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Abstract: Nuclear magnetic relaxation provides invaluable quantitative site-specific information 

on the dynamics of complex systems. Determining dynamics on nanosecond timescales requires 

relaxation measurements at low magnetic fields, incompatible with high-resolution NMR. Here, 

we use a two-field NMR spectrometer to measure carbon-13 transverse and longitudinal relaxation 

rates at a field as low as 0.33 T (proton Larmor frequency 14 MHz) in specifically labeled 

sidechains of the protein ubiquitin. The use of radiofrequency pulses enhances the accuracy of 

measurements as compared to high-resolution relaxometry approaches, where the sample is moved 

in the stray field of the superconducting magnet. Importantly, we demonstrate that accurate 

measurements at a single low magnetic field provide enough information to characterize complex 

motions on low nanosecond timescales, which opens a new window for the determination of site-

specific nanosecond motions in complex systems such as proteins. 
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Nuclear spin relaxation is a remarkable macroscopic phenomenon, which provides quantitative 

information about motional processes on the microscopic scale. High-resolution NMR 

measurements of relaxation result in the characterization of motions at the atomic scale and are 

extremely valuable to characterize the properties of a host of molecular systems.1,2 Relaxation 

probes molecular motions at the characteristic frequencies of the spin system.3,4 Thus, relaxometry, 

the measurement of relaxation rates over magnetic fields that span several orders of magnitudes 

(typically from ~100 µT to ~1 T), has provided invaluable information on motions over a broad 

range of timescales in polymers,5,6 biopolymers,7-10 water in porous media11,12 and solution of 

paramagnetic molecules,13 including contrast agents.14-16 However, the low and rather 

inhomogeneous magnetic field at which detection is performed in conventional relaxometry 

provides only low-resolution spectra, where all site-specific information is lost. To understand 

motional properties with atomic resolution, a radically different approach has been followed: high-

resolution measurements of nuclear spin relaxation on high-field NMR spectrometers.17 In this 

case, the density of motions is probed on the narrow range of frequencies (e.g. Larmor frequencies 

of nuclei) defined by the range of accessible high magnetic fields.18 However successful2,18 for 

investigations of the protein backbone17,19 and side chains,20-24 as well as nucleic acids,25-27 this 

limited sampling makes the interpretation of relaxation rates highly model-dependent.28,29 The 

combination of high-resolution NMR and relaxometry has become recently possible with the use 

of sample shuttles on commercial high-field spectrometers.30-34 Such systems transfer the samples 

to low-field positions in the stray field of a commercial magnet for relaxation while detecting 

signals in the magnetic center to benefit from high sensitivity and resolution. This approach 

permits the measurement of typically 10 to 30 relaxation rates covering about two orders of 

magnitude of magnetic fields, which has led to a series of successful studies of relaxation in small 



 3 

molecules, proteins, nucleic acids or lipids 34-39, it suffers from a series of key limitations. First, 

measurements at tens of magnetic fields are time-consuming. Second, the strong magnetic field 

gradients of the stray field prevent the measurements of relaxation rates of coherences. Third, 

measured longitudinal relaxation rates suffer from systematic deviations due to the absence of 

control of cross-relaxation pathways at low magnetic field. These deviations require a 

sophisticated analysis which has been, until now, impossible to validate directly.34,40 Would it be 

possible to overcome these limitations and measure directly and accurately site-specific relaxation 

rates at fields well below the range of fields used for high-resolution NMR of complex molecular 

systems? 

Here, we introduce such measurements performed with the use of a prototype of a two-field 

NMR spectrometer, where spin systems can be manipulated and observed in two magnetic centers 

operating at 0.33 T and 14.1 T, coupled by a sample-shuttle apparatus.41,42 The availability of a 

homogeneous magnetic field and radiofrequency (rf) capability at 0.33 T allows the selection of 

desired spin terms and control of spin systems. We demonstrate the feasibility of site-specific 

measurement of both transverse and longitudinal relaxation for carbon-13 nuclei and protons in 

the model protein Ubiquitin. We show that these measurements validate our analysis of high-

resolution relaxometry at low magnetic fields. Accurate measurements at low magnetic field can 

be conveniently analyzed in combination with high-field relaxation rates. Moreover, we 

demonstrate that accurate relaxation rates at a single low magnetic field provide enough 

information to refine complex models of motions underdetermined with high-field relaxation only. 

The two-field NMR spectrometer offers the development of new classes of NMR experiments 

where spin systems are controlled at two vastly different magnetic fields in the course of a single 

experiment (Figure 1). Here, we have developed relaxation experiments to measure carbon-13 
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longitudinal and transverse relaxation rates at 0.33 T (1H Larmor frequency: 14 MHz) while the 

polarization, chemical shift labeling and detection occur at 14.1 T (1H Larmor frequency: 600 

MHz). 

 

Figure 1. (a) NMR pulse sequence used to measure the carbon-13 R1 and R1ρ relaxation rates, with central blocks 
shown in (b) and (c), respectively at 0.33 T using a two-field NMR spectrometer (d). The HF ad LF subscripts refer 
to rf-pulses and gradients applied at high and low field. The narrow filled and wide open pulses represent π/2 and π 
pulses, respectively. The proton-π/2 pulse lengths ranged between 10.33 and 10.40 µs at low field, and 10.45 µs to 
10.66 µs at high field. The carbon-π/2 pulse lengths were 8.70 µs to 8.75 µs at low field, and 15.00 µs to 15.10 µs at 
high field.  The rf-pulses are applied along the x axis of the rotating frame, unless specified otherwise. Arrows show 
the sample transfer between the low and high-field center. The delay d was equal to 1/(4J), with the scalar coupling 
constant J = 135 Hz, t1 and t2 are the acquisition times in indirect and direct dimension. The blocks in the square 
brackets with delays t = 5 ms are repeated n-times to achieve various R1 relaxation delays. The wide filled box 
represents a spin lock irradiation of duration 4T flanked with 5 ms long adiabatic half passage ramps43 (depicted by a 
filled quarter-elliptic shape).  The 0.8 ms gradients were applied with sine shape along the z-axis with the following 
intensities on the high-field probe: G1 = 3.5, G2 = 8.5, G3 = 5.5, G4 = 4.5, G5 = ±10, G6  = 5.025 G/cm, and low field 
probe: G7 = 5.5, G8 = 3.5, G9 = 9.5, G10 = -7.5, G11 = 16.5, G12 = -4.5 G/cm. The pair of gradients G5 were applied with 
opposite sign and their sign was alternated between individual t1 increments accompanied with inversion of phases 
Φ6, Φ7, Φ10 and receiver phase in order to achieve quadrature detection in the indirect dimension in Echo-Antiecho 
manner.44 The rf-pulse phase cycles Φi and further details are provided in supplementary information. 

 

The two pulse sequences show similar features (Figure 1): the polarization build-up during the 

interscan delay takes place at high-field,  the proton polarization is transferred to the carbon-13 by 



 5 

a refocused  INEPT.45,46 The polarization is stored as carbon-13 longitudinal polarization for the 

transfer from high- to low-field magnetic centers and back to benefit from favorable relaxation 

during the shuttle transfer to low field. Each transfer takes approximately 120 ms and is controlled 

by optical sensors detecting the position of the sample in both probes. At low field, all spin orders 

involving the proton are suppressed by two π/2-pulses followed by pulsed field gradients just after 

the arrival at low field and again just before the relaxation delay. A block consisting of two INEPT 

steps is used to select the part of the sample that is inside the proton coil at low field. The relaxation 

delay of the longitudinal relaxation experiment follow a typical scheme.47 The carbon-13 

transverse relaxation rate is measured under spin-lock irradiation.48 The small range of NMR 

frequency at low field (1 ppm difference corresponds to 3.52 Hz at 0.33 T) as compared to large 

spin-lock amplitude (3 kHz) allow to consider the rf field as on-resonance and measured rotating-

frame relaxation rates R1ρ to be equal to transverse relaxation rates R2. Evolutions under carbon-

13 and proton chemical shifts are performed at high field with typical methods.49,50 Similar 

experiments can also be used to measure proton longitudinal and transverse relaxation rates 

(Supplementary information Figure S1). 

This quantitative description of motions was obtained from an iterative numerical analysis of 

high-resolution relaxometry measurements, which is based on simulations of cross-relaxation 

pathways and was implemented in a program called Iterative Correction for the Analysis of 

Relaxation Under Shuttling (ICARUS).34,39,40 This approach must be adapted to every spin system 

and model of motions, and has been difficult to validate experimentally so far. Two-field NMR 

relaxation measurements offer the unique ability to measure accurate relaxation rates at a low field 

(0.33 T), which can be used to verify, validate, or calibrate the analysis of high-resolution 

relaxometry datasets.  
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Figure 2. Measured intensity decays in two-field relaxation experiments for the 13C and 1H nuclei of the d1 methyl 
group of Ile36 (blue) and Ile44 (red) in ubiquitin. (a) Longitudinal relaxation decays for carbon-13; (b) transverse 
relaxation decays for carbon-13; (c) longitudinal relaxation decays for proton; (d) transverse relaxation decays for 
carbon-13. Dashed lines correspond to the fitted mono-exponential decays.  

Accurate relaxation rates measured at low field demonstrate the systematic deviation of high-

resolution relaxometry measurements and validate our previously reported analysis. Mono-

exponential decays were obtained for both longitudinal and rotating-frame relaxation 

measurements (Figure 2 and Figure S3-S6). As anticipated in our analysis of carbon-13 

longitudinal relaxation at low-field by high-resolution  relaxometry,39 relaxometry rates are 

systematically lower than rates measured on the two-field spectrometer by 13% on average (Fig. 

2.a). This confirms that relaxation rates recorded without control of cross-relaxation pathways are 

biased. Importantly, the accurate measurements of relaxation at low field validate our analysis of 

relaxometry datasets. The ICARUS analysis of relaxometry rates accounts for the expected 

systematic deviation of decay rates from true relaxation rates by computing a relative correction 

in a simulation of the full experiment. For the first time, we are able to compare corrected 

relaxation rates obtained by relaxometry and accurate relaxation rates obtained with the two-field 
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NMR spectrometer. The comparison is very favorable (Fig. 2.a) and demonstrates the reliability 

of the ICARUS analysis.34,39,40  

 

Figure 3. Site-specific transverse and longitudinal carbon-13 relaxation rates at 0.33 T. (a) Longitudinal carbon-13 
relaxation rates measured with the two-field system (R12F) were compared to apparent rates obtained by high-
resolution relaxometry R1app (blue) and corrected relaxometry rates, R1corr (red) (b) Comparison of the longitudinal 
(R12F) and transverse (R22F) carbon-13 relaxation rates measured with the two-field spectrometer. Dashed lines are 
guides to the eye. 

 

The two-field NMR spectrometer gives the unprecedented ability to measure transverse 

relaxation rates at magnetic fields incompatible with high-resolution NMR of macromolecules. 

Transverse and longitudinal relaxation rates were found to be very similar (Fig. 2.b), which is 

expected since we are at the edge of the so-called “extreme narrowing” regime. The ability to 

measure transverse relaxation rates at such low fields opens the possibility to access transverse 

relaxation rates in systems where such measurements are impaired by large chemical exchange 

contributions at high field.  

Relaxation rates at low magnetic field display a high information content about dynamics and 

are complementary to high-field datasets. We recently investigated the dynamics of isoleucine side 

chains based on the measurements of high-field relaxation and longitudinal relaxation by 

relaxometry of d1 carbon-13 nuclei, covering magnetic fields from 0.33 T to 22.3 T.39 Up to five 

parameters of local motions could be obtained for each d1 methyl group: a correlation time for the 
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rotation of the methyl group around the CC axis, tmet; an order parameter Sf2 and associated 

correlation time tf for fast motions of the CC axis; an order parameter Ss2 and associated correlation 

time ts for slow motions of the CC axis. Our study, which required the development of a 

sophisticated ICARUS analysis demonstrated how relaxation measurements over a broad range of 

magnetic fields are essential to characterize nanosecond motions. Would it be possible to obtain 

such a detailed picture of internal dynamics from a more limited set of accurate relaxation rates 

only, which would be more straightforward to analyze?  

 

Figure 4. Distribution of parameters for internal dynamics of Isoleucine-44 obtained from Markov-Chain Monte-
Carlo analysis of three sets of relaxation rates. Sf2 and Ss2 are order parameters associated with fast and slow motions 
of the Cg1-Cd1 bond, respectively. Corresponding correlation times are tf and ts. tmet is the correlation time for rotation 
of the methyl group. (a) Analysis of relaxation at 20 magnetic fields 39 all longitudinal relaxation rates measured at 
fields B0 < 9 T where measured with no rf pulse at low field. (b) Parameters obtained from the analysis of longitudinal, 
transverse relaxation and dipolar cross-relaxation rates at high field only (9.4 T; 14.1 T; 18.8 T; and 22.3 T). (c) 
Analysis of the set of high field relaxation rates (same as (b)) complemented by accurate longitudinal and transverse 
relaxation rates at 0.33 T measured with the two-field spectrometer. For a detailed description of the dynamics 
parameters, see.39 

 

We performed the analysis of carbon-13 relaxation, using high-field relaxation rates 

complemented by accurate relaxation rates measured at 0.33 T. The results of this analysis were 

compared to analyses of relaxation at high field only (9.1 to 22.3 T) or of the entire set of relaxation 

rates recorded at 20 magnetic fields between 0.33 and 22.3 T (Fig. 4 and S7). Relaxation rates at 

high magnetic fields alone are insufficient to determine the parameters of internal dynamics (Fig. 
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S7). This is particularly pronounced for Ile44 (Fig. 4.b), where contributions of chemical exchange 

prohibit the use of transverse relaxation rates at high fields. In particular, the slow motions (2-3 

ns) are poorly defined. Their associated Lorentzian spectral density function has an inflection point 

at about 50 MHz, corresponding to low magnetic fields of ca. 1 to 2 T for a proton-carbon spin 

pair. High-field data thus only characterize the low- and high-frequency plateaus of the spectral 

density function, with a constraint on the product S2ts. Relaxometry rates combined with high-

field rates and analyzed with ICARUS define very well the dynamics of Ile44 sidechain (Fig. 4.a). 

Interestingly, the analysis of high-field relaxation rates in combination with longitudinal and 

transverse carbon-13 relaxation rates at 0.33 T dramatically narrows the distributions of the 

parameters for internal dynamics for Ile44 (Fig. 4.c) as well as Ile36 (Fig. S7), in a manner similar 

to the use of relaxation rates at 20 magnetic fields (Fig. 4.a). This suggests that a combination of 

standard high-field relaxation rates with accurate relaxation rates measured at a carefully chosen 

low field can be sufficient to describe quantitatively dynamics over a wide range of time-scales 

(from few ps to few ns). 

We have developed a new class of NMR experiments to measure accurately transverse and 

longitudinal relaxation rates at low field while preserving the resolution of high-field NMR on a 

two-field NMR spectrometer. These measurements are an essential tool to refine and validate the 

analysis of high-resolution relaxometry datasets, which we have shown for the determination of 

sidechain motions of Ubiquitin. We also demonstrate that accurate relaxation measurements at a 

single low field can be sufficient to characterize quantitatively motions in the pico- and 

nanosecond ranges. The measurement of accurate relaxation rates at a single low magnetic field, 

opens a new route for the determination of nanosecond motions in complex systems: proteins, 

nucleic acids, synthetic polymers or complex fluids. 
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Experimental methods 

Experiments were performed on a Ubiquitin sample with specific methyl group labeling 

13C1H2H2 at isoleucine δ1 positions, while the rest of the protein was uniformly 2H, 12C, 15N labeled. 

The sample preparation protocol has been published in detail elsewhere.39 The 1.2 mM protein 

sample was prepared in 99.9% D2O solution at pD = 4.7. The sample was sealed in a special tube34 

designed for two-field NMR spectrometer. NMR spectra were acquired on a 600 MHz Bruker 

Avance III NMR spectrometer equipped with two 3.2 mm z-gradient triple resonance (1H, 13C, 

15N) probes, one of them operating at frequencies corresponding to 14.1 T and the other at 0.33 

T.41,42 The sample was moved between both magnetic centers using a pneumatic shuttling 

system.34 The temperature was carefully calibrated using the procedure presented in detail in ref. 

40. The two-field system allows to control the temperature independently in both the low- and 

high-field probes with a thermocouple positioned next to the sample. The temperature in each 

probe is adjusted by warming up cold air with an electric resistance. This air flows around the 

insert glass cylinder in each probe and is different from the pressurized gas used to move the 

sample. 2D 13C-1H correlation spectra were acquired with 12 increments in indirect dimension, 

sufficient to resolve all peaks in spectra. The spectra were measured with 3 s interscan delay, and 

each increment was accumulated for 64 and 128 scans for carbon-13 R1 and R1ρ experiments, 

respectively. The total durations of the relaxation delays were: 20*, 40, 60, 100, 160*, 320 ms for 

carbon-13 R1 experiment and 0*, 20, 40, 80, 120*, 275 ms for carbon-13 R1ρ experiment (the star 

symbol indicates relaxation delays used twice). The experiments were performed at (298.0 ± 0.2) 

K. The temperature was calibrated using chemical shift difference of deuterium in D2O and methyl 

of deuterated acetic acid. The acquired spectra were processed using NMRpipe51 and analyzed in 

Sparky.52 The extracted peak intensities were fitted to a mono-exponential decay using Octave.53 
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The measured relaxation rates were analyzed using the ICARUS approach.34,39,40 Briefly, the set 

of accurate high-field relaxation rates were analyzed to extract a first set of dynamic parameters 

used to simulate the relaxometry experiment. A simulated relaxometry relaxation rate is obtained 

from the simulated decay. It is compared with the calculated expected ‘pure’ relaxation rate (free 

of the cross-relaxation effects occurring during the relaxation period and transfer delays). The 

ratios of these two rates provides correction factors applied to the measured relaxometry relaxation 

rates, leading to a new set of dynamic parameters. The procedure is repeated until convergence (3 

to 4 cycles are sufficient) of the correction factors is achieved. A Markov-Chain Monte-Carlo 

analysis of the corrected relaxation rates gives the distribution of the parameters of the model, as 

shown in Figures 4 and S7, using the Python emcee library.54 Expressions of relaxation rates and 

spectral density function are reported in the supporting information. The constraints on the 

parameters are minimal: each order parameter should be between 0 and 1 and the correlation times 

should verify: 0 < tmet < tf < ts < 30 ns. 
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SUPPLEMENTARY INFORMATION 

 
 
 

Figure S1. NMR pulse sequences used to measure the proton longitudinal and transverse 
relaxation rates at 0.33 T using a two-field NMR spectrometer. The pulse programs for R1 and R1ρ 
differs only by the block in the central part of the pulse program. The HF and LF subscripts refer 
to rf-pulses and gradients applied at high-field and low field. The narrow filled and wide-open 
pulses represent π/2 and π pulses, respectively.  The rf-pulses are applied along the x axis of the 
rotating frame, unless specified otherwise. The delay d is equal to 1/(4J), where J=135 Hz is the 
scalar-coupling constant for methyl 13C-1H spin pair. t1 is the incremented delay for chemical shift 
labeling in the indirect dimension, t2 denotes the acquisition time during the direct signal detection. 
d2 is a minimal delay to allow application of a gradient and gradient recovery delay.  tC = 30ms 
and tF = 350 ms are stabilization delays at the low and high field sample position. The sample 
transfer between high-field and low-field positions are approximately 120 ms long (delays tB  and  
tE) and they are preceded with a waiting delays (tA  and  tD) required by the pneumatic shuttling 
system (approximately 40 ms). The delay t during the longitudinal relaxation experiment was 5 
ms long and various relaxation delays (20, 40, 60, 80, and 120 ms) were achieved by applying 
different numbers n of repeats of the block in the square brackets. The wide filled box represents 
a spin lock irradiation (total duration 4T). The durations of the spin lock used in our experiment 
for measurement of proton R1ρ relaxation rates were 0*, 15, 30, 50, 80, 115*, and 275 ms (where 
the star indicates relaxation delays repeated twice) applied with an amplitude of 5 kHz. They are 
flanked with 5 ms long adiabatic half passage ramps depicted by a filled quarter-elliptic shape. The 
gradients were applied for 0.8 ms with sine shape and following intensities at high field probe: G1 
= 3.5, G2 = 8.5, G3 = 5.5, G4 = 4.5, G5 = ±10, G6  = 5.025 G/cm, and low field probe: G7 = 3.5, G8 
= 5.5, G9 = 16.5, G10 = -7.5, G11 = 10.5, G12 = 3.25, G13 = -3.85, G14 = 6,  G15 = 9.5 G/cm. The pair 
of gradients G5 were applied with opposite sign and their sign was alternated between individual 
t1 increments accompanied with inversion of phases Φ6, Φ7, Φ10 and receiver phase in order to 
achieve quadrature detection in the indirect dimension in Echo-Antiecho manner. The phase cycles 
follow: Φ1 = {4{y}, 4{-y}}, Φ2 = {x, -x}, Φ3 = {8{y}, 8{-y}}, Φ4 = {32{y}, 32{-y}}, Φ5 = x for 
R1, Φ5 = {64{y}, 64{-y}}for R1ρ,, Φ6 = {16{y}, 16{-y}}, Φ7 = x, Φ8 = {2{x}, 2{-x}}, Φ9 = {2{x}, 
2{-x}}, Φ10 = {2{-y}, 2{y}},  Φ11 = x for R1, Φ11 = x for R1ρ, Φ12 = y for R1, Φ12 = y for R1ρ, and 
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receiver phase Φrec = {X, -X, -X, X, -X, X, X, -X} for R1, Φrec = {X, -X, -X, X, -X, X, X, -X, -X, 
X, X, -X, X, -X, -X, X} for R1ρ, where X = {x,-x,-x,x,-x,x,x,-x}.   
 
Supplementary Information for Figure 1: NMR pulse program used to measure the carbon-13 
R1 and R1ρ relaxation rates 

The sample movement between the high field (14.1 T) and the low field (0.33 T) centers can be 
divided into three events: waiting time required by the pneumatic shuttling system, duration of the 
sample movement, and stabilization delay after the sample reached the targeted other position. The 
delays were the same as presented in Figure S1 for the measurement of proton relaxation rates 
(times tA, tB, tC, tD, tE, and tF). 
The gradient intensities used in the measurement of carbon-13 relaxation rates were at the high 
field probe: G1 = 3.5, G2 = 8.5, G3 = 5.5, G4 = 4.5, G5 = ±10, G6  = 5.025 G/cm, and low field probe: 
G7 = 5.5, G8 = 3.5, G9 = 9.5, G10 = -7.5, G11 = 16.5, G12  -4.5 G /cm. The pair of gradients G5 were 
applied with opposite sign and their sign was alternated between individual t1 increments 
accompanied with inversion of phases Φ6, Φ7, Φ10 and receiver phase in order to achieve 
quadrature detection in the indirect dimension in Echo-Antiecho manner. The phase cycles  follow: 
Φ1 = {4{y}, 4{-y}}, Φ2 = {x, -x}, Φ3 = {8{y}, 8{-y}}, Φ4 = {32{y}, 32{-y}}, Φ5 = y for R1, Φ5 = 
{64{y}, 64{-y}}for R1ρ,, Φ6 = {16{y}, 16{-y}}, Φ7 = x, Φ8 = {2{x}, 2{-x}}, Φ9 = {2{x}, 2{-x}}, 
Φ10 = {2{-y}, 2{y}},  Φ11 = x for R1, Φ11 = x for R1ρ, Φ12 = y for R1, Φ12 = y for R1ρ, and receiver 
phase Φrec = {X, -X, -X, X, -X, X, X, -X} for R1, Φrec = {X, -X, -X, X, -X, X, X, -X, -X, X, X, -
X, X, -X, -X, X} for R1ρ, where X = {x,-x,-x,x,-x,x,x,-x}. 
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Table S1. Carbon-13 longitudinal and transverse relaxation rates. The residue number, 
longitudinal relaxation rate, transverse relaxation rate, predicted longitudinal and transverse 
relaxation rates simulated using dynamic parameters published earlier [1] are shown in the first, 
second, third, fourth, and fifth column, respectively. 
 

residue R1 (13C) / s-1 R2 (13C) / s-1 simulated R1 (13C)/ s-1 simulated R2 (13C)/ 
s-1 

3 7.30 ± 0.48 7.29 ± 0.34 7.06 7.25 
13 5.01 ± 0.23 5.12 ± 0.16 5.29 5.41 
23 5.55 ± 0.23 5.72 ± 0.16 5.59 5.74 
30 7.98 ± 0.57 7.34 ± 0.34 7.60 7.80 
36 5.01 ± 0.23 5.23 ± 0.18 5.18 5.30 
44 2.70 ± 0.10 2.76 ± 0.08 2.51 2.55 
61 6.35 ± 0.28 6.42 ± 0.19 5.86 6.02 

  
Table S2. Proton longitudinal and transverse relaxation rates. The residue number, longitudinal 
relaxation rate, transverse relaxation rate, predicted longitudinal and transverse relaxation rates 
simulated using dynamic parameters published earlier [1] are shown in the first, second, third, 
fourth, and fifth column, respectively. 
 

residue R1 (1H) / s-1 R2 (1H) / s-1 simulated R1 (1H)/ s-

1 
simulated R2 (1H)/ 

s-1 
3 9.96 ± 0.56 11.88 ± 0.66 9.16 10.13 

13 7.02 ± 0.29 7.76 ± 0.29 6.48 7.07 
23 7.54 ± 0.28 9.24 ± 0.30 7.76 8.56 
30 9.45 ± 0.56 10.88 ± 0.64 9.32 10.26 
36 6.56 ± 0.27 7.30 ± 0.29 6.55 7.15 
44 3.72 ± 0.16 3.99 ± 0.11 3.44 3.68 
61 7.93 ± 0.32 8.66 ± 0.32 7.88 8.72 
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Figure S2. Correlation plot between the experimental (R1, R2) and simulated (R1sim, R2sim) values 
of proton longitudinal (a) and transverse (b) relaxation rates. The simulations of the relaxation 
rates were performed using parameters published earlier [1]. The dashed lines represent the 
coincidence of experimental and simulated rates. 
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Figure S3. Measured intensity decays in the two-field NMR experiment for the measurement of 
carbon-13 longitudinal relaxation rates. Intensities are shown as black crosses together with their 
experimental uncertainty, the red curves represent the fitted mono-exponential decay. 
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Figure S4. Measured intensity decays in the two-field NMR experiment for the measurement of 
carbon-13 R1ρ relaxation rates. Intensities are shown as black crosses together with their 
experimental uncertainty, the red curves represent the fitted mono-exponential decay. 
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Figure S5. Measured intensity decays in the two-field NMR experiment for the measurement of 
proton longitudinal relaxation. Intensities are shown as black crosses together with their 
experimental uncertainty, the red curves represent the fitted mono-exponential decay. 
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Figure S6. Measured intensity decays in the two-field NMR experiment for the measurement of 
proton R1ρ relaxation rates. Intensities are shown as black crosses together with their experimental 
uncertainty, the red curves represent the fitted mono-exponential decay. 
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Correlation function for the analysis of relaxation. 

The motions of the CH bond are decomposed into three statistically independent motions. The 
correlation function 𝐶"#(𝑡) is written as the product of three correlation functions: 
 
𝐶'(𝑡) = 𝐶)*+,'(𝑡)𝐶-.'/(𝑡)𝐶0(𝑡)           
 (S1) 
 
𝐶)*+,'(𝑡) is the correlation function for the fast rotation of the methyl group about its symmetry 
axis, the subscript i defines the orientation of the principal axis of the interaction under 
consideration, here 𝑖 ∈ {𝐶𝐻, 𝐶𝐶, 𝐶𝐷, 𝐻𝐷}; 𝐶-.'/(𝑡) describes the motions of the “symmetry” axis 
of the methyl group aligned with the CC bond; and 𝐶0(𝑡) is the correlation function for overall 
rotational diffusion of the entire protein or domain. Fast rotation of the methyl group about its 
symmetry axis is described using the simple model-free correlation function 𝐶)*+,'(𝑡):  
 
𝐶)*+,'(𝑡) = 𝑆)*+,'8 + :1 − 𝑆)*+,'8 =𝑒𝑥𝑝(−𝑡 𝜏)*+⁄ )      
 (S2) 
 
This rotation is axially symmetric, not isotropic, and the order parameter depends on the angle qi 
between the principal axis of the interaction and the methyl axis. At equilibrium, all orientations 
of the methyl group are equally probable, which leads to an order parameter 𝑆)*+,'8 =
[(3 cos8 𝜃' − 1) 2⁄ ]8. For the CH dipole-dipole coupling, with an ideal tetrahedral geometry, qCH 
= 109.47º, and hence 𝑆)*+,KL8 = 1 9⁄ . We consider that the carbon-13 chemical shift anisotropy 
tensor is axially symmetric, with a principal axis aligned with the CC bond, and 𝑆)*+,KK8 = 1. 
Motions of the CC axis are described by the “extended model free” approach, 44-46 with a 
correlation function 𝐶-.'/(𝑡): 
 
𝐶-.'/(𝑡) = 𝑆N8𝑆/8 + :1 − 𝑆N8=exp:−𝑡 𝜏N⁄ = +	𝑆N8	(1 − 𝑆/8)exp(−𝑡 𝜏/⁄ )    
 (S3) 
 
Motions in two different ranges of correlation times are accounted for in 𝐶-.'/(𝑡): faster (resp. 
slower) motions are described by the order parameter 𝑆N8 (resp. 𝑆/8) and the correlation time 𝜏N 
(resp. 𝜏/). The overall rotational diffusion of the protein is described by an isotropic diffusion 
tensor defined by a single correlation time tc with a correlation function 𝐶ST(𝑡) =
(1 5⁄ )exp(−𝑡 𝜏V⁄ ).  
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Figure S7. Parameters for internal dynamics obtained by the analysis of three sets of relaxation 
rates. Sf2 and Ss2 are order parameters associated with fast and slow motions of the C�1-C�1 bond, 
respectively. Corresponding correlation times are tf and ts. tmet is the correlation time for rotation 
of the methyl group. Results of analysis of all methyl group motions published earlier [1] are 
presented. Analysis of relaxation at 20 magnetic fields [1] all longitudinal relaxation rates 
measured at fields B0 < 9 T where measured with no rf pulse at low field are shown in rows (a), 
(d), (g), (j), (m), (p), and (s) (for detailed description of the dynamics parameters see [1]). 
Parameters obtained from the analysis of longitudinal, transverse relaxation and dipolar cross-
relaxation rates at high field only (9.4 T; 14.1 T; 18.8 T; and 22.3 T) are shown in rows (b), (e), 
(h), (k), (n), (q), and (t). Analysis of the set of high field relaxation rates complemented by accurate 
longitudinal and transverse relaxation rates at 0.33 T measured with the two-field spectrometer are 
shown in rows (c), (f), (i), (l), (o), (r), and (u). 
 
 
 
Table S3. Carbon longitudinal and transverse relaxation rates, and carbon-hydrogen dipole-dipole 
cross-relaxation rate at 22.3 T (950 MHz proton Larmor frequency) used in the MCMC analysis 
presented in Fig. S7. The residue number, longitudinal relaxation rate, transverse relaxation rate 
and carbon-proton cross-relaxation rates are shown in the first, second, and third respectively and 
were published earlier [1].  Chemical exchange affects relaxation rates of Ile-44 and its transverse 
relaxation rates were not included in the analysis. 
 
Residue R1 (13C) / s-1 R2 (13C) / s-1 sNOE (13C-1H) /s-1 
3 0.25 ± 0.003 2.18 ± 0.02 0.079 ± 0.001 
13 0.36 ± 0.004 1.76 ± 0.02 0.113 ± 0.001 
23 0.54 ± 0.005 1.90 ± 0.02 0.198 ± 0.002 
30 0.29 ± 0.003 2.31 ± 0.02 0.085 ± 0.001 
36 0.32 ± 0.003 1.84 ± 0.02 0.087 ± 0.001 
44 0.31 ± 0.003 - 0.077 ± 0.001 
61 0.42 ± 0.004 2.04 ± 0.02 0.144 ± 0.001 

 
Table S4. Carbon longitudinal and transverse relaxation rates, and carbon-hydrogen dipole-dipole 
cross-relaxation rate at 18.8 T (800 MHz proton Larmor frequency) used in the MCMC analysis 
presented in Fig. S7. The residue number, longitudinal relaxation rate, transverse relaxation rate 
and carbon-proton cross-relaxation rates are shown in the first, second, and third respectively and 
were published earlier [1].  Chemical exchange affects relaxation rates of Ile-44 and its transverse 
relaxation rates were not included in the analysis. 
 
Residue R1 (13C) / s-1 R2 (13C) / s-1 sNOE (13C-1H) /s-1 
3 0.27 ± 0.004 2.10 ± 0.02 0.081 ± 0.002 
13 0.39 ± 0.003 1.71 ± 0.02 0.119 ± 0.002 
23 0.56 ± 0.005 1.88 ± 0.01 0.203 ± 0.003 
30 0.32 ± 0.004 2.25 ± 0.02 0.088 ± 0.002 
36 0.36 ± 0.003 1.73 ± 0.02 0.092 ± 0.002 
44 0.34 ± 0.004 - 0.079 ± 0.002 
61 0.44 ± 0.004 1.94 ± 0.02 0.151 ± 0.003 
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Table S5. Carbon longitudinal and transverse relaxation rates, and carbon-hydrogen dipole-dipole 
cross-relaxation rate at 14.1 T (600 MHz proton Larmor frequency) used in the MCMC analysis 
presented in Fig. S7. The residue number, longitudinal relaxation rate, transverse relaxation rate 
and carbon-proton cross-relaxation rates are shown in the first, second, and third respectively and 
were published earlier [1].  Chemical exchange affects relaxation rates of Ile-44 and its transverse 
relaxation rates were not included in the analysis. 
 
Residue R1 (13C) / s-1 R2 (13C) / s-1 sNOE (13C-1H) /s-1 
3 0.34 ± 0.006 2.04 ± 0.02 0.079 ± 0.002 
13 0.46 ± 0.005 1.66 ± 0.01 0.121 ± 0.003 
23 0.64 ± 0.006 1.84 ± 0.01 0.220 ± 0.004 
30 0.40 ± 0.006 2.17 ± 0.02 0.086 ± 0.002 
36 0.44 ± 0.005 1.67 ± 0.013 0.096 ± 0.002 
44 0.41 ± 0.006 - 0.088 ± 0.002 
61 0.51 ± 0.005 1.89 ± 0.01 0.156 ± 0.003 

 
Table S6. Carbon longitudinal and transverse relaxation rates, and carbon-hydrogen dipole-dipole 
cross-relaxation rate at 9.4 T (400 MHz proton Larmor frequency) used in the MCMC analysis 
presented in Fig. S7. The residue number, longitudinal relaxation rate, transverse relaxation rate 
and carbon-proton cross-relaxation rates are shown in the first, second, and third respectively and 
were published earlier [1].  Chemical exchange affects relaxation rates of Ile-44 and its transverse 
relaxation rates were not included in the analysis. 
 
Residue R1 (13C) / s-1 R2 (13C) / s-1 sNOE (13C-1H) /s-1 
3 0.49 ± 0.04 2.22 ± 0.10 0.077 ± 0.009 
13 0.62 ± 0.03 1.67 ± 0.08 0.125 ± 0.011 
23 0.74 ± 0.03 1.90 ± 0.07 0.229 ± 0.017 
30 0.57 ± 0.04 2.29 ± 0.10 0.091 ± 0.010 
36 0.62 ± 0.03 1.75 ± 0.08 0.108 ± 0.010 
44 0.52 ± 0.03 - 0.110 ± 0.010 
61 0.62 ± 0.03 2.05 ± 0.07 0.162 ± 0.013 

 
  



 26 

Table S7. Median values and standard deviations for fitted parameters shown in the distributions 
in Figure S7 “all fields”. Results were obtained after a Markov-Chain Monte-Carlo on corrected 
high-resolution relaxometry data and high-field data. 

 SX8 SY8 CSA (ppm) 

Median +s -s Median +s -s Median +s -s 

3 0.71 0.01 0.01 0.76 0.12 0.15 23.8 1.57 1.43 

13 0.63 0.02 0.03 0.62 0.06 0.15 23.9 2.53 2.33 

23 0.51 0.01 0.01 0.90 0.07 0.12 20.1 1.36 1.37 

30 0.81 0.01 0.02 0.74 0.10 0.30 22.5 2.05 2.19 

36 0.67 0.02 0.02 0.58 0.03 0.03 29.4 1.28 1.19 

44 0.51 0.03 0.05 0.28 0.02 0.03 Not fitted 

61 0.55 0.02 0.01 0.89 0.07 0.11 26.1 1.87 1.83 

 

 tmet (ps) tf (ps) ts (ns) 

Median +s -s Median +s -s Median +s -s 

3 8.56 1.06 0.88 34.8 24.4 17.0 17.7 8.86 10.6 

13 11.5 1.85 0.94 77.3 40.7 39.3 3.13 4.10 1.08 

23 21.7 0.38 0.33 150 11.8 12.1 18.3 8.37 11.4 

30 9.03 0.92 0.61 61.8 47.6 35.4 6.98 14.8 4.20 

36 8.05 1.14 0.43 82.8 24.8 37.6 2.48 0.63 0.45 

44 5.58 2.44 1.17 70.3 42.1 42.9 1.27 0.36 0.22 

61 14.4 0.71 0.45 138 18.2 26.1 17.3 9.05 12.7 
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Table S8. Median values and standard deviations for fitted parameters shown in the distributions 
in Figure S7. Results were obtained after a Markov-Chain Monte-Carlo high-field data only. CSA 
was kept constant to the median value shown in Table S7. 

 𝑆N8 𝑆/8 

Median +s -s Median +s -s 

3 0.70 0.01 0.01 0.78 0.12 0.14 

13 0.64 0.03 0.03 0.34 0.27 0.24 

23 0.54 0.03 0.03 0.71 0.20 0.33 

30 0.83 0.02 0.04 0.40 0.28 0.25 

36 0.71 0.03 0.03 0.37 0.23 0.25 

44 0.70 0.20 0.20 0.63 0.28 0.35 

61 0.60 0.03 0.04 0.54 0.25 0.29 

 

 tmet (ps) tf (ps) ts (ns) 

Median +s -s Median +s -s Median +s -s 

3 8.76 1.00 0.89 30.8 19.8 14.2 20.8 6.61 9.56 

13 11.4 1.07 0.52 91.2 27.4 33.6 8.98 4.70 4.97 

23 22.2 0.82 0.49 136 18.5 23.0 19.2 7.62 10.6 

30 9.26 0.66 0.48 65.3 2x103 36.1 18.1 7.53 8.42 

36 8.21 0.66 0.38 114 34.8 41.4 6.50 4.28 3.76 

44 8.56 1.04 2.37 3x103 16x103 3x103 21.2 6.38 15.8 

61 15.2 1.08 0.57 103 30.2 25.6 19.9 6.69 9.66 
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Table S9. Median values and standard deviations for fitted parameters shown in the distributions 
in Figure S7. Results were obtained after a Markov-Chain Monte-Carlo on accurate carbon 
longitudinal and transverse relaxation rates at 0.33 T measured in this study and high-field data. 

 𝑆N8 𝑆/8 

Median +s -s Median +s -s 

3 0.69 0.02 0.23 0.71 0.16 0.42 

13 0.64 0.02 0.03 0.43 0.22 0.29 

23 0.54 0.03 0.03 0.70 0.20 0.29 

30 0.83 0.02 0.02 0.36 0.32 0.24 

36 0.69 0.03 0.06 0.55 0.10 0.30 

44 0.51 0.02 0.03 0.28 0.07 0.11 

61 0.61 0.03 0.04 0.40 0.28 0.26 

 

 tmet (ps) tf (ps) ts (ns) 

Median +s -s Median +s -s Median +s -s 

3 8.31 1.08 0.90 45.0 9x103 23.9 21.5 6.33 8.81 

13 11.3 0.92 0.52 91.6 28.7 31.6 6.74 5.96 3.76 

23 22.2 0.71 0.48 132 16.6 22.6 19.9 7.16 10.1 

30 9.34 0.72 0.49 53.3 35.6 29.4 19.0 7.03 10.0 

36 8.29 1.29 0.56 105 82.8 53.9 3.38 5.43 1.68 

44 5.85 1.43 0.74 74.1 35.1 28.3 1.83 1.43 0.50 

61 15.4 1.26 0.68 94.4 33.6 30.0 20.0 6.73 9.33 

 
Reference: 
[1] Cousin, S.F.; Kadeřávek, P.; Bolik-Coulon, N.; Gu, Y.; Charlier, C.; Carlier, L.; 
Brüschweiler-Li, L.; Marquardsen, T.; Tyburn, J.M.; Brüschweiler, R.; Ferrage, F., Time-
resolved protein side-chain motions unraveled by high-resolution relaxometry and molecular 
dynamics simulations J. Am. Chem. Soc. 2018, 140, 13456-13. 


