in the ATP lid, tightly incorporates either 

diamagnetic zinc (Zn2+) or paramagnetic cobalt (Co2+) metals, and the similar ionic radii 

of zinc and cobalt result in equivalent structural and enzymatic features30. We collected the 

[1H-15N]-heteronuclear single quantum coherence (HSQC) spectra of Adk under turnover 

conditions (20 mM Mg2+-ADP) for both the zinc and cobalt forms; PCSs were recognizable 

from collinear changes in proton and nitrogen chemical shifts (Fig. 1c). After assigning 

both species (Extended Data Fig. 1), PCSs were quantified for residues upwards of 35 Å 

from the metal binding site (Fig. 1d), underscoring their long-range effects. Under turnover 

conditions, these PCSs reflect a population-weighted average of both the majorly populated 

closed state and the unknown ‘open’ conformation (Fig. 1a). As Adk is predominately 

sampling the closed conformation under turnover conditions, the PCSs approximately fit to 

the known closed crystal structure26 (Q = 11.6%, where Q is the quality factor21; Protein 

Data Bank (PDB) 4QBH; Fig. 1d, e, Extended Data Fig. 2). Acquisition of spectra in 

the absence of magnesium (20 mMADP) shifts the open–closed exchange into the slow 

timescale25 (kopen ≈ 2 s−1; Extended Data Fig. 3) and yields PCSs reporting solely on the 

closed conformation (Q = 7.6%; Extended Data Fig. 2b). Conversely, spectra in the absence 

of substrates largely report on an open ensemble with substantially weakened PCSs and 

sizeable PCS-induced line broadening (Extended Data Figs. 2,4).
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To determine the structure of the high-energy state, its corresponding PCSs need to be 

measured. To this end, we performed 1HN CPMG relaxation dispersion experiments for 

both samples under turnover conditions (Fig. 1f, g). 1H relaxation dispersion was chosen, 

as the large gyromagnetic ratio of 1H results in a 100-fold greater paramagnetic effect 

than the commonly used 15N experiments22. As anticipated for the global nature of the 

conformational change in Adk, 103 out of the 186 assigned residues in both the diamagnetic 

and paramagnetic samples exhibited an exchange contribution (R2,ex) greater than 3 Hz. 

Fitting each of the metallic species globally to the Carver–Richards equation for two-state 

exchange31 yielded exchange parameters within the range of experimental error (Zn2+ (± 

s.d.): kex = 1,355 ± 65 s−1; Co2+: kex = 1,367 ± 71 s−1). Therefore, both datasets were 

globally fit together to yield a rate constant, kex, of 1,428 ± 83 s−1 and population of the 

high-energy state (pB) of 12.6 ± 2.5% (Supplementary Fig. 1). The equivalent exchange 

processes seen for the diamagnetic and paramagnetic species indicate that any movement of 

the metal is contingent on lid opening of Adk.

In the diamagnetic case, each dispersion profile reports solely on the chemical shift 

difference (Δδ) between the closed and open conformations (|Δδdia|). In the paramagnetic 

case (Δδpara), dispersion profiles combine the pre-existing Δδdia with the change in PCS 

(ΔδPCS) between ground and high-energy states (|Δδpara| = |Δδdia + ΔδPCS|). Consequently, 

many nuclei that were insensitive to exchange with the diamagnetic metal (|Δδdia| ≈ 0) 

now show marked dispersion profiles (|ΔδPCS| ≈ 0). In a qualitative indication of opening, 

we observe that residues in the core and AMP lid display large apparent ΔδPCS (Fig. 

1f, g), suggestive of ATP lid and AMP lid opening. Notably, the observed Δδpara is less 

than would be expected from known open (nucleotide-free) and closed (nucleotide-bound) 

crystal structures (Extended Data Fig. 4). In accordance, the observed Δδpara values are also 

substantially lower than measured PCS between the nucleotide-saturated and apo enzyme 

forms (Extended Data Fig. 4), signifying that the high-energy state must be more closed than 

previously expected29,32.

Expectation-maximization method

Ideally, the high-energy structure could be determined by extracting the PCS of each 

residue in the minor state (PCSminor) from the paired diamagnetic and paramagnetic 

CPMG experiments; the PCSs would then be used as restraints for structure determination. 

Relaxation dispersion experiments provide only the magnitude of the |Δδ|, with two possible 

solutions for both the diamagnetic and paramagnetic case. Consequently, four degenerate 

PCSminor solutions are possible for each residue (Fig. 2a), giving a total of 4N sets of 

PCSminor restraints for N residues.

Direct acquisition of the |Δδ| sign can be achieved by comparison of HSQC and HMQC 

experiments33; however, owing to the small difference in the cross-peak positions in 

these spectra, this route is experimentally impossible for many residues. Alternatively, 

sign determination can be considered a problem of ambiguity, with the degeneracy in 

possible PCSminor values being analogous to the challenge faced with ambiguous NOEs. 

There are four possibilities for each residue, yet only the correct PCSminor set should 

be self-consistent with the true structure. Therefore, each residue’s PCSminor possibilities 
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can be considered an ambiguous restraint with four weighted spin–metal descriptions. 

Assuming the PCS data have Gaussian noise, a likelihood function for PCS data can be 

constructed and the probability of each PCS possibility can be determined via conditional 

expectation maximization. The probability of each PCSminor is used as a weight during 

cooling in a simulated annealing protocol. After iteratively updating the probabilities, the 

restraint may become unambiguous, as the probability of one of the four PCSminor values 

approaches 100%. Considering the PCSminor ambiguity as a standard classification problem, 

we therefore developed a stochastic expectation-maximization method to iteratively update 

likelihood-based restraints during simulated annealing in XPLOR-NIH34 (Fig. 2b).

Benchmarking using known Adk structures

To benchmark our method, we computationally generated 12 minor states from various 

Adk crystal structures. Ranging from closed to open, these structures roughly span the 

possible conformational space sampled by Adk. For each structure, degenerate PCSminor 

were produced with uncertainties similar to those in our experimental CPMG data. As PCS 

are long-range restraints, a rigid-body refinement approach was employed. The rigid-body 

assumption is supported by the fact that individual domains are highly superimposable 

between all Adk crystal structures despite quaternary conformational changes.

For each simulated minor state, a total of 400 structures were solved over four rounds 

of structure determination with the XPLOR-NIH software. The first round of structure 

determination was started from a closed crystal structure26 (PDB 4QBH). Inferred structures 

with the highest likelihood were passed to subsequent iterations (Fig. 2b). In all cases, 

ambiguities in PCS restraints were resolved with the correct PCS found for 90 ± 8% of 

residues (Fig. 2c, d). The few incorrect PCS identifications were not randomly distributed, 

but instead clustered at the edges of the rigid bodies where local structural differences most 

commonly occur (Extended Data Fig. 5). The resultant structures converged excellently 

to the target structures (Fig. 2e–g). To verify that the method is independent of the 

initial structure, alternative starting structures were tested and gave similar results upon 

convergence (Extended Data Fig. 6). Finally, a strong correlation between the likelihood and 

the root mean square deviation (r.m.s.d.) was found, indicating that the observable likelihood 

value is a suitable estimate of the relative accuracy of the inferred structures (Extended Data 

Fig. 7).

Structure of the high-energy state of Adk

Because the simulated cases demonstrated that ambiguous PCSs could accurately solve 

the minor state of Adk, we applied our methodology to the experimentally determined 
1HN CPMG data obtained under turnover conditions (Fig. 1f), yielding 93 residues for 

the refinement procedure of the high-energy structure. Analogous to the simulated cases, 

a single unambiguous PCS identification was found for each residue after structure 

determination, with excellent agreement between calculated and observed PCSs (Q = 3.7%; 

Fig. 3a). In agreement with the Δδpara, the PCS differences between the major and minor 

state are relatively small (Fig. 3b), with the largest changes in the AMP lid.

Stiller et al. Page 5

Nature. Author manuscript; available in PMC 2022 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This high-energy state of Adk is a partially open state with notable changes in both the ATP 

and AMP lids (Fig. 3c, Supplementary Table 1). Compared with the closed state, the AMP 

lid opens by about 15°, corresponding to approximately 50% opening (Fig. 3d). Within the 

ATP lid, a subtle motion of approximately 1.8 Å was found for the Co2+ ion, resulting in 

partial separation of the ATP lid from the bound nucleotides (Fig. 3d). Overall, the structure 

remains in a partially closed arrangement, with more similarity to the closed state than 

the open state (r.m.s.d.closed = 2.67 Å versus r.m.s.d.open = 7.03 Å). As the experiments 

were performed under saturating concentrations of nucleotides ([ADP] = 20 mM, Michaelis 

constant for ADP(KM,ADP) ≈ 50μM), the high-energy state must be occupied with substrate 

or product. Viewing the surface representation of the high-energy-state structure clearly 

displays how the enzyme is primed for product release (Fig. 3e). Compared with the closed 

state, in which the nucleotides are buried, the partially opened lid reveals a tunnel for 

product escape, especially for the AMP lid-bound nucleotide.

The solved high-energy state is a key component in the catalytic cycle that includes 

conformational-selection and induced-fit steps for substrate binding and product release 

(Fig. 3f). Beginning with the apo ensemble, partial closing produces a functional substrate-

binding pocket. Nucleotide association with this partially closed state (conformational 

selection) precedes full closure after binding (induced fit). Once fully closed, reversible 

phosphoryl transfer commences until the overall rate-limiting lid opening occurs 

stochastically (kopen = 180 ± 36 s−1), leading to fast substrate or product release from the 

newly structurally characterized high-energy state (populated at 12.6 ± 2.5%) and the start of 

a new catalytic cycle.

PCS–CPMG for large structural changes

The power of PCS restraints lies in their potential to provide long-distance structural 

information for multi-domain proteins. As a proof of principle for the general use of 

our approach, we simulated datasets for the large conformational changes observed in 

calmodulin and Srckinase35,36 (r.m.s.d. > 30 Å; Fig. 4). Although many proteins lack 

paramagnetic metal-binding sites, lanthanides can be introduced as replacement for Ca2+ 

(such as in calmodulin21), or more generally via a lanthanide-binding tag37 (simulated here 

for Src Kinase). The lanthanide metal series exhibit a range of paramagnetic effects and are 

interchangeable owing to their similar ionic radii. Using multiple paramagnets offers three 

distinct advantages. First, several PCSs describing the same residue breaks the degeneracy 

that originates from a single tensor’s iso-surface5. Second, shared diamagnetic exchange 

contribution between the two and greater paramagnetic dispersion terms (|Δδpara| = |Δδdia + 

ΔδPCS|) limit the possible PCS choices (Extended Data Fig. 8). Third, PCSs can be tuned 

over a wide range due to a wide distribution of lanthanide paramagnetic tensors.

For calmodulin, previous experiments have revealed a large conformational change between 

an extended and a compact conformation in the absence of ligands, with the compact 

conformation proposed to be the key conformation for peptide binding21,38. Here, the third 

Ca2+ site out of the four binding sites was simulated with either Ho3+ or Yb3+, which can be 

achieved experimentally by mutation of that Ca2+ site21. PCSs were generated for both states 

and relaxation dispersion profiles were simulated, assuming that the protein predominately 
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sampled the extended conformation (major population, pA = 85%). Using the resultant 

ambiguous PCSminor, we applied our methodology to infer the transiently accessed compact 

state. Simulated annealing procedures starting from the extended conformation initially led 

to incorrect structures and PCS identifications because of an incomplete conformational 

search, and the incorrectly inferred structure represented a local energy minimum. To 

overcome this sampling problem, we generated 10,000 structures using the rapidly-exploring 

random tree (RRT) algorithm from the Integrated Modeling Platform (IMP) software39. 

The likelihood was maximized for each of the 10,000 structures (Fig. 4a). Structures 

with the highest likelihood, which notably also approach the compact state, were passed 

to expectation-maximization simulated annealing. After several rounds of refinement, the 

inferred structure matched the expected compact state extremely well (r.m.s.d. = 1.9 ± 0.1 Å; 

Fig. 4b), with largely correct PCS identifications (84%; Extended Data Fig. 9).

To test the performance of our methodology with a larger protein and greater domain 

reorientation, we next tested the 57-kDa Src kinase (Fig. 4c, d). The goal was to 

further demonstrate the general applicability of PCS–CPMG for non-metal-binding proteins 

by incorporating the advancement of lanthanide-binding tags. The impressive power of 

lanthanide-binding tags for ground-state structure determination has been demonstrated 

previously37. Here, we modelled the lanthanide-binding tag on residue 309 of Src (Fig. 4d) 

and generated PCSs with both Tb3+ and Tm3+. The closed conformation was considered the 

major state, whereas the open conformation was considered the high-energy state. A total 

of 50,000 structures were generated for Src kinase using the RRT algorithm. Structures 

approaching the target structure showed the highest likelihood and could be used for 

additional simulated annealing refinement. Within three rounds of refinement, the inferred 

structure and the target structure appeared nearly identical (r.m.s.d. = 3.3 ± 0.1 Å; Fig. 4d), 

with largely accurate PCS probabilities (85%; Extended Data Fig. 9).

PCS–CPMG using a lanthanide-binding tag

As a final proof of concept for our PCS–CPMG method, we tested our approach 

experimentally with two non-metalloproteins–ubiquitin and the chaperone trigger factor–via 

the introduction of lanthanide-binding tags. In previous studies where PCS–CPMG was 

attempted, motion of the paramagnetic metal on the microsecond timescale obscured the 

detection of protein dynamics22,24. We reasoned that the recent improvements in lanthanide-

binding tags may have yielded an ideal tag to obtain PCS–CPMG for non-metalloproteins. 

Ubiquitin was chosen to test PCS–CPMG because it is a classic system that has been studied 

extensively using NMR spectroscopy, revealing a lack of millisecond motion.

We covalently attached a DOTA-M7PyThiazole lanthanide-binding tag37 coordinated with 

either diamagnetic Lu3+ or paramagnetic Tm3+ to single-cysteine mutants of ubiquitin, 

K6C and S20C (Fig. 4e, Extended Data Fig. 10a, b). In both mutants, 1HN CPMG of the 

diamagnetic samples yielded flat profiles for nearly all residues of ubiquitin, confirming 

the lack of millisecond dynamics (Supplementary Figs. 2, 3). By contrast, we observed 

substantial dispersions in the paramagnetic 1HN CPMG profiles for both mutants, albeit with 

different magnitudes (Fig. 4f). The S20C protein, which is tagged on a loop, displayed large 

dispersions ranging from 10–20 Hz (Supplementary Fig. 2). Ubiquitin-K6C, which is tagged 
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on a β-sheet, showed smaller profiles around 1–8 Hz (Supplementary Fig. 3). These results 

indicate that lanthanide tags should be attached to secondary structure elements rather than 

loops, as they will report on the local loop movement at the tag coordination site.

To find an optimal lanthanide-binding tag for PCS–CPMG, we then tested the K6C ubiquitin 

mutant with a different lanthanide-binding tag, DOTA-M8-(4R4S)-SSPy40. Performing 1HN 

CPMG of the paramagnetic bound sample indeed yielded dispersions that were either flat or 

extremely small (approximately 1 Hz; Fig. 4f), revealing that PCS–CPMG is achievable for 

non-metalloproteins with this lanthanide tag (Supplementary Fig. 4).

To demonstrate the general applicability of the method, we acquired PCS-enhanced 
1HN CPMG for the chaperone trigger factor. The full-length trigger factor possesses 

three domains: a ribosome-binding domain (RBD), a peptidyl-prolyl isomerase domain 

(PPD), and a substrate-binding domain (SBD). The ribosome-binding domain is bound 

to the ribosome in vivo but dimerizes in its absence. We thus chose to study the two-

domain construct PPD–SBD, which encompasses the functional unit working together to 

chaperone unfolded proteins to the folded state41. 1HN CPMG spectra of PPD–SBD showed 

dispersions at the hinges and loops, indicating domain–domain motion (Supplementary 

Fig. 5). Guided by our ubiquitin data, we produced a single-cysteine mutant (V270C) 

and tagged it with the DOTA-M8-(4R4S)-SSPy bound with Tm3+, which produced PCSs 

above 8 ppm (Fig. 4g, Extended Data Fig. 10c–e). The tagging location was chosen in an α-

helical bundle in the SBD, intended to restrict undesired tag motion. Notably, the Tm3+1HN 

CPMG dispersions in the SBD were almost unchanged to the dispersion profiles for Lu3+, 

untagged V270C or wild-type protein, indicating little-to-no tag motion (Fig. 4h). By 

contrast, the paramagnetic dispersions in PPD were enhanced, indicating a conformational 

change between PPD and SBD in the high-energy state (Fig. 4h, Supplementary Fig. 5). 

Unfortunately, the timescale of the motion was in the fast time regime (kex ≈ 3,000 s−1), 

which prevented decoupling of the minor-state population chemical shift and therefore 

determination of the minor-state pseudocontact shifts.

Discussion

Paramagnetic NMR is at the centre of our approach towards a comprehensive description 

of protein free-energy landscapes that includes accurate determination of populations of 

substates, their interconversion rates and, ultimately, their atomic structures. PCSs magnify 

CPMG relaxation dispersion profiles in a tunable manner through the use of different 

paramagnetic metals. Standard CPMG relaxation dispersion for interconversion between 

folded substates often suffers from small chemical shift differences, resulting in minute 

dispersion amplitudes. Increasing the size of these dispersion profiles with paramagnets 

both improves detection of the exchange process and has the potential to overcome the 

shortcoming that populations and chemical shifts cannot be separated in the fast exchange 

limit (kex≫Δδ). Increasing Δδ can shift the process into the intermediate time regime 

(kex ≈ ΔδPara), thereby enabling accurate measurement of both populations and chemical 

shifts. We note that whereas NMR dynamics coupled with structure determination has 

the reputation of being complicated and inaccessible, our method is straightforward, can 

perform automated classification of PCSs and is applicable to many systems for solving 
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their high-energy structures, including non-metalloproteins, as we have shown with ubiquitin 

and the chaperone trigger factor. These structures of high-energy states can have crucial 

roles in drug discovery, and this method provides in addition populations and kinetics that 

are often altered in loss-of-function or gain-of-function disease mutations.

Applying our methodology to Adk during catalysis, we have resolved a mechanistically 

important controversy: the role of protein dynamics in overall catalytic power and the 

mechanism of substrate binding and product release. We reveal an unanticipated high-energy 

structure that is partially open. Solely on the basis of the chemical shifts of the high-energy 

state, we had previously hypothesized that this minor state involved a more complete 

opening of both lids25. Chemical shifts report on the dissociation of the lids, but not the 

extent of the domain movement. Our PCS method overcomes this limitation imposed by 

the local nature of chemical shifts. Furthermore, single-molecule fluorescence resonance 

energy transfer (FRET) experiments had suggested that the ATP lid undergoes a large 

conformational change from the ground state to this high-energy state27,32. However, as the 

paramagnetic metal resides in the ATP lid, our data unequivocally reveal that the ATP lid 

moves only slightly (1.8 Å) between the ground and high-energy state.

Of note, our high-energy structure explains several previously puzzling experimental and 

computational findings. First, engineered disulfide linkages between the AMP and ATP lids, 

which would increase the concentration of our partially open state, tightens the affinity for 

substrates42. Second, meta-dynamics simulations of the free energy landscape of Adk when 

bound with ligands found that opening proceeds through an AMP lid open state43. Finally, 

a recent study detailing the transition state of the conformational change of Adk revealed 

that the AMP lid movement is the critical energy barrier for the rate-limiting conformational 

change44. Notably, the transition-state ensemble coincides halfway between the fully closed 

ground state and the high-energy state described here44. Our results for Adk show that 

PCS–CPMG provides the necessary resolution to describe functional transitions within the 

folded ensemble, including transient states sampled during enzyme catalysis.

While paramagnetic NMR was once limited to metalloproteins, rigid metal-binding tags 

present the opportunity to generate PCSs in any protein system45,46. For conformational 

changes on the microsecond-to-millisecond timescale, we envision the PCS–CPMG 

approached outlined here to be an ideal method for high-energy structure determination. 

We used amide 1HN CPMG to probe protein movements, which is applicable for systems 

smaller than 60 kDa. For larger systems, methyl-based CPMG approaches provide excellent 

resolution well above 100 kDa. Outside of the millisecond regime, paramagnetic NMR also 

provides rich parallel structural information for both faster21 and slower processes47, with 

PREs as a complementary approach to obtain structural information on transient states on 

very fast timescales17. Notably, combining PCS restraints with chemical exchange saturation 

transfer (CEST) experiments could offer an analogous method for high-energy structure 

determination on the slow timescale in the future. Owing to the long-range nature of PCSs, 

minor-state structure determination using PCS–CPMG or PCS–CEST should excel in cases 

involving domain or secondary structure bundle reorientation, which is ubiquitous along 

the functional landscape of proteins48. Combining PCS restraints and diamagnetic chemical 
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shifts of the high-energy states together with available computational approaches49 may 

yield accurate information for any type of conformational change.

Methods

Protein expression and purification

A G-block for G. stearothermophilus Adk was synthesized by Integrated DNA Technologies 

and cloned into the plate-11 vector with a C-terminal TEV cleavage site and His6-tag. The 

vector was transformed into BL21(DE3) from New England Biolabs. To prepare protonated 

samples for NMR peak assignment, cells were grown in 15N NH4Cl, uniformly labelled 
13C glucose, metal-free M9 media until induction (OD600 ≈ 1.2) where Zn2+Cl2 or Co2+Cl2 

was added to reach a concentration of 20 μM. Additionally, a final concentration of 1 

mM isopropyl β-D-1-thiogalactopyranoside was added and cells were grown for 4 h at 37 

°C. For perdeuterated samples necessary for 1HN CPMG experiments, cells were grown as 

described51. To prepare pure Zn2+ or Co2+ samples, no metals were added until induction. 

Expression was induced with IPTG for 6 h. Protein was purified as described previously52.

15N/2H samples of ubiquitin S20C and K6C were gifts from the Grzesiek laboratory and 

the S. Hiller laboratory, respectively. The lanthanide-binding tags DOTA-M7PyThiazole37 

and DOTA-M8-(4R4S)-SSPy40,53 were synthesized according to the described protocols. 

To attach the lanthanide-binding tags to ubiquitin, a solution of mutant ubiquitin uniformly 
15N,2H-labelled (300 μM, 0.5 ml) was dialysed in phosphate buffer (10 mM, pH 7.0) 

with TCEP (2 mM, pH 7.0) overnight. Buffer exchange (phosphate 10 mM, pH 7.0, 

0.1 mM TCEP) was performed via ultracentrifugation (Amicon-Ultra 4, 3 kDa cut-off, 

Merck Millipore). For the thio-ether tag (M7-DOTA-PyThiazole), a solution of the tag in 

acetonitrile (15 mM) was added in threefold excess to the protein and allowed to conjugate 

overnight in a shaker. In the case of the disulfide tag (4R4S-Ln-M8-DOTA-SPy), a further 

buffer exchange to non-reducing buffer (phosphate 10 mM, pH 7.0) was achieved via a 

PD-10 desalting column (GE Healthcare) immediately before the conjugation reaction (2.5-

fold excess, 3 h). All conjugation reactions were then quenched by a final buffer exchange to 

phosphate (10 mM, pH 7.0) using again an Amicon-Ultra 4 and concentration to the desired 

NMR sample concentration. All operations were carried out at room temperature.

The plasmid of the trigger factor construct without the ribosome-binding 

domain (PPD–SBD) was a gift from S. Hiller. The single-Cys mutation 

V270C (numbering based on full-length protein) was generated using the 

QuickChange Lightning site-directed mutagenesis kit (Agilent Technologies) 

using the forward (5′-gctccatgtttttacggcattcagcgcgcagaccttctacgg-3′) and reverse (5′-
ccgtagaaggtctgcgcgctgaatgccgtaaaaacatggagc-3′) primers obtained from Genewiz. The 

protein was essentially expressed using the growth media (except for the addition of MEM) 

and outlined protocol51. Protein expression was induced overnight with 0.4 mM IPTG at 25 

°C.

The wild-type PPD–SBD and V270C mutant were purified as described41, but without 

the unfolding–refolding step, and 2 mM TCEP was used in all purification buffers for the 

V270C mutant. The tagging reaction with the DOTA-M8-4R4S tag was performed similarly 
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as described above for ubiquitin: first a buffer-exchange step into 25 mM potassium 

phosphate, pH 6.5, 100 mM KCl, 0.5 mM EDTA, 100 μM TCEP was performed using 

a 10 kDa concentrator and the remaining TCEP was removed using Zeba desalting columns 

(Thermo Scientific) immediately prior to the conjugation reaction. A three-fold excess of 

DOTA-M8-(4R4S)-SSPy-Tm or 1.6-fold excess of DOTA-M8-(4R4S)-SSPy-Lu tags was 

used in the conjugation mixture, respectively, and the reaction was allowed to proceed 

overnight at 4°C. The samples were buffer exchanged using a 10 kDa concentrator into 25 

mM potassium phosphate, pH 6.5, 100 mM KCl, 0.5 mM EDTA and concentrated to about 

500 μM.

NMR spectroscopy

Adk samples were prepared at 2 mM enzyme in 50 mM MOPS, 50 mM NaCl, 2 mM TCEP 

and 0.02% sodium azide at pH 7.0. Samples tested under turnover conditions included 20 

mM MgCl2 and 20 mM ADP. All experiments were acquired on an Agilent DD2 600 MHz 

four-channel spectrometer equipped with a triple-resonance cryogenically cooled probe 

head. For assignment, a combination of HNCO, HNCACB and CBCA(CO)NH experiments 

were performed on 13C, 15N Adk (Co2+ or Zn2+) at 40 °C. Triple-resonance experiments 

yielded backbone assignment of 92% for Zn2+ and 83% for Co2+ states.

Ubiquitin samples contained between 400–800 μM protein in 10 mM phosphate, pH 

7.0, 10% D2O. All PPD–SBD samples contained 500 μM protein in 25 mM potassium 

phosphate, pH 6.5, 100 mM KCl, 0.5 mM EDTA, and 10% D2O (the untagged V270C 

sample additionally contained 2 mM TCEP). Assignments for wild-type PPD–SBD and 

ubiquitin were taken from the BioMagResBank54 entries 27239 and 15410, respectively; 

the single-Cys mutation in PPD–SBD showed only minor chemical shift perturbations 

compared to wild-type (Extended Data Fig. 10). Assignments for the protein samples with 

the paramagnetic lanthanide-binding tags were obtained iteratively using a combination of a 

3D 15N-edited NOESY spectrum, [1H,15N]-HSQC spectra recorded at different temperature 

between 20–30 degrees, and initial ‘guesses’ for isolated cross peaks in the untagged 

sample. The tensor was calculated from the PCSs using these initial assignments and 

used to ‘calculate’ the peak positions in the paramagnetic sample using NUMBAT50 

or Paramagpy55. For ubiquitin, we obtained complete assignments for the paramagnetic 

sample, except for severely exchange broadened residues (approximately 10–15 for each 

sample) near the metal position.

For PCS acquisition, a modified version of the 1HN CPMG relaxation dispersion 

experiment56 was performed at 25 °C. The pulse program included a modified P-element–

which reduced antiphase signal refocused over the CPMG period–designed by L. E. Kay. 

Relaxation dispersion experiments were acquired using a 24 ms constant-time relaxation 

period with 16 vCPMG frequencies ranging from 83 to 1,500 Hz for Adk and ubiquitin; 

for PPD–SBD a 12 ms constant-time relaxation period was used with 14 vCPMG values, 

where vCPMG is the frequency of the refocusing pulse train. Data were processed with 

NMRPipe/NMRDraw software57 and analysed with CCPNMR58 or POKY59. Relaxation 

dispersion intensities were determined using the PINT peak fitting software60 and analysed 

using the general Carver–Richards equation for two-site exchange with an in-house script 
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built with LmFit31,61. Zn2+ and Co2+ datasets were globally fit first individually and then 

simultaneously. Uncertainties on individual data points were calculated from the standard 

pooled deviation in duplicate data points (n = 3). A minimum of 2% error was applied to all 

residues.

Simulated annealing protocol

Having developed a method for resolving PCS ambiguity (see Supplementary Methods 

for the description of our stochastic likelihood expectation-maximization method for 

ambiguous PCS data), we set up rigid-body simulated annealing procedures in the XPLOR-

NIH structure determination software34. The expectation-maximization algorithm has the 

advantage of being easily incorporated into the simulated-annealing procedure of the 

XPLOR-NIH software package and can rapidly calculate the probability of each PCSs 

choice at each step of the simulated-annealing process. Each PCSminor is treated as a 

separate restraint and weighted as follows:

wij = 1
qij

where qij is the probability of each PCSminor. The weights are then used to calibrate the 

restraint energy function in XPLOR-NIH refinement programs as follows, where PCSi,Calc is 

the calculated PCS for each residue:

E = (PCSi, Calc − PCSij) × s
wij2

At the onset of the simulated annealing protocol, each qij is initialized to 0.25. The 

parameter s is an exponential scaling energy factor that increased from 0.04 at the beginning 

of the annealing protocol to a final value of 1.0, 5.0, 7.0 and 7.0 for first, second, third and 

fourth simulated annealing iterations, respectively. Rigid-body refinement was performed 

with an annealing protocol from an initial temperature of 2,000 decreasing to a final 

temperature of 20 °C over 1,770 cooling steps.

At each cooling step, the qij probability of each PCS was updated iteratively until the 

likelihood converged. The energy functions were reweighted and the simulated annealing 

protocol continued. As PCSs provide only long-distance information, rigid-body refinement 

included two stages. For Adk calculations, the first 1,720 cooling steps were performed 

(2,000 to 25 °C) with four bodies: a core domain (amino acids 1–28, 62–113 and 165–217), 

an AMP lid (32–55), a hinge (116–125) and an ATP lid (128–157). All residues between 

the four sections were given complete freedom. Molecular dynamics were performed in 

torsion space. Second, 50 cooling steps were performed (25 to 20 °C) with Adk defined 

by secondary structure bundles: (1) a reduced core domain (amino acids 1–28, 81–113 and 

181–217), AMP lid 1 (amino acids 32–48), AMP lid 2 (amino acids 44–55), AMP lid 3 

(amino acids 62–79), ATP lid (amino acids 128–157), hinge 1 (amino acids 116–125) and 

hinge 2 (amino acids 165–178). The bundling was defined by known crystal structures of 

Adk.
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For determination of either the simulated or real minor structures, a total of 3–4 rounds 

of refinement was performed and between 100–250 structures were solved in each pass. 

In the first pass, the closed crystal structure26 (PDB 4QBH) was used as a starting point 

for simulated annealing. At the end of this pass, the total likelihood of the structure was 

calculated. In subsequent refinement procedures, the highest likelihood structures, and 

associated probabilities, were passed, with the chance of each structure Xi being chosen 

defined by:

P(Xi) =
ℒi
iℒi

To determine structural uncertainty in the high-energy state of Adk, a leave-one-out cross-

validation analysis was performed on the final refinement procedure. Simply, the last 

refinement step was repeated N times, where N is the number of residues in the dataset (N 
= 93). On each iteration, one residue was removed from the dataset and 100 structures were 

calculated. The structural parameters (for example, AMP lid angle, etc.) were calculated for 

the top 10 highest likelihood structures. The uncertainty in high-energy state structure was 

then determined by calculating the standard deviation of each structural parameter over all N 
repeats (Fig 3d).

Benchmarking PCS–CPMG with computer-generated data

To theoretically benchmark the capacity of PCS–CPMG to solve high-energy structures, we 

generated datasets for 12 deposited Adk structures ranging from open to closed (PDBchain, 

where ‘PDB’ is the accession code and ‘chain’ is the molecule used for simulations from 

the deposited structure: 2EU8B (ref. 62), 2AKYA (ref. 63), 1ZIPA (ref. 64), 2BBWB, 2AK3A 

(ref. 65), 2BBWA, 2AR7B, 1DVRA (ref. 66), 2RH5A (ref. 67), 4AKEB (ref. 68) and 4AKEA 

(ref. 68)). For simulated structures of Adk treated here, homology models of the known 

crystal structure were produced with the SWISS-MODEL software69 to incorporate the 

G. stearothermophilus Adk sequence. PCSs for the target structure were produced by 

modelling a Co2+ ion into the ATP lid, and then, generating a magnetic susceptibility 

tensor with Xax and Xrh equal to 16.8 and 0.65 × 10−32 m3, respectively. The Euler angles 

for the susceptibility tensor were chosen randomly. Protons were added with the ‘reduce’ 

software70 and PCS was calculated for the 1HN
5. Similarly, PCSs were generated for the 

closed state using the tensor calculated from PCS collected in the 20 mM ADP condition. 

From there, |ΔδPara| defined as:

|ΔδPara| = |(PCSTarget − PCSClosed) ± ΔδDia|

where ΔδDia came from the diamagnetic relaxation dispersion experiments and the sign was 

chosen randomly for each residue. A 2% relative error was added to each residue’s ΔδPara.

For Src kinase and calmodulin, an analogous routine was applied. For calmodulin, the 

extended conformation was considered the major state (PDB 1CLL71) and the compact 

structure was considered the minor state (PDB 1PRW35). Similarly, the closed conformation 

of Src was considered the major state (PDB 2SRC72) and the open structure was considered 

Stiller et al. Page 13

Nature. Author manuscript; available in PMC 2022 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the minor state (PDB 1Y5736). Paramagnetic metals were added to each structure and then 

magnetic susceptibility tensors were calculated. For Src, the metals were placed 9 Å from 

residue 309, mimicking a metal-binding tag. For calmodulin, the metals were placed in 

the third Ca2+ binding site, between residues 130–137. Axial and rhombic components of 

the susceptibility tensor were chosen based on those seen for lanthanides incorporated into 

calbindin73. Euler angles were chosen randomly. For the minor state, up to a 5° random 

Euler angle change was randomly added between the major and minor state. The PCSs 

of both states were used to calculate a |ΔPCS|. Diamagnetic chemical shift differences 

were sampled from an exponential distribution with a mean of 0.05 ppm, which matches 

what is observed for Adk. For both systems, CPMG data was generated assuming a major 

state population of 85% and an exchange rate of 1,500 s−1. Ambiguous PCSs were then 

calculated as described in the Supplementary Methods.

To sample the conformational space of Src and calmodulin, the RRT algorithm from 

the IMP software was used39. For Src, a linker between the SH3 binding site and the 

catalytic domain was used (residues 254–260) and 50,000 structures were generated. For 

calmodulin, two points of flexibility were added (residues 64–65 and residues 77–81) and 

10,000 structures were generated. The likelihood of each structure was maximized using 

the expectation-maximization algorithm. Following, three rounds of simulated annealing in 

XPLOR-NIH were performed. In the first iteration, started structures were chosen from the 

IMP dataset based upon their likelihood as described above.

Extended Data
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Extended Data Fig. 1 |. Diamagnetic and paramagnetic samples were assigned by triple 
resonance experiments.
Backbone assignment of Zn2+ (left) and Co2+ (right) Adk proteins under saturating 

nucleotide conditions plotted onto Ap5A bound crystal structure, PDB 4QBH26. Orange 

spheres depict residues where no assignment was determined. Prolines are shown as gray 

sticks. All other amides are assigned. For the cobalt species, many residues surrounding the 

metal binding site are lost due to either Curie relaxation or exchange on the intermediate 

timescale.
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Extended Data Fig. 2 |. PCSs in different ligand states reflect the conformational state of Adk.
Fits of PCSs extracted from [1H-15N]-HSQC spectra in either 20 mM Mg2+ ADP (a), 20mM 

ADP (b), and apo (c) to the closed crystal structure (PDB 4QBH26). Notably, the Mg2+/ADP 

data fits reasonably well (Q = 11.6%), but reports on PCSs from both the closed crystal 

structure and the minor state (i.e., population averaged). In the absence of magnesium, the 

open/closing exchange rate is in the slow time regime, leading to PCSs that better fit the 

closed state (Q = 7.6%). The apo PCSs report on a more open state, and, therefore, fit 

significantly worse (Q = 47.9%) to the closed state. (d) Calculating tensors using either 

paramagnetic-induced RDCs (left) or PCSs (right) provide similar tensor values, indicating 

little ps-ns motion of the paramagnet.

Extended Data Fig. 3 |. In the absence of magnesium, the open/closed rate exchange rate is in the 
slow exchange regime, in agreement with earlier reports25.
(a) 1H, 15N]-HSQC spectra for Zn2+ and Co2+ samples with either 20 mM ADP or 

20mM Mg2+ ADP. Residues that were broadened in the Mg2+ ADP sample show reduced 

linewidths in the ADP sample, indicating a shift in exchange timescales from intermediate to 

slow exchange. Black lines trace the PCSs between diamagnetic and paramagnetic samples. 

For residue 38, the corresponding diamagnetic peaks are at 8.46 ppm (1H) and 123.5 ppm 

(15N) and are not shown for illustration purposes. (b) 1HN CPMG dispersion profiles for 
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Co2+ Adk with 20 mM ADP and 0 mM Mg2+. Representative traces show slow exchange 

that is fit to the Tollinger equation75 (F-statistics were used to determine whether the 

description by a slow exchange model compared to a “no-exchange” model was justified 

at the 95% confidence interval; p>0.05). (c) Representative CPMG relaxation dispersion 

profiles for residues in the presence on 20 mM Mg2+ ADP. Notably, the paramagnetic 

chemical shift differences in the absence and presence of magnesium are similar, whereas 

the timescale is significantly altered (kopen, ADP = 2.6 ± 0.3 s−1 vs kopen, ADP = 180 ± 36 

s−1). Uncertainties (s.d.) in R2,eff are determined from the rmsd in the intensities of duplicate 

points (n = 3) according to the definition of pooled relative standard deviation. Uncertainties 

(s.d.) in chemical shift differences were calculated from the covariance matrix.
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Extended Data Fig. 4 |. Comparison of PCS values determined during apo and turnover 
conditions and correlation of PCSs during turnover conditions with the open structure of Adk.
(a) Overlay of PCS values obtained for apo and Mg2+ ADP conditions. Values were 

determined from [1H-15N]-HSQC comparison in Zn2+ and Co2+ states. Note the sizable 

loss of PCS in the apo state compared to the closed state, indicating a more open structure 

in the absence of ligand. (b) Difference in PCS values for apo and turnover conditions. 

Large absolute differences of > 0.1 ppm are observed for many residues. (c) Zoom in 

of [1H-15N]-HSQC spectra in either 20 mM Mg2+ ADP or apo conditions of Co2+ Adk. 

Noticeable line broadening is observed for apo conditions. (d) Fit of open state (4AKE68) to 
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observed PCS shift data during catalytic turnover. (e) Best-fit tensor for PCS to open state 

structure. (f) Calculated PCSs for open state structure when fit with observed PCSs. A poor 

fit is found as the observed PCSs do not report on the open state structure. (g) The PCS 

difference expected between the open and closed state structures. Differences of |0.5 ppm| or 

greater would be expected for residues in AMP lid and core domain near the ATP lid.

Extended Data Fig. 5 |. Expectation-maximization during simulated annealing leads to correct 
PCS identifications for nearly all residues.
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All 12 structures are shown with incorrectly chosen PCS as gray spheres. Mistakes usually 

occur near the end of secondary structure units, where local differences between crystal 

structures are most prevalent. For each structure, the core domain, ATP-lid, and AMP-lid are 

colored in wheat, red, and blue, respectively. The cobalt metal is shown as a green sphere.

Extended Data Fig. 6 |. Starting from an open or closed starting structure of Adk in the PCS-
CPMG maximum-likelihood calculations results in equivalent final Adk structures.
(a) Open (lighter colors) and closed (darker colors) crystal structures, PDBs 4AKE68 and 

4QBH26, respectively. (b) RMSD, Co2+-Core distance, and AMP-lid angle results for four 

calculated structures, all started from the open state (PDB 4AKE68). Similar to starting 

from the closed state (Fig. 2f), starting from an open state result in excellent collective 
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variables, and excellent agreement with the experimental structures (shown as black stars). 

(c) Alignment of inferred structures starting from a closed state (blue) and open state 

(red) compared to the target structure (gray), highlighting that the new method results in 

converged and accurate structures independent of the starting model.

Extended Data Fig. 7 |. Plots of likelihood versus RMSD to the target structures for the first 
simulated annealing run for all 12 simulated Adk structures.
Structures which possess relatively low likelihood also have higher RMSD.
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Extended Data Fig. 8 |. Eight PCS choices possible in the case where CPMG is performed in the 
presence of one diamagnetic and two paramagnetic metals.
As the diamagnetic sign is shared between the two paramagnetic dispersions, choices 1/3 

and 2/4 are linked. This reduces the possible PCS choice for a specific residue.
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Extended Data Fig. 9 |. Expectation-maximization of ambiguous PCSs are solved during 
structural calculations for calmodulin and src kinase.
PCSs of the final structures for calmodulin (a) and src kinase (b) have low Q values for both 

metals as well as accurate PCS identifications (blue stars for the correct PCS identification, 

red spheres are incorrect PCS identifications, dark blue line indicates the calculated PCS).
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Extended Data Fig. 10 |. Ubiquitin and the chaperone trigger factor support lanthanide-binding 
tag coordination and produce substantial paramagnetic tensors.
(a) [1H-15N]-HSQC spectra of ubiquitin mutants S20C (left) and K6C (middle, right) 

bound with either the DOTA-M7PyThiazole (left, middle) or DOTA-M8-(4R4S)-SSPy(right) 

lanthanide-binding tags. Each spectrum shows large PCSs induced by Tm3+ bound tags. 

(b) Correlation plots between each ubiquitin variant’s PCSs and the calculated PCSs. (c) 

[1H-15N]-HSQC spectra of WT PPD-SBD, V270C PPD-SBD, M8-Lu-V270C PPD-SBD, 

and M8-Tm-V270C PPD-SBD. (d) Zoom-in of center section of the [1H-15N]-HSQC spectra 
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of (c) showing nearly identical spectra for each sample. (e) Correlation plots between each 

M8-Tm-V270C PPD-SBD PCSs and the calculated PCSs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Paramagnetic enhanced NMR for structure determination of a high-energy state during 
catalysis.
a, Simplified free-energy landscape for the rate-limiting step in the catalytic cycle of Adk, 

underscoring the unknown minorly populated structure (green). The core (tan), AMP lid 

(blue), and ATP lid (red) are shown. The paramagnetic iso-surfaces resulting from the 

bound paramagnetic metal (green sphere) illustrate the concept of using the difference in 

paramagnetic restraints for the minor state structure determination. The transition state for 

Adk’s conformational change is indicated with a double dagger. b, Structural flexibility 
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of Adk shown by crystal structures indicating closed and open conformations. c, [1H-15N]-

HSQC of diamagnetic (Zn2+, black) and paramagnetic (Co2+, green) Adk during catalysis 

(substrate saturation, 20 mM Mg2+-ADP). Black lines indicate the co-linear PCSs seen for 

almost all residues. d, e, Quantifiable PCSs are observed globally (d) and approximate the 

closed conformation of Adk (e) (see Extended Data Fig. 2). The paramagnetic iso-surface 

was produced using the NUMBAT software50. PCS values are coloured onto the structure 

with non-assigned residues in white. f, Representative dispersion profiles of 1HN CPMG 

of diamagnetic and paramagnetic Adk during catalysis, with observed PCS in the [1H-15N]-

HSQC indicated above the graph. Uncertainties (s.d.) in R2,eff are determined from the 

r.m.s.d. in the intensities of duplicate points (n = 3) according to the definition of pooled 

relative standard deviation. R2,eff is the effective transverse relaxation rate at each refocusing 

pulse train frequency (vCPMG. Uncertainties (s.d.) in Δδ were calculated from the covariance 

matrix of a global fit of diamagnetic and paramagnetic data. g, Δδ extracted from fits of f are 

plotted as colours on the structure.
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Fig. 2 |. Maximum-likelihood classification method for high-energy structure determination.
a, One-dimensional representation of the four possible PCSminor restraints for each 

residue based on diamagnetic–paramagnetic relaxation dispersion. b, Flow chart of our 

approach to determine the high-energy structure including an expectation-maximization, 

simulated annealing scheme. c–g, Benchmarking of the iterative PCS–CPMG method. c–e, 

Representative results for the open Adk structure. c, PCS probability map for each of the 

93 restraints over the course a simulated annealing run. A representative trace for residue 

211 illustrates convergence of PCS identification. d, PCSs of the final structure have low Q 
values as well as accurate PCS identifications (blue stars indicate correct PCS identification, 

red spheres are incorrect PCS identifications, dark blue line indicates the calculated PCS). 

e, The likelihood increases over the course of the run (top), and multiple iterations show 

an increased likelihood with a concomitantly decreased r.m.s.d. (bottom; n = 400 structures; 

mean ± s.d.). Convergence of the likelihood and r.m.s.d. is observed between the second and 

fourth run. f, The same procedure is performed for a series of Adk structures from closed 

to open conformations. All are well-determined based on r.m.s.d. (left), metal coordinates 

(middle) and AMP lid position (right). Each sphere represents one of the top ten solutions, 

and stars indicate the correct metal location or AMP lid position based on the target X-ray 

structure. g, Alignment of the top five inferred structures in colour with target structures 

in grey, showing excellent agreement with small structural differences being predominately 

local.
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Fig. 3 |. The high-energy state of Adk during enzyme catalysis.
a, PCS identifications for minor state after maximum-likelihood calculation from 

experimental data (Fig. 1f). Low Q values indicate a good correspondence between the back-

calculated and identified PCSs. b, The difference in PCS between major and minor state. 

c, The top five highest likelihood structures of the minor state solved by the expectation-

maximization simulated annealing protocol. The position of Zn2+ or Co2+ is shown as a 

green sphere; the catalytic Mg2+ coordinating two ADP substrates is shown as a white 

sphere. d, Structural comparison of the major closed state (blue and red), average minor 
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state (light blue and orange) and open structure (cyan and yellow). The ATP lid shows 

slight opening in the minor state with a 1.8 Å change in metal position (left). The AMP 

lid domain shows greater movement with approximately 50% transition from a closed to 

open conformation (right). e, Surface representation of the closed crystal structure (left) and 

minor state (right) in front and side view (nucleotides are shown in black and Mg2+ as a 

white sphere). f, Proposed mechanism for substrate binding and product release, including 

conformational selection for substrate binding to the minor state, followed by an induced-fit 

step of full closure over the nucleotides.
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Fig. 4 |. General applicability of PCS–CPMG methodology.
a–h, PCS–CPMG data for calmodulin (a, b), Src kinase (c, d), ubiquitin (e, f) and trigger 

factor (g, h). a, c, Red stars indicate the starting point–the major state structure, b, d, 

Large conformational changes are solved with paramagnetic dispersion restraints to high 

accuracy for calmodulin (b; 2 Å r.m.s.d.) and Src kinase (d; 2.5 Å r.m.s.d.) as seen from 

the close superposition between the calculated (orange) and target conformation (grey). 

Simulated paramagnetic metals, shown in green, are either added via replacement of the 

known Ca2+ site (b) or using a paramagnetic binding tag (d). r.m.s.d. values in a, bottom and 

c, bottom represent mean ± s.d. of the top 10 structures based on likelihood. e, Locations of 

ubiquitin tagging locations are shown in purple (K6) and red (S20).f,1HN CPMG profiles for 

four representative residues, shown as orange spheres in e, for S20C-M7-Tm3+ (red), K6C-

M7-Tm3+ (orange), K6C-M8-Tm3+ (green) and K6C-M8-Lu3+ (blue). For visualization, all 

profiles were normalized to the same fitted R2,inf value, where R2,inf is the exchange-free 

transverse relaxation rate. g, Tensor of PPD–SBD V270C with metal (green) located at the 

centre of the tensor. h, Representative 1HN CPMG profiles for wild-type (black), V270C 

M8-Lu3+ (blue) and V270C M8-Tm3+ (green) tagged protein for residues in the PPD 

(orange) and SBD (purple), which are shown as spheres in g. Uncertainties in R2,eff (s.d.) (f, 
h) are determined from the r.m.s.d. in the intensities of duplicate points (n = 3) according to 

the definition of pooled relative standard deviation.
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