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SUMMARY: 24 
Here, a detailed description of the protocol implemented in the laboratory for acquisition and 25 
analysis of 15N relaxation dispersion profiles by solution NMR spectroscopy is provided. 26 
 27 
ABSTRACT: 28 
Protein conformational dynamics play fundamental roles in regulation of enzymatic catalysis, 29 
ligand binding, allostery, and signaling, which are important biological processes. Understanding 30 
how the balance between structure and dynamics governs biological function is a new frontier in 31 
modern structural biology and has ignited several technical and methodological developments. 32 
Among these, CPMG relaxation dispersion solution NMR methods provide unique, atomic-33 
resolution information on the structure, kinetics, and thermodynamics of protein conformational 34 
equilibria occurring on the μs-ms timescale. Here, the study presents detailed protocols for 35 
acquisition and analysis of 15N relaxation dispersion experiments. As an example, the pipeline for 36 
the analysis of the μs-ms dynamics in the C-terminal domain of bacteria Enzyme I is shown. 37 
 38 
INTRODUCTION: 39 
Carr-Purcell Meiboom-Gill (CPMG) relaxation dispersion (RD) experiments are used on a routine 40 
base to characterize conformational equilibria occurring on the μs-ms timescale by solution NMR 41 
spectroscopy1–5. Compared to other methods for investigation of conformational dynamics, 42 
CPMG techniques are relatively easy to implement on modern NMR spectrometers, do not 43 
require specialized sample preparation steps (i.e., crystallization, sample freezing or alignment, 44 
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and/or covalent conjugation with a fluorescent or paramagnetic tag), and provide a 45 
comprehensive characterization of conformational equilibria returning structural, kinetic, and 46 
thermodynamic information on exchange processes. In order for a CPMG experiment to report 47 
on a conformational equilibrium, two conditions must apply: (i) the observed NMR spins must 48 
possess different chemical shifts in the states undergoing conformational exchange (microstates) 49 
and (ii) the exchange has to occur at a time scale ranging from ~50 μs to ~10 ms. Under these 50 

conditions, the observed transverse relaxation rate (R2
obs) is the sum of the intrinsic R2 (the R2 51 

measured in the absence of μs-ms dynamics, R2
int) and the exchange contribution to the 52 

transverse relaxation (Rex). The Rex contribution to R2
obs can be progressively quenched by 53 

reducing the spacing between the 180° pulses constituting the CPMG block of the pulse 54 
sequence, and the resulting RD curves can be modeled using the Bloch-McConnell theory to 55 
obtain the chemical shift difference among microstates, the fractional population of each 56 
microstate, and the rates of exchange among microstates (Figure 1)1–3. 57 
 58 
Several different pulse sequences and analysis protocols have been reported in the literature for 59 
15N CPMG experiments. Herein, the protocol implemented in the laboratory is described. In 60 
particular, the crucial steps for preparation of the NMR sample, set up and acquisition of the 61 
NMR experiments, and processing and analysis of the NMR data will be introduced (Figure 2). To 62 
facilitate transfer of the protocol to other laboratories, the pulse program, processing and 63 
analysis scripts, and one example dataset are provided as Supplemental Files and are available 64 
for download at (https://group.chem.iastate.edu/Venditti/downloads.html). The provided pulse 65 
sequence incorporates a four-step phase cycle in the CPMG block for suppression of offset-66 
dependent artifacts6 and it is coded for acquisition of several interleaved experiments. These 67 
interleaved experiments have an identical relaxation period but different numbers of refocusing 68 
pulses in order to achieve different CPMG fields7. It is also important to notice that the described 69 
pulse program measures the 15N R2 of the TROSY component of the NMR signal8. Overall, the 70 
protocol has been successfully applied for the characterization of conformational exchange in 71 
medium and large-sized proteins4,5,9,10. For smaller systems (<20 kDa), the use of an 72 
Heteronuclear Single Quantum Coherence (HSQC)-based pulse sequence11,12 is advisable. 73 
 74 
PROTOCOL: 75 
 76 
1. Preparation of the NMR sample 77 
 78 

1.1. Express and purify a 2H,15N-labled sample of the protein of interest. 79 

 80 

NOTE: While a 15N-labeled protein sample can be used for acquisition of the CPMG RD 81 
experiment, perdeuteration (where possible) dramatically increases the quality of the obtained 82 
data. Protocols for the production of perdeuterated proteins are available in the literature13. 83 
 84 
1.2. Buffer exchange the purified protein sample into a degassed NMR buffer. 85 

 86 
1.3. Transfer the NMR sample into the NMR tube. 87 

https://group.chem.iastate.edu/Venditti/downloads.html


NOTE: The concentration of the NMR sample needs to be carefully optimized in order to 88 
maximize the signal-to-noise ratio and minimize the occurrence of protein-protein interactions. 89 
In general, the typical concentration range for CPMG experiments is 0.1–1.0 mM. 90 
 91 
2. First time set-up of the NMR experiment 92 

 93 
2.1. Download and unzip the Supplemental Files. 94 

 95 
2.2. Copy the files bits.vv and trosy_15N_cpmg.vv (located the in the folder named 96 

pulseprogram) into the pulse program directory (<path>/exp/stan/nmr/lists/pp/user). 97 

 98 

NOTE: Make sure the path to bits.vv listed on the first line of the trosy_15N_cpmg.vv file is 99 
correct. 100 
 101 
2.3. Open acquisition software and copy a previously run 1H-15N HSQC experiment into a new 102 

experiment using the command edc. 103 

 104 
2.4. Using the command pulprog, load the pulse program trosy_15N_cpmg.vv into the newly 105 

created experiment. 106 

 107 
2.5. Set up the CPMG experiment using the instructions provided at the end of the pulse 108 

program file (trosy_15N_cpmg.vv). 109 

 110 
3. Routine set-up of the NMR experiment 111 

 112 
3.1. Introduce the sample in the magnet and perform all the basic steps for acquisition of any 113 

NMR experiment: lock and shim the sample; match and tune the 1H and 15N channels. 114 

 115 
3.2. Set p1 and p7 to the duration of the 1H and 15N hard 90° pulses, respectively. 116 

 117 

NOTE: For optimal results, it is important to calibrate the 15N 90° pulse with great care. Calibration 118 
is usually accomplished using a 100 mM sample of 15N–labeled urea in DMSO as described in the 119 
spectrometer manual. In addition, it is possible to double-check the calibration directly on the 120 
working NMR sample by acquiring the first increment of a 1H-15N HSQC spectrum in which the 121 
15N 90° pulse of the first INEPT block is switched to a 180° pulse. If the calibration is correct, a 122 
null should be obtained. 123 
 124 
3.3. In the acquisition window, set the center and spectral width for the 1H and 15N 125 

dimensions. 126 

 127 

NOTE: Center the 1H spectrum at the frequency of the water signal for optimal water suppression. 128 
 129 



3.4. Set the relaxation delay (d30) equal to 0.7 T2, where T2 is the expected 15N transverse 130 

relaxation time of your protein. 131 

 132 

NOTE: The value of d30 can be optimized empirically to obtain the best results. 133 
 134 
3.5. Use the command vclist to create a list of integer numbers corresponding to the 135 

parameter n in Figure 1A and Figure 1B. Ensure that each entry in the list corresponds to a 136 

different CPMG field (νcpmg) according to νcpmg = 4 x n / d30. Make sure that the first number in 137 

the list is 0 (this corresponds to the reference experiment for which the CPMG block is skipped 138 

and d30 = 0 s) and not to use numbers larger than 1,000 x d30 / 4. Numbers larger than this 139 

threshold result in νcpmg > 1 kHz and might damage the probe. 140 

 141 
3.6. Set l8 to the number of entries in the vclist, l3 to the number of real points for the indirect 142 

dimension (usually a range of 64–200 is set for l3), and 1 td equal to l8 x l3 x 2. 143 

 144 
NOTE: Perform the steps 3.7–3.11 to optimize the water suppression. 145 
 146 
3.7. Set the receiver gain (rg) to 1; open the pulse program file (edcpul), go to line 91, remove 147 

the semicolon preceding goto 999, and save the file. 148 

 149 
3.8. Using the command gs adjust the parameters spdb0 (or spdw0) in order to minimize the 150 

intensity of the FID signal. 151 

 152 
3.9. Reintroduce the semicolon at line 91 of the pulse program file and save the file. 153 

 154 
3.10. Repeat the steps 3.7–3.9 to optimize spdb11 (line 168 of the pulse program file), spdb2 155 

(line 179 of the pulse program file), and pldb2 (line 184 of the pulse program file). 156 

 157 
3.11. Run the command rga to optimize the receiver gain. 158 

 159 
3.12. Set the number of scans (ns) to a multiple of 8. 160 

 161 
3.13. Run the command zg to start the experiment. 162 

 163 
4. Processing and analysis of the NMR data 164 

 165 
4.1. Copy the folder named Process (Supplemental Files) into the directory containing the ser 166 

file. 167 

 168 
4.2. Use the files sep_fid.com and ft2D.com to process the NMR data. 169 

 170 



NOTE: Instruction as to how to edit the processing scripts is provided within the sep_fid.com and 171 
ft2D.com files. 172 
 173 
4.3. Open the ucsf files contained in the directory CPMG_Sparky_files in Sparky. 174 

 175 

NOTE: The ucsf files are created by the processing scripts. There is one ucsf file for each entry in 176 
the vclist. The first ucsf file (test_1.ucsf) contains the reference experiment. The subsequent ucsf 177 
files (test_2.ucsf, test_3.ucsf,… test_n.ucsf) are ordered from the lowest to the largest value of 178 
νcpmg. 179 
 180 
4.4. Pick the NMR cross-peaks on the reference NMR spectrum (test_1.ucsf). 181 

 182 
4.5. Select all the picked cross-peaks using the Sparky command pa. 183 

 184 
4.6. Run the Sparky command rh. This command opens a dialogue window. Select the option 185 

heights at the same position in each spectrum. Click on Setup and check all the NMR spectra. 186 

Click on Update and save the output file in the working directory. The output file contains the 187 

matrix of the signal intensities over all opened NMR spectra. 188 

 189 

NOTE: More accurate protocols that use lineshape fitting for recovering intensities from 190 
interleaved pseudo-3D experiments have been described in the literature14. Freely available 191 
software for lineshape fitting is available at https://pint-nmr.github.io/PINT/ (PINT), 192 
https://www.ucl.ac.uk/hansen-lab/fuda/ (FUDA), and within NMRPipe (nLinLS module) and 193 
SPARKY (it module). 194 
 195 
4.7. For each CPMG field, convert the signal intensities to R2 rates using the formula R2 =196 
1

d30
𝑙𝑛

𝐼0

𝐼d30
, where I0 and Id30 are the intensity of the reference (vc = 0) and relaxed (vc > 0) NMR 197 

spectra, respectively. 198 

 199 

NOTE: In the Supplemental Files, a template of the spreadsheet file (R2_calc.xls) used to convert 200 
the signal intensities to R2 rates and to visualize the RD profiles is provided. 201 
 202 
4.8. Read the noise level in the reference spectrum using the Sparky command st and 203 

propagate the error on the R2 rates. 204 

 205 

NOTE: In the Supplemental Files, a template of the spreadsheet file (R2_calc.xls) used to 206 
propagate the error on the measured R2 rates is provided. 207 
 208 
5. Fitting RD curves 209 

 210 
5.1. Copy the folder named RD_fitting (Supplemental Files) into the working directory. 211 

 212 
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5.2. For each assigned NMR peak, estimate Rex by calculating the 𝑅2
𝑙𝑜𝑤𝐹 − 𝑅2

ℎ𝑖𝑔ℎ𝐹
. 𝑅2

𝑙𝑜𝑤𝐹 and 213 

𝑅2
ℎ𝑖𝑔ℎ𝐹

 are the R2 rates measured at the lowest and highest νcpmg in the vclist. 214 

 215 
5.3. Visually inspect the RD curves with Rex larger than two times the estimated error and 216 

discard all the RD curves that are too noisy to be modeled accurately. 217 

 218 

NOTE: Noise on Rex can be propagated from the errors on 𝑅2
𝑙𝑜𝑤𝐹 and 𝑅2

ℎ𝑖𝑔ℎ𝐹
. 219 

 220 
5.4. Prepare an input file for the fitting script using all RD curves with Rex larger than two times 221 

the estimated error. 222 

 223 

NOTE: Detailed instruction on the preparation of the input files are provided within the fitting 224 

scripts. Example input files are provided as Supplemental Files. Commonly, RD data are 225 

measured at two different static fields and fitted simultaneously. In this protocol, two different 226 

input files are required (Supplemental Files). 227 

 228 
5.5. Fit the RD data using the scripts provided in Supplemental Files. 229 

 230 

NOTE: Two different scripts are provided to perform a residue-based or a global fit of the RD 231 
curves, respectively. Both scripts fit the RD curves using a two-site exchange model and the 232 
Carver-Richards equation. More detailed instructions are provided within the fitting scripts. 233 
Additional software packages such as Chemex (https://github.com/gbouvignies/ChemEx) and 234 
CATIA (https://www.ucl.ac.uk/hansen-lab/catia/ ) are available to carry out data fitting using the 235 
Block-McConnell equations. 236 
 237 
5.6. Test the reliability of the fitted parameters estimating the reduced χ2 as a function of pb 238 

and kex. 239 

 240 

NOTE: The reduced χ2 is provided in the output file. pb and kex can be restrained to specific values 241 
using lower and upper bounds in the fitting procedures. In our scripts, the lower and upper 242 
bounds for pb are lb(2) and ub(2), respectively. The lower and upper bounds for kex are lb(3) and 243 
ub(3), respectively. 244 
 245 
5.7. Estimate the error on the fitted parameters. This can be done by setting the value of 246 

MC_fac in the script to 1 and repeating the fitting multiple times (typically >20 repeats). The error 247 

on each parameter is estimated as the standard deviation of the distribution. 248 

 249 

NOTE: Setting MC_fac to 1 generates a synthetic dataset in which a Gaussian distributed error 250 
(calculated based on the experimental error) is added to the experimental data. 251 
 252 
REPRESENTATIVE RESULTS: 253 

https://github.com/gbouvignies/ChemEx
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The protocol described here results in acquisition of RD profiles for each peak in the 1H-15N TROSY 254 
spectrum (Figure 3A). From the acquired RD profiles, it is possible to estimate the exchange 255 
contribution to the 15N transverse relaxation of each backbone amide group (Figure 3A,3B). By 256 
plotting the Rex on the 3D structure of the protein under investigation, it is possible to identify 257 
the structural regions undergoing conformational exchange on the μs-ms time scale (Figure 3C). 258 
Modeling of the RD curves using the Carver-Richards equation returns thermodynamic and 259 
kinetic parameters on the exchange process, such as the fractional populations of the states in 260 
equilibrium and the rate of exchange among these states (Figure 1, Figure 3D). The temperature 261 
dependence of these thermodynamic and kinetic parameters (obtained by acquiring RD 262 
experiments at multiple experimental temperatures) can be modeled using the van’t Hoff and 263 
Eyring equations, respectively, to obtain detailed information on the energetics of the 264 
conformational exchange (Figure 3E)9,10. 265 
 266 
FIGURE AND TABLE LEGENDS: 267 
 268 
Figure 1: Overview of the CPMG RD experiment. (A) Schematic view of the CPMG block used for 269 

acquisition of RD data. The 180° pulses are shown as black rectangles. The operator 𝑆𝑥̂ indicates 270 
the magnetization that enters and exits the CPMG block. The CPMG field is determined by the 271 
spacing between subsequent refocusing pulses (2τ). (B) In a two-time point measurement, the 272 
relaxation delay (during which the CPMG block is applied) is kept constant and the CPMG field is 273 
varied by varying the values of n (the number of times the CPMG block is applied during the 274 
relaxation delay period) and τ. (C) Schematic representation of a two-site equilibrium between 275 
conformations A and B. The exchange rate constant (kex) is the sum of the forward and reverse 276 
rate constants kab and kba, respectively). pa and pb (= 1 - pa) are the fractional populations of 277 
species A and B, respectively. Δωab is the chemical shift difference between conformations A and 278 
B. (D) Simulated RD curves for exchange processes that are in the range accessible by CPMG (top 279 
left), too fast to be detected by CPMG (top right), too slow to be detected by CPMG (bottom 280 
right), and with a Δωab too small to be detected by CPMG (bottom left). The pb value was set to 281 
3%. 282 
 283 
Figure 2: Main pipeline for acquisition and analysis of RD data. Schematic representation of the 284 
workflow described in the present protocol. 285 
 286 
Figure 3: μs-ms dynamics of EIC by CPMG RD experiments. (A) Example 15N RD profiles measured 287 
at 40 °C and 800 MHz for EIC using the protocol described here. The estimation of Rex is shown in 288 
red. (B) Rex values are plotted versus the residue index and (C) on the X-ray structure of the 289 
enzyme to identify residues undergoing conformational exchange. (D) NMR signals with Rex larger 290 
than the error are modeled (using the script provided in Supplemental Files) to obtain the 291 
kinetics (kab and kba) and thermodynamics (pb) of the equilibrium. (E) Acquisition of RD data at 292 
multiple temperatures returns information on the energetics of the conformational change. 293 
 294 
DISCUSSION: 295 
This manuscript describes the protocol implemented in the laboratory for acquisition and 296 
analysis of 15N RD data on proteins. In particular, the crucial steps for preparation of the NMR 297 



sample, measurement of the NMR data, and analysis of the RD profiles are covered. Below some 298 
important aspects regarding the acquisition and analysis of RD experiments are discussed. 299 
However, for a more in-depth description of the experiment and data analysis, careful studying 300 
of the original literature is highly recommended3,8,11,15,16. 301 
 302 
When preparing the NMR sample, it is extremely important to consider that the presence of any 303 
minor (<1% populated) state in exchange with the major, NMR visible species on the µs-ms 304 
timescale will generate detectable RD profiles1. Therefore, it is recommended to use a highly 305 
purified protein stock (>90% pure) to avoid the presence of contaminants that could form 306 
transient complexes with the system under investigation. In addition, if investigating 307 
conformational dynamics in protein-ligand complexes, it is important to use saturating 308 
concentrations of ligand in order to avoid the presence of spurious RD profiles originating by the 309 
kinetics of ligand binding. 310 
 311 
When working with high molecular weight systems (>20 kDa), it is also advisable (although not 312 
necessary) to use perdeuterated protein samples and the TROSY pulse sequence presented with 313 
the present protocol to reduce the transverse relaxation rate and maximize the relaxation period 314 
(d30 in our pulse program). Indeed, as the lowest obtainable νcpmg. = 4/d30, using a long 315 
relaxation period allows acquisition of R2 data at small νcpmg, where the exchange contribution to 316 
the R2 is at its maximum. In this respect, it is also important to mention that a pulse sequence 317 
similar to the one provided with the present protocol is present in the standard pulse sequence 318 
portfolio of the spectrometer (file name: trhncorexf3gp). The main difference between the two 319 
files is that the standard sequence is based on a TROSY-HNCO experiment, while our experiment 320 
is based on a TROSY-HSQC experiment and does not require 13C labeling of the sample. 321 
 322 
Another issue to consider carefully is the acquisition temperature. Indeed, as the RD data are 323 
usually measured at multiple static fields, it is crucial that the acquisition temperature is 324 
consistent among all spectrometers used. Therefore, it is highly recommended to check the 325 
temperature calibration before setting up the experiment. 326 
 327 
For what concerns the analysis of the RD curves, it is important to stress out that the procedures 328 
and fitting scripts presented here make use of the Carver-Richards equations. While this is the 329 
most common procedure applied in the literature for quantitative modeling of the RD data, the 330 
Carver Richards equations incorporate a number of approximations and are limited to the two-331 
site exchange case17. If a particular dataset requires the more rigorous Bloch-McConnell matrices 332 
for data modeling, the fitting procedure should be modified accordingly18–20. In the protocol 333 
above, a few freely available software packages are listed that perform data modeling using the 334 
Bloch-McConnell theory. 335 
 336 
Finally, it should be noted that, although our manuscript focuses solely on the application of 15N 337 
RD data for the investigation of protein conformational dynamics, several other experiments 338 
were described in the literature to measure RD curves on different nuclei and other biological 339 
and non-biological molecular systems18,19,21–23. In particular the use of different nuclei is 340 
extremely important, as it allows a more dense sampling of the protein structure and provides 341 



information on side-chain dynamics that are largely disregarded by the 15N-based experiment 342 
presented in this protocol5,21,23. 343 
 344 
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Name of Material/ Equipment Company Catalog Number

Cryoprobe Bruker 5mm TCI 800 H-C/N-D cryoprobe

Deuterium Oxide Sigma Aldrich 756822-1

Hand driven centrifuge

United Scientific 

supply CENTFG1

High Field NMR spectrometer Bruker Bruker Avance II 600, Bruker Avance 800

MATLAB MathWorks

https://www.mathworks.com/products/get-

matlab.html

NMR pasteur Pipette

Corning 

Incorporation 7095D-NMR

NMR tube Willmad Precision 535-PP-7

NMRPipe

Institute of 

Biosciences and 

Biotechnology 

research https://www.ibbr.umd.edu/nmrpipe/install.html

SPARKY

University of 

California, San 

Francisco https://www.cgl.ucsf.edu/home/sparky/

Tospin 3.2 (or newer) Bruker

https://www.bruker.com/protected/en/services/sof

tware-downloads/nmr/pc/pc-topspin.html

Table of Materials Click here to access/download;Table of Materials;Table_Materials.xlsx
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Comments/Description

Improve sensitivity

>99.8% pure, utilised in preparing NMR samples and deuterated cultures

Used to remove any air bubbles or residual liquid stuck on the walls of NMR tube.

acquisition of the NMR data

Modeling of the NMR data

Pyrex glass pastuer pipette to transfer liquid sample in NMR tube

5mm thin wall 7'' cylinderical glass tube

NMR data processing

Analysis of the NMR data

acquisition software



Point-by-point response 
 
We would like to thank the editor all the reviewers for their comments. We believe that the overall quality of the revised 
manuscript has been further improved as a result of their constructive feedback. Below are our responses addressing the 
points raised. 
 
 
Reviewer 1 
 
Manuscript Summary: 
Venditti and coworkers report a protocol for setting, acquiring and analyzing 15N CPMG NMR data. This protocol is 
written clearly overall and will be a useful contribution to the user community who want to study conformational 
exchange in proteins. However, I have some major revisions listed below that must be addressed before the report can 
be considered suitable for publication. 
 
Major Concerns: 
My first main concern is with the fact that the article makes no connection with existing procedures for CPMG data 
acquisition and analysis. Conformational exchange in proteins has been studied using CPMG experiments for over two 
decades now, mainly by the Kay, Palmer and Torchia research groups. While a standardized protocol for such 
experiments would be a welcome addition to the literature, the protocol needs to be placed in the context of previous 
protocols which have been extensively cross-validated by multiple experimental approaches.  
 
1. The TROSY CPMG experiment in not the obvious choice for measurement of 15N CPMG dispersions. TROSY 15N 
magnetization can convert to the AntiTROSY form because of spin-flips and solvent exchange, resulting in a 
deterioration of the CPMG profile. The "improved" experiment (Hansen et al JPhysChemB 2008) is better for smaller 
proteins where deuteration is not normally needed (< 15 kDa) and for IDPs (which have prevalent solvent exchange) 
because it uses in-phase Nx for measuring CPMG, while CW decoupling 1H in the process. While deuteration improves 
TROSY CPMG dispersions, labs will be interested in detecting conformational exchange on small proteins without 
resorting to expensive deuteration. The way to do this would be to use the "improved" CPMG experiment above. The 
authors should thus measure dispersions with the "improved" sequence also and provide comparative protocols, if their 
protocols are to be considered as standard in the field. 
 
The guest editor of this special issue of JoVE asked us to describe a protocol for acquisition and analysis of relaxation 
dispersion experiments based on our 2020 JMB manuscript (on a 70 kDa enzyme) 
(https://doi.org/10.1016/j.jmb.2020.05.024). For this reason, we focused our discussion on the TROSY CPMG sequence 
and perdeuterated protein samples. However, we do agree with the reviewer that acknowledging CPMG methods 
optimized for lower molecular weight systems is important and would add to the present manuscript.  
 
To address this point we have added the following text to the manuscript: 
 
Page 2, lines 16-18 
“Several different pulse sequences and analysis protocols have been reported in the literature for 15N CPMG 
experiments. Herein, the protocol implemented in our laboratory is described.” 
 
Page 2, line 28 – page 3, line 2 
“Overall, our protocol has been successfully applied to the characterization of conformational exchange in medium 
sized and large proteins.4, 5, 9, 10 For smaller systems (< 20 kDa), the use of an HSQC-based pulse sequence11, 12 is 
advisable.” 
 
 
2. It is important, while measuring CPMG profiles, to calibrate the CPMG 180 pulse carefully. I could not find this step 
anywhere in the protocol. We have found that 15N 90 pulses at the CPMG power must be calibrated typically to an 
accuracy of 1%. Miscalibrating these pulses can result in quantitatively wrong profiles. 
 
The reviewer is correct noting that calibration of the 180-degree pulse in the CPMG train is critical to ensure accurate 
dispersion profiles. We calibrate the pulse using a 100 mM 15N urea standard. In addition, we double-check the 
calibration on our working sample by acquiring the first increment of a 1H-15N HSQC spectrum in which the 15N 90-

Rebuttal Letter Click here to access/download;Rebuttal Letter;Answer-to-
reviewers.pdf
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degree pulse of the first INEPT block is switched to a 180-degree pulse. We have now added this information to the 
protocol (note to step 3.2): 
 
“NOTE: for optimal results it is important to calibrate the 15N 90° pulse with great care. Calibration is usually 
accomplished using a 100 mM sample of 15N–labeled urea in DMSO as described in the spectrometer manual. In 
addition, it is possible to double-check the calibration directly on the working NMR sample by acquiring the first 
increment of a 1H-15N HSQC spectrum in which the 15N 90° pulse of the first INEPT block is switched to a 180° pulse. 
If the calibration is correct, a null should be obtained.” 
 
 
3. Recovering intensities from interleaved pseudo-3D experiments is one of the most important aspects of analyzing 
CPMG relaxation dispersion data. The authors' way of deriving intensities is to get intensities at the same spectral 
position in Sparky. Standard procedures in literature have been to fit the lineshape globally across all nuCPMG values 
keeping linewidth and frequency as global variables for all nuCPMG values of a single peak. Freely available software 
packages to do this include PINT (https://pint-nmr.github.io/PINT/), FUDA (https://www.ucl.ac.uk/hansen-lab/fuda/) 
and the nLinLS module in NMRPipe. The authors must quantitatively compare the CPMG dispersions obtained from 
their Sparky macro with those using the standard protocols in literature. 
 
The procedure described in this protocol is simple and gave us good results in several practical applications (see for 
example 2012 JBC, 2015 Nat Commun, 2018 Biophys J, 2020 J Mol Biol.). We do agree with the reviewer that there are 
more accurate methods to recover signal intensities from the CPMG experiment. We now acknowledge the existence of 
these methods in the protocol (note to step 4.6): 
 
“Note: more accurate protocols that use lineshape fitting for recovering intensities from interleaved pseudo-3D 
experiments have been described in the literature.14 Freely available software for lineshape fitting is available at 
https://pint-nmr.github.io/PINT/ (PINT), https://www.ucl.ac.uk/hansen-lab/fuda/ (FUDA) and within NMRPipe (nLinLS 
module) and SPARKY (it module).” 
 
As this contribution is intended to describe the protocol used in our laboratory to measure relaxation dispersion profiles 
(validated in previous research articles), we believe it is beyond the scope of the present manuscript to compare different 
methods reported in the literature. 
 
 
4. The standard procedure for curve fitting of CPMG data is by numerical integration of Bloch-McConnell equations. 
This procedure provides much more flexibility and accuracy than the Carver Richards analytical equations, without 
significantly slowing down the fitting. For example, the pulse width of the CPMG 180 pulse can be explicitly accounted 
for by using Bloch-McConnell equations. Similarly, TROSY/AntiTROSY interconversion via spin flips can also be 
accounted for through terms in the Bloch McConnell equations, and this is very important in TROSY based 15N CPMG 
experiments. Again, software packages such as Chemex (https://github.com/gbouvignies/ChemEx) and CATIA 
(https://www.ucl.ac.uk/hansen-lab/catia/) are freely available to carry out this data fitting. The authors should provide a 
comparison between their fitting method and these standard methods. 
 
The reviewer is correct noting that the Bloch-McConnell equations provide more flexibility in fitting the CPMG curves. 
Indeed, in our lab we routinely use the Bloch-McConnell equations to model NMR data (see for example 2017 Angew. 
Chem. Int. Ed. and 2020 ChemCatChem). However, as this protocol is shaped on our 2020 JMB manuscript, we have 
decided to present the Carver Richards equations for consistency. We now acknowledge the existence of other software 
for fitting the data using the Bloch-McConnell equations (note to step 5.5): 
 
“…Additional software packages such as Chemex (https://github.com/gbouvignies/ChemEx) and CATIA 
(https://www.ucl.ac.uk/hansen-lab/catia/ ) are available to carry out data fitting using the Block-McConnell equations” 
 
 
My second main concern relates to the fact that there is no mention in the protocol about how to evaluate the reliability 
of the fit parameters. Parameters that have been estimated from the fit of CPMG data have to be closely looked at, 
because there can be severe correlations in parameters that preclude a reliable estimate in certain cases. For example, in 
the fast exchange limit, pb and dwab are tightly correlated, so that only kex can be determined. While running the matlab 
scripts associated with this protocol, I noticed that there is no module for evaluating reliability and no error estimates are 
provided as far as I could see. The authors need to add two things to the fitting routine: 



 
We agree that obtaining accurate parameters (especially pb and dwab) from fitting of the CPMG data is a challenging 
task. We have recently started acquiring data at multiple temperatures and model the temperature dependence of pb and 
kex in order to increase the accuracy on these fitted parameters (see for example 2020 J Mol Biol). As we envisioned this 
protocol to serve as a starting point for researchers that are approaching the field, we opted for neglecting this issue. 
However, following the reviewer rightful concern we now describe tools that are incorporated in our fitting script to 
evaluate the reduced chi squared and errors on the fitted parameters. Please see below. 
 
1) A module for testing reliability: this is done by estimating the reduced chi2 surface independently as a function of pb 
and kex. Only if the reduced chi2 increases significantly (typically 1 unit above the minimum redchi2) within meaningful 
exchange parameters can pb, kex and dwab be reliably extracted from CPMG data. 
 
We now describe how to obtain the reduced chi2 at specific values of kex and pb in point 5.6 (see below) 
Please note that in order to obtain reliable values of kex and pb for this dataset, we had to fit data acquired at multiple 
temperatures and model the temperature-dependence of kex and pb (2020 J Mol Biol). 
 
5.6) Test the reliability of the fitted parameters estimating the reduced χ2 as a function of pb and kex. 

Note: the reduced χ2 is provided in the output file. pb and kex can be restrained to specific values by using lower 
and upper bounds in the fitting procedures. In our scripts the lower and upper bounds for pb are lb(2) and ub(2), 
respectively. The lower and upper bounds for kex are lb(3) and ub(3), respectively 

 
 
2) A module for evaluating errors IF the parameters can be obtained reliably from the fit, as determined in 1: standard 
ways for error estimation in literature are bootstrapping, jack-knifing, Monte Carlo or the covariance matrix based 
methods. 
 
In our script the error on the fitted parameters is computed by Monte Carlo simulation of synthetic datasets from the 
estimated experimental error. The procedure is not explained in the protocol (step 5.7): 
 
5.7) Estimate the error on the fitted parameters. This can be done by setting the value of MC_fac in our script to 1 

and repeating the fitting multiple times (typically >20 repeats). The error on each parameter is estimated as the 
standard deviation of the distribution. 
Note: setting MC_fac to 1 generates a synthetic dataset in which a Gaussian distributed error (calculated based 
on the experimental error) is added to the experimental data 

 
 
The authors must also include in their protocol, a section on how to determine robustness and errors of parameters 
obtained from CPMG data. All these points have been discussed in literature in detail and will significantly improve the 
protocol. 
 
We agree with the reviewer that these are very important points. These issues are now covered in sections 5.6 and 5.7 
(please see above). 
 
 
Minor Concerns: 
1) The 15N CPMG experiment can be taxing on the probe. The authors could add a section identifying which parameters 
should be set carefully. For example, d30 values typically do not exceed 50 ms and nuCPMG values for 15N experiments 
do not exceed 1-2 kHz (depending on spectrometer and probe). 
 
We describe this issue in step 3.5: 
 
3.5) Use the command “vclist” to create a list of integer numbers corresponding to the parameter n in Figures 1a 

and 1b. Each entry in the list would correspond to a different CPMG field (νcpmg) according to νcpmg = 4 x n / 
d30. Make sure that the first number in the list is 0 (this corresponds to the reference experiment for which the 
CPMG block is skipped and d30 = 0 s) and that you do not use numbers larger than 1000 x d30 / 4. Numbers 
larger than this threshold result in νcpmg > 1 kHz and might damage the probe.  

 
 



 
2) Temperature must be calibrated very carefully in CPMG experiments since data is usually acquired on two or more 
spectrometers. Since kex and pb are very sensitive to temperature, care must be taken to limit to ensure that the difference 
in temperature between the two spectrometers is not more than 0.3 C or so. This can be indicated in the protocol. 
 
We highlight this important issue at page 11, lines 6-9: 
 
“Another issue to consider carefully is the acquisition temperature. Indeed, as the RD data are usually measured at 
multiple static fields, it is crucial that the acquisition temperature is consistent among all spectrometers used. Therefore, 
it is highly recommended to check the temperature calibration before setting up the experiment.” 
 
 
3) The importance of other nuclei can briefly be mentioned in the end of the Discussion. Just like we would hardly make 
conclusions on the structure of a protein using 15N chemical shifts alone, it is not best practice to make conclusions on 
other species detected with CPMG experiments based on 15N experiments alone. 
 
We highlight the importance of acquiring data on other nuclei at page 11, lines 18-24: 
 
“Finally, it should be noted that, although our manuscript focuses solely on the application of 15N RD data for the 
investigation of protein conformational dynamics, several other experiments were described in the literature to measure 
RD curves on different nuclei and other biological and non-biological molecular systems.18, 19, 21-23 In particular the use 
of different nuclei is extremely important, as it allows a more dense sampling of the protein structure and provides 
information on side-chain dynamics that are largely disregarded by the 15N-based experiment presented in this 
protocol.5, 21, 23” 
 
 
4) Figure 1D: An ideal dispersion curve actually has plateaus at both low and high frequency sides. Such a curve will 
reliably yield pb, kex and dwab values from the fit. The dispersion curve in the top left of Figure 1D will only yield kex 
reliably. 
 
What we meant is that Rex is large (and easily detectable) when kex ~ dw. We agree with the reviewer that using the word 
“ideal” is misleading. We have now corrected Figure 1D to say “RD curve with large Rex” 
 
 
5) Figure 1A: I believe the operator at the beginning and end of the CPMG experiment is 2HzSx (anti-phase transverse 
nitrogen coherence)? Also, the Palmer P-element is missing in the CPMG block. If this is intended merely as a schematic, 
that is fine. 
 
We just use this figure as schematic to introduce the CPMG pulse train. 
 
 
Reviewer 2 
 
Manuscript Summary: 
This paper describes a protocol for recording and processing CPMG relaxation dispersion data. The authors supply the 
pulse sequence and parameters necessary to record the data. 
 
Minor Concerns: 
The authors specifically address the TROSY version, but for studies of smaller proteins this may not be the most sensitive 
approach. It would be good to include a non-TROSY experiment as well. The authors might wish to discuss artifacts in 
the experiment and limitations with the Carver Richards expression which does not take into account differences between 
15N T1 and T2 relaxation rates, pulse offset effects etc, which can become more critical as fields increase. 
 
The guest editor of this special issue of JoVE asked us to describe a protocol for acquisition and analysis of relaxation 
dispersion experiments based on our 2020 JMB manuscript (https://doi.org/10.1016/j.jmb.2020.05.024). For this reason, 
we focused our discussion on the TROSY CPMG sequence and the Carver Richards equations. However, we do agree 
with the reviewer that acknowledging the CPMG methods optimized for lower molecular weight systems and the 
limitations associated with the Carver Richards equations is important and would add to the present manuscript.  



To address this point we have added the following text to the manuscript: 
 
Page 2, lines 16-18 
“Several different pulse sequences and analysis protocols have been reported in the literature for 15N CPMG 
experiments. Herein, the protocol implemented in our laboratory is described.” 
 
Page 2, line 28 – page 3, line 2 
“Overall, our protocol has been successfully applied to the characterization of conformational exchange in medium 
sized and large proteins.4, 5, 9, 10 For smaller systems (< 20 kDa), the use of an HSQC-based11, 12 pulse sequence is 
advisable.” 
 
Page 11, lines 10-17 
“For what concerns the analysis of the RD curves, it is important to stress out that the procedures and fitting scripts 
presented here make use of the Carver-Richards equations. While this is the most common procedure applied in the 
literature for quantitative modeling of the RD data, the Carver Richards equations incorporate a number of 
approximations and are limited to the two-site exchange case.17 If a particular dataset requires the more rigorous Bloch-
McConnell matrices for data modelling, the fitting procedure should be modified accordingly.18-20 In the protocol above, 
a few freely available software packages are listed that perform data modeling using the Bloch-McConnell theory.” 
 
 
Reviewer 3 
 
Manuscript Summary: 
The authors elaborate on the measurement of the relaxation dispersion for the 15N spins (the TROSY component) of 
protein amide groups, while also providing its pulse program and software for the processing. The last author has already 
published many papers on research using the method, and I therefore believe that the described content is guaranteed.  
I read the draft a few times and wondered if the following minor points might be incorrect. I have an impression that the 
other parts form an excellent work. 
 
Major Concerns: 
None 
 
Minor Concerns: 
The pulse program, trosy_15N_cpmg.vv, contains the following comment.  
;the cpmg field is B=1/(4*d3)=4vc/T. 
Please check if this can be a mistake of B = 4*cpmgLoop/T = 2vc/T. 
 
The rationale is as below. 
The following comment in the pulse program means that vc equals to 2*cpmgLoop.  
;There will be a total of 4*vc pulses in T corresponding to 8*d3*vc. 
If I were correct, "vc" should be twice the number that is written in the vclist. However, I am afraid that this expression 
is rather confusing because the shared spelling part "vc" may make some users think by mistake that vc is the same as 
the number that they have input in vclist. 
In the pulse program used by the authors, the constant time T (= d30) for relaxation is divided into two equal CPMG 
blocks. In the so-called relaxation compensation method, the "n" in the text corresponds to "cpmgLoop" in the pulse 
program, which represents the repeat number during each T/2 period, instead of total repeat number during the whole T. 
 
There was a typo in the comment at the top of the pulse program file (we apologize for that). Now the typo is fixed. 
The delay d3 is one-half the spacing between centers of the 180-degree pulses. As there are 8*vc pulses in T (we have 2 
CPMG blocks and 4*vc refocusing pulses per each block), T=16*d3*vc and CPMGfield=1/(4*d3)=4vc/T. We thank the 
reviewer for noticing this typo. 
 
Line 56: 
In "(ii) set up and acquisition and the NMR experiments",  
The word "and" appears twice. 
Should this be "... in the NMR experiments"? 
 
We have fixed this typo 



 
Line 80: 
"protocols are available" should be "proteins are ...". 
 
Line 85: 
"located the in the folder" Please remove the first "the". 
 
We have fixed this typo 
 
Line 147: 
"in you working directory" should be ".. your ..". 
 
We have fixed this typo 
 
Line 228: 
"on the us-ms timescale" should be ".. (Greek letter micro)s-ms ..". 
 
We have fixed this typo 
 
In figure 2: 
At the top of the last panel, "kkb" should be "kba". 
 
We have fixed this typo 
 
 
Reviewer 4 
 
Manuscript Summary: 
This protocol is quite interesting and useful. I think it could help those who want to conduct transverse relaxation 
dispersion measurements and interpretation. 
 
Major Concerns: 
The approach Singh et al. describe privileges the TROSY-based experiment. However very efficient sequences are 
implemented in the routine pulse program catalog of the Bruker spectrometers (the one used also by the authors). Those 
sequences are both HSQC-based and TROSY-based. So the authors should specify which is the difference between the 
sequence they provide and the one found in the Bruker pulse sequence library (trhncorexf3gp). Importantly, the proposed 
sequence is accompanied by specific "include" files whose compatibility with Bruker corresponding scripts should be 
stated to know if problems can arise upon execution. 
 
We thank the reviewer for the comment. We now acknowledge the existence of a similar sequence in the Bruker 
portfolio. We also describe the major differences between the Bruker sequence trhncorexf3gp and our pulse program: 
 
Page 10, last line – page 11, line 5 
“In this respect, it is also important to mention that a pulse sequence similar to the one provided with the present protocol 
is present in the standard pulse sequence portfolio of the spectrometer (file name: trhncorexf3gp). The main difference 
between the two files is that the standard sequence is based on a TROSY-HNCO experiment, while our experiment is 
based on a TROSY-HSQC experiment and does not require 13C labeling of the sample.” 
 
As for the include file, we have implemented our sequence on more than 10 spectrometers located on both the Iowa State 
and NIH campuses. As to this date, we have not observed any compatibility issue. 
 
 
The description of the data processing procedure is useful and based on well-known software (either freely available or 
not). As for any protocol, I would suggest emphasizing the importance of reading the original papers because a recipe is 
useful only if one masters the very meaning of an experiment and the data thereof. 
 
We completely agree with the reviewer. We have emphasized the importance of studying the relevant literature in the 
discussion section (page 10, lines 17-20): 



 
“Below some important aspects regarding the acquisition and analysis of RD experiments are discussed. However, for 
a more in depth description of the experiment and data analysis, careful studying of the original literature is highly 
recommended.3, 8, 11, 15, 16” 
 
 
Minor Concerns: 
Finally I would suggest an editing of Figure 2. The authors choose and hand-drawn style that is somehow peculiar. It 
does seem to attempt an imitation of the illustrations of the book "Nuts & Bolts Approach" by Fukushima and Roeder 
or the famous drawings of Ray Freeman. The results here are not at that level, unfortunately. 
 
We have prepared revised Figure 2 accordingly. 
 
 
Editor’s comments 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar 
issues. 
 
2. Please revise the following lines to avoid previously published work: 23-26, 62-63. 
 
Done 
 
 
3. Please provide an institutional email address for each author. 
 
Aayushi Singh [aayushis@iastate.edu] 
Jeffrey A. Purslow [jpurslow@iastate.edu] 
Vincenzo Venditti [venditti@iastate.edu] 
 
 
4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). 
 
Done 
 
 
5. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered 
symbols (®), and company names before an instrument or reagent. Please remove all commercial language from your 
manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of 
Materials. 
For example: Bruker, Topspin, etc. 
 
Done 
 
 
6. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For example, 1 should be 
followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using bullets or dashes. 
 
Done 
 
 
7. Line 80: Please revise “protocols” as “proteins”. 
 
Done 
 
 
 
 



8. Line 82: Please specify the amount of NMR sample required. 
 
Done 
 
 
9. Please include a one-line space between each protocol step and highlight up to 3 pages of the Protocol (including 
headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain in 
the manuscript, and therefore will still be available to the reader. 
 
Done 
We highlighted steps 2.1-3.13 
 
 
10. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, F.I. Article 
Title. Source. Volume (Issue), FirstPage – LastPage (YEAR).] For more than 6 authors, list only the first author then et 
al. 
 
Done 
 
 
11. Please sort the Table of Materials in alphabetical order. 
 
Done 
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