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Abstract
Carr–Purcell–Meiboom–Gill relaxation dispersion experiments are commonly used to probe biomolecular dynamics on the

millisecond timescale. The simplest experiment involves using backbone 15N spins as probes of motion and pulse se-

quences are now available for providing accurate dispersion profiles in this case. In contrast, 1H-based experiments

recorded on fully protonated samples are less common because of difficulties associated with homonuclear scalar couplings

that can result in transfer of magnetization between coupled spins, leading to significant artifacts. Herein we examine a

version of the 1HN CPMG experiment that has been used in our laboratory where a pair of CPMG pulse trains comprising

non-selective, high power 1H refocusing pulses sandwich an amide selective pulse that serves to refocus scalar-coupled

evolution by the end of the train. The origin of the artifacts in our original scheme is explained and a new, significantly

improved sequence is presented. The utility of the new experiment is demonstrated by obtaining flat 1HN dispersion profiles

in a protonated protein system that is not expected to undergo millisecond timescale dynamics, and subsequently by

measuring profiles on a cavity mutant of T4 lysozyme that exchanges between a pair of distinct states, establishing that

high quality data can be generated even for fully protonated samples.
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Protein dynamics

Introduction

Biological molecules can populate many different confor-

mational states that collectively play important roles in

their function (Karplus and Kuriyan 2005; Sekhar and Kay

2019). These states frequently interconvert on time-scales

ranging from nano-seconds to seconds, depending on the

barrier sizes that separate them (Karplus and McCammon

1983), and the ensemble of such states is often described in

terms of an energy landscape (Dill and Chan 1997). An

understanding of biomolecular function requires, therefore,

a quantitative description of energy landscapes, including

the structures that populate them, their relative stabilities

and their rates of interconversion. NMR spectroscopy has

played an important role in quantifying biomolecular

dynamics over a wide range of timescales (Ishima and

Torchia 2000; Mittermaier and Kay 2006; Palmer et al.

2001), including motions in the micro- (ls) to millisecond

(ms) time-regime that are thought to be particularly critical

for functional biological processes (Boehr et al. 2006;

Henzler-Wildman and Kern 2007; Ishima et al. 1999;

Neudecker et al. 2012; Sekhar et al. 2015, 2018). The most

commonly used approaches for characterizing dynamics in

the ls–ms time-window include Carr–Purcell–Meiboom–

Gill (CPMG) (Palmer et al. 2001) and R1q (Palmer and

Massi 2006) relaxation dispersion techniques, as well as

Chemical Exchange Saturation Transfer (CEST) (Valluru-

palli et al. 2017) and Dark-state Exchange Saturation

Transfer (DEST) (Fawzi et al. 2011).
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Among a wide array of CPMG experiments for studying

biomolecules, those that are based on 15N-spin relaxation

(Hansen et al. 2008a; Loria et al. 1999) or, in the case of

isolated 13C probes, 13C-spin relaxation (Hansen et al.

2008b; Ishima et al. 2004; Mulder et al. 2002), are the most

commonly used. 1H CPMG experiments introduce chal-

lenges that arise from 1H–1H homonuclear scalar couplings

and cross-relaxation that can lead to significant artifacts in

dispersion profiles, complicating their analysis in terms of

exchange parameters (Ishima and Torchia 2003; Ishima

et al. 1998). Nevertheless, experiments have been designed

for recording backbone amide (1HN) CPMG profiles in

protonated proteins that at least minimize these effects

(Ishima and Torchia 2003), while deuterium-labeling

schemes, in concert with specifically designed pulse

sequences that exploit the label, have been introduced for

studies of ms timescale backbone (1Ha) and sidechain

dynamics using 1H probes (Hansen et al. 2012; Lundström

et al. 2009). Herein we revisit the 1HN-CPMG experiment,

as applied to protonated samples, because our experience

suggests that systematic artifacts still remain, at least in the

version that we use. The major problem in such applica-

tions arises from 1HN–1Ha scalar-coupled evolution of

transverse amide-proton magnetization during the CPMG

interval. Since chemical shifts of amide and aliphatic

protons are distinct, a natural idea is to apply selective 180�
pulses (e.g., REBURP (Geen and Freeman 1991)) during

the CPMG pulse train (Ishima and Torchia 2003). How-

ever, these require durations on the order of a ms, thereby

restricting their frequency of application (mCPMG) and

hence limiting rates of conformational exchange that can

be explored using this strategy. An approach that we have

advocated that builds upon the scheme of Ishima and

Torchia while still permitting the recording of dispersion

profiles with large mCPMG values is one which minimizes

the effects of scalar couplings by separating high-power

CPMG 180� pulses with an amide 1HN selective 180� pulse

in the center of the CPMG element (Fig. S1). Such an

approach was used previously in the construction of a

CPMG experiment for measuring dispersion profiles of 1Ha

protons in partially protonated protein samples (Lundström

et al. 2009). As we show herein, however, artifacts still

emerge. A description of the origin of these artifacts and

how they can be suppressed is presented, considering both

simulation and experiment. Based on this analysis a simple

modification to the 1HN CPMG pulse sequence is intro-

duced that leads to flat dispersion profiles in the absence of

chemical exchange, in many cases approaching the quality

of 1HN CPMG curves recorded on highly deuterated pro-

tein samples. The modified pulse scheme is then used to

study chemical exchange in a protonated sample of the

L99A cavity mutant of T4 lysozyme from bacteriophage

(L99A T4L) (Eriksson et al. 1992) where it is shown that

an improved quality of fit is obtained relative to that gen-

erated from analysis of data recorded with the original

experiment. Robust estimates of exchange parameters and

chemical shifts are readily obtained using the new

experiment.

Materials and methods

Sample preparation

Samples of the B1 domain of peptostreptococcal protein L

(referred to as protein L in what follows) were prepared as

described previously (Bouvignies and Kay 2012; Mitter-

maier and Kay 2001). Protein concentrations were 4.0 mM

or 1.0 mM for [U-2H,15N]- or [U-15N]-labeled samples,

respectively, dissolved in 50 mM sodium phosphate,

0.05% NaN3, 90% H2O/10% D2O, pH 6.0. T4 lysozyme

samples containing the L99A cavity mutant were generated

by following the protocol described by Bouvignies et al.

(Bouvignies et al. 2011). Protein concentrations were 1.5

mM or 1.0 mM for [U-2H,15N] or [U-15N]-labeled samples,

respectively, dissolved in 50 mM sodium phosphate,

25 mM NaCl, 2 mM EDTA, 2 mM NaN3, pH 5.5, 90%

H2O/10% D2O.

NMR spectroscopy

All NMR experiments were performed using Bruker

AVANCE III 600 and 800 MHz spectrometers equipped

with cryogenically cooled probes with triple-axis pulsed

field gradients. Experiments were carried out at 800 MHz

for protein L and at both fields for L99A T4L. 15N CPMG

datasets were recorded using a slightly improved version of

the pulse scheme of Yang and coworkers (Jiang et al.

2015), modified to account for both longitudinal and

transverse relaxation during the CPMG pulses. 1HN CPMG

experiments using our previous scheme that included a

central REBURP pulse (Fig. S1) or the new approach

employing EBURP pulses (Geen and Freeman 1991) (see

text) were recorded with CPMG pulses phase cycled as

[0013] to achieve better off-resonance refocusing (Yip and

Zuiderweg 2004). 1HN CPMG datasets were recorded using

a constant-time CPMG element (Mulder et al. 2001; Tol-

linger et al. 2001) with Trelax = 20 ms. Experiments were

recorded as pseudo-3D datasets by varying the number, N,

of CPMG pulses during the Trelax interval (1 N value for

each 2D plane). A series of 2D maps were obtained with

mCPMG values varying between 50 Hz and 2000 Hz (protein

L) or 50–1000 Hz (L99A T4L). Additional experiments

were carried out on the fully protonated protein L sample

using Trelax = 10 ms and mCPMG varying between

200–5000 Hz. Twenty to thirty planes were recorded for
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each dispersion series, including duplicates for error anal-

ysis (Korzhnev et al. 2004b). The total measurement time

for each experiment at each magnetic field was *11 h

(protein L) or *22 h (L99A T4L).

Data analysis

All NMR spectra were processed and analyzed using the

NMRPipe suite of programs (Delaglio et al. 1995) with

peak intensities extracted with the autofit subroutine.

Effective transverse relaxation rates, R2,eff, were calculated

based on peak intensities according to the relation

R2,eff(mCPMG) = –ln(I(mCPMG)/I0)/Trelax, where I0 is the peak

intensity in a reference spectrum recorded without the

relaxation delay, Trelax (Mulder et al. 2001). Fitting of

cross-peaks in CPMG datasets was carried out using the

software package ChemEx (https://github.com/gbou

vignies/ChemEx). Only residues with dispersion profiles

such that Rex = R2,eff(mCPMG = 50 Hz) – R2,eff(mCPMG =

1000 Hz)[ 2 s-1 at 800 MHz were included in the CPMG

data analysis. Exchange parameters were extracted from

fits of dispersion data to a two-state exchange model using

the Bloch–McConnell equations (McConnell 1958)

assuming that the difference in transverse relaxation rates

of corresponding spins in the ground and excited states,

DR2, is 0 s-1 (i.e., R2,E = R2,G).

Results and discussion

Origin of artifacts in 1HN CPMG profiles recorded
on protonated protein samples

A limitation of 1H CPMG-based experiments for quanti-

fying exchange dynamics in biomolecules is that the

method is sensitive to homonuclear scalar couplings, often

leading to significant fluctuations in dispersion profiles that

reflect the nature of the coupled spin system and to rates of

magnetization transfer between the scalar-coupled spins

that vary with mCPMG (mCPMG = 1/(2d) where d is the delay

between successive 180� refocusing pulses) (Bouvignies

et al. 2014; Ishima and Torchia 2003; Lundström et al.

2009). In the specific context of 1HN CPMG experiments

recorded on protonated protein samples 1HN–1Ha scalar

couplings are particularly deleterious, introducing artifacts

in dispersion curves (Ishima and Torchia 2003). For this

reason, it is highly advantageous to prepare 2H-samples for

such studies, yet in some cases the cost can be prohibitive,

or perhaps a protonated sample is already available and

preliminary experiments can be obtained on it to assess the

system for further in-depth analysis with optimal samples.

With this in mind we have revisited our experiment with a

goal of improving the quality of the resulting profiles.

Figure 1 (top) illustrates the basic pulse scheme that we

have used in the past to record 1HN CPMG experiments on

protonated proteins (see Fig. S1 for the full sequence),

where the black rectangular pulses are applied with high

power (typically 25 kHz field) and the central (REBURP)

pulse is selective for the amide proton region of the spec-

trum. In this way any scalar-coupled evolution of magne-

tization during the first half of the CPMG element via
3JHNHa would be expected, at least partially, to be refo-

cused in the second half, thereby minimizing the effects of

the coupling. Yet, large artifacts still remain in protein

applications, as can be seen in Fig. 1a, b where a pair of

profiles are shown for residues N7 and E19, measured in

fully protonated (red) or perdeuterated (green) samples of

protein L. We have not been able to detect exchange in

most residues of this domain from ‘clean’ CPMG datasets,

such as those obtained from 15N relaxation dispersion, or
1HN relaxation dispersion when recorded on highly

deuterated preparations (Fig. 1a, b green).

To understand how the artifacts observed for the pro-

tonated sample arise we turned to simulations, using a

simple three-spin system that included 1HN, 1Ha and 1Hb

spins with 3JHNHa = 10 Hz, 4JHNHb = 2 Hz, and
3JHaHb = 10 Hz, Fig. 1c. A REBURP pulse of duration

1.52 ms was considered (4.1 kHz B1 field) that refocuses

over a bandwidth of 4 ppm for an 800 MHz spectrometer,

and the pulses in the CPMG trains were applied with a

25 kHz field, as in experiments. Notably, large differences

in dispersion curves were obtained for different offsets of

the 1Ha spin, and only for dHa = 4.4 ppm was the expected

flat profile generated. The origin of the problem can be

appreciated by the realization that pulse imperfections (off-

resonance effects and miscalibrations) result in the gener-

ation of transverse 1Ha magnetization via a transfer path-

way that can be cogently described as follows

HN
X ���!

3JHNHa
2HN

Y Ha
Z ��������������!

ImperfectPulsesinCPMGTrain
2HN

Y Ha
Z ; 2HN

Y Ha
Y ; 2HN

Y Ha
X . . .

ð1Þ

where Lj is the j 2 fX; Y; Zg component of magnetization

(see below). The transverse 1Ha magnetization so gener-

ated evolves during the REBURP selective pulse that is

centered in the middle of the amide proton region (for the

simulation at 8.2 ppm) and this chemical shift evolution is

not refocused, leading to the observed oscillations in peak

intensities as a function of mCPMG. For a given REBURP

pulse length and corresponding RF power there will be an
1Ha offset such that the transverse magnetization is com-

pletely refocused, 4.4 ppm in the example of Fig. 1, and in

this case artifact-free profiles are simulated.

The simulations of Fig. 1 establish that evolution of

‘aberrant’ transverse 1Ha magnetization during the central

pulse element must be refocused if flat profiles are to be
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obtained in the absence of chemical exchange. As a first

step towards developing a pulse scheme that could achieve

this goal we considered two CPMG sequences, illustrated

in Fig. 2a, b, where the amide proton selective pulse

(hatched pulse) was assumed, for the purposes of simula-

tion, to be a ‘perfect’ pulse and of 0 s duration. In the first

case, Fig. 2a, the two halves of the CPMG train comprise

pulses of phase x and -x, that, in principle, should self-

compensate for imperfections (Hansen et al. 2008a). In the

second case, Fig. 2b, the selective pulse is applied along

the y-axis, orthogonal to the phases of the CPMG pulses

(all along x) that should yield equivalent compensation for

pulse imperfections as the initial scheme (Fig. 2a), at least

for isolated spin-1/2 spin systems or for heteronuclear two-

spin spin-systems. Yet very different CPMG profiles are

observed, with the sequence of Fig. 2a clearly superior.

In an effort to understand the differences we consider a

homonuclear I–S two-spin system where I =1HN and

(A) (B) (C)

Fig. 1 a and b 1HN CPMG dispersion profiles measured on

perdeuterated (green) and fully protonated (red) protein L samples

using the pulse scheme of Fig. S1, 800 MHz, 25 �C; the CPMG

element that includes a central, amide proton selective REBURP

pulse is shown and the initial magnetization is along the x-axis. Large

artifacts are produced for the fully protonated sample. c shows results

from numerical simulations carried out for a three-spin system,

f1HN; 1Ha; 1Hbg, that does not include chemical exchange, using the

pulse scheme illustrated. Values of Trelax = 20 ms and v1 = 25 kHz

were used for all simulations, that assumed a 1H resonance frequency

of 800 MHz. Scalar couplings of 3JHNHa = 10 Hz, 4JHNHb = 2 Hz

and 3JHaHb = 10 Hz were used, and the full 1HN–1Ha scalar-coupled

Hamiltonian was considered in each simulation. The 1H RF carrier

was positioned at 8.2 ppm, with 1HN and 1Hb chemical shifts set to

8.2 ppm and 2.0 ppm respectively, and the chemical shift of the 1Ha

spin for each simulation is indicated in the panel. The excitation

bandwidth for the REBURP pulse is 4.0 ppm (1.52 ms, maximum B1

field of 4.1 kHz). The intrinsic 1HN relaxation rates were set to

R1 = 2 s-1, R2 = 10 s-1, and differential relaxation between in-phase

and anti-phase 1HN magnetization was not considered, with relaxation

rates of MQ coherences set to R2

(A) (B) (C)

Fig. 2 Simulated 1HN CPMG dispersion profiles with initial 1HN

magnetization along the x-axis. Pulse schemes used in the simulations

are indicated above each of the panels. The central pulse (infinitely

short, represented by a hatched bar) in the schemes above panels

a and b is assumed to generate an ideal, selective 180� rotation on
1HN magnetization, while the remaining rectangular pulses are

applied with a 25 kHz field. Simulations in panel c use central

amide-selective EBURP pulses of duration 1.4 ms (2.8 kHz B1 field).

All simulations assumed a 1H resonance frequency of 800 MHz and

were performed using the same parameters as in the legend to Fig. 1.

Both odd and even values of N are considered in the simulations
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S = 1Ha, respectively, and assume an ideal 180� selective

pulse of zero width applied on spin I in the center of the

pulse train. Then the schemes of Fig. 2a, b are given by the

propagators P̂2 expð�ipÎXÞP̂1 and P̂1 expð�ipÎYÞP̂1

respectively, where

P̂1 ¼ exp �i xI ÎZ þ xSŜZ þ 2pJISÎZ ŜZ
� �

scp
� ��

exp �i x1 ÎX þ xI ÎZ þ x1ŜX þ xSŜZ þ 2pJISÎZ ŜZ
� �

sp
� �

exp �i xI ÎZ þ xSŜZ þ 2pJISÎZ ŜZ
� �

scp
� ��N

P̂2 ¼ exp �i xI ÎZ þ xSŜZ þ 2pJISÎZ ŜZ
� �

scp
� ��

exp �i �x1 ÎX þ xI ÎZ � x1ŜX þ xSŜZ þ 2pJISÎZ ŜZ
� �

sp
� �

exp �i xI ÎZ þ xSŜZ þ 2pJISÎZ ŜZ
� �

scp
� ��N

ð2Þ

In Eq. (2) xI and xS are the chemical shifts of spins

I and S, respectively, x1 is the RF field strength of the

CPMG pulses, and, for simplicity, only the Hamiltonian for

weak I–S coupling is considered (|xI - xS| � 2pJIS),
although in all simulations the complete form of the scalar-

coupled Hamiltonian was used. The effect of the central

180� pulse can be regarded as modifying the propagator for

the second half of the CPMG pulse train as follows

P̂
0

2¼expðipÎXÞP̂2 expð�ipÎXÞ¼ exp i xI ÎZ�xSŜZþ2pJISÎZ ŜZ
� �

scp
� ��

exp i x1ÎXþxI ÎZþx1ŜX�xSŜZþ2pJISÎZ ŜZ
� �

sp
� �

exp i xI ÎZ�xSŜZþ2pJISÎZ ŜZ
� �

scp
� ��N

P̂
0

1¼expðipÎYÞP̂1 expð�ipÎYÞ¼fexpðiðxI ÎZ�xSŜZþ2pJISÎZ ŜZÞscpÞ
expðiðx1ÎXþxI ÎZ�x1ŜX�xSŜZþ2pJISÎZ ŜZÞspÞ
expðiðxI ÎZ�xSŜZþ2pJISÎZ ŜZÞscpÞgN

ð3Þ

Perfect refocusing of scalar-coupled evolution with

either of schemes A or B would require that

P̂2 expð�ipÎXÞP̂1 ¼ expð�ipÎXÞ or P̂1 expð�ipÎYÞP̂1 ¼
expð�ipÎYÞ, corresponding to P̂

0

2P̂1 ¼ 1̂ or P̂
0

1P̂1 ¼ 1̂,

respectively, where 1̂ is the identity operator. This is not

possible in the case of a homonuclear scalar-coupled two-

spin system where the CPMG pulses are non-selective,

since in the general case neither P̂
0

2 nor P̂
0

1 equals P̂�1
1 ,

where

P̂�1
1 ¼ fexpðiðxI ÎZ þ xSŜZ þ 2pJISÎZ ŜZÞscpÞ

expðiðx1ÎX þ xI ÎZ þ x1ŜX þ xSŜZ þ 2pJISÎZ ŜZÞspÞ
expðiðxI ÎZ þ xSŜZ þ 2pJISÎZ ŜZÞscpÞgN ð4Þ

Yet it appears from the simulated profiles in Fig. 2a, b

that P̂
0

2 more closely approximates P̂�1
1 than does P̂

0

1, as the

artifacts are much smaller in Fig. 2a. That this is, in fact,

the case can be made clear by simulating the evolution of

an I–S homonuclear two-spin system, starting with initial

magnetization along x (i.e., IX) and considering all 16 terms

that can be created during the course of the CPMG pulse

train (Dittmer and Bodenhausen 2006). In Fig. S2 we have

evaluated each of the density elements, Ô, at the end of a

CPMG train according to P̂
0

2ÔðP̂
0

2Þ
�1

and P̂
0

1ÔðP̂
0

1Þ
�1

and

compared the results with ðP̂1Þ�1
ÔP̂1. Notably, only a

number of the terms show appreciable magnitudes,

including the starting element IX and the anti-phase com-

ponent 2IYSZ that evolves from 3JHNHa, as well as the

double- and zero-quantum terms 2IYSX and 2IYSY. Of the

two multiple quantum terms, the magnitude of 2IYSY is

considerably larger after the N echoes of a CPMG train are

completed (Fig. S2), and P̂
0

2ÔðP̂
0

2Þ
�1� ðP̂1Þ�1

ÔP̂1 in this

case. This implies that scheme A, P̂2 expð�ipÎXÞP̂1, is

preferred for the 1HN–1Ha spin system that is relevant to

the problem in hand. Further simulations establish that the

artifact level decreases with increasing 1H B1 strength used

for the CPMG pulses; typically we use 25 kHz fields in our

experiments.

Having established the importance of ensuring that there

is no chemical shift evolution for 1Ha spins during the

central pulse element and that there is an important phase

relation between the CPMG pulses and the selective 1HN

pulse in the middle of the pulse train we developed a

simple scheme that satisfies these criteria, as illustrated in

Fig. 2c. All rectangular pulses are non-selective, with

either the cyan or orange pulse applied alternately in each

scan and the shaped pulses are of the EBURP variety (Geen

and Freeman 1991), centered in the amide proton region.

The net effect of this element is to act as a selective pulse

on the 1HN spins, while leaving the 1Ha spins unperturbed.

Note that the symmetric positioning of the pair of EBURP

pulses about the central (black) 1H 180� ensures that there

is no net chemical shift evolution for the 1Ha spins. Fig-

ure 2c presents a series of dispersions profiles that have

been simulated with this scheme, as a function of 1Ha

resonance position in the absence of chemical exchange,

showing that the profiles are of high quality (i.e., flat) for

the proposed scheme.

Figure 3 presents the full 1HN CPMG based experiment

that we have developed for studies involving protonated

proteins. It is worth noting that, as in the schemes of Figs. 1

and 2, a divided CPMG element is used, consisting of a

pair of pulse trains [scp-180w
�-scp]N that are separated by a

scheme that selectively refocuses amide protons while

leaving the 1Ha spins unaffected. It is important to

emphasize that such a scheme, in which a total of

2N CPMG pulses are applied, refocuses errors in CPMG

pulses for both even and odd N, as we have discussed in

detail previously (Hansen et al. 2008a) and demonstrated

experimentally for a number of different CPMG experi-

ments including those using either 15N or 13C probes of

exchange (Korzhnev et al. 2004a; Vallurupalli et al. 2007).
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This is in contrast to other implementations of dispersion

experiments, such as those of the relaxation compensation

variety (Loria et al. 1999), where N must be even (Hansen

et al. 2008a). Thus, in the present implementation where

the value of N is not restricted, the smallest mCPMG value

can be half as large as would otherwise be the case,

allowing studies of more slowly exchanging systems. In the

development of the sequence we have followed the sug-

gestion of Ishima and Torchia whereby the CPMG pulse

train is placed after the 15N t1 evolution period that mini-

mizes the effects of 1HN–1HN cross relaxation during rapid

CPMG pulsing, effectively ensuring that amide proton

spins relax as ‘unlike spins’ that increases the relaxation

times of the amide protons (Ishima and Torchia 2003;

Ishima et al. 1998). In order to improve the off-resonance

performance of the pulse train a [0013] phase cycle has

been used (Jiang et al. 2015; Yip and Zuiderweg 2004;

Yuwen and Skrynnikov 2014), the scp delays have been

adjusted for the length of the CPMG pulses and an addi-

tional delay inserted after the CPMG period (D in Fig. 3) to

compensate for longitudinal relaxation during the pulse

train (see legend to Fig. 3 for details). In this way flat

dispersion profiles (in the absence of exchange) can be

obtained without mCPMG-dependent corrections that are

typically required in other implementations of the [0013]

phase cycle (Jiang et al. 2015).

Critical to the experiment is the amide proton selective

pulse in the center of the CPMG interval. Since each of the

two EBURP pulses has a similar duration as a REBURP

pulse (assuming the same excitation bandwidth), the

overall length of the pulse sequence becomes slightly

longer, that may cause a small signal loss compared with

the REBURP scheme (compare Figs. 3 and S1). In order to

achieve optimal suppression of 1HN–1Ha scalar couplings

the excitation bandwidth of the EBURP pulses must be

chosen with care, ensuring that the amide 1HN protons are

refocused while the aliphatic 1Ha spins are not excited. In

general, we recommend that the upfield limit of the

EBURP pulse excitation range be set to approximately

6.5 ppm. Figure S3 shows the results from simulations

where evolution from 1HN–1Ha couplings are not fully

refocused in cases where the RF carrier is positioned at

8.2 ppm and a 4 ppm excitation bandwidth is used for the

EBURP pulses. Note that for these settings spurious 1HN

dispersion profiles can be obtained when the coupled 1Ha

spins have downfield resonance positions or amide protons

have upfield chemical shifts.

Experimental verification

The performance of the pulse sequence of Fig. 3 was tested

experimentally using a sample of protein L, a small domain

for which millisecond timescale exchange dynamics are

Fig. 3 Pulse sequence of the 1HN CPMG experiment for studies of

fully protonated proteins. All 90� (180�) rectangular pulses are

denoted by narrow (wide) bars. These are applied at maximum power,

with exception of the 1H pulses during the CPMG element (pulses of

phase /2, w1, and w2) that use a *25 kHz field. Both EBURP and

time-reversed EBURP pulses are shown with their actual shapes,

covering the amide 1HN region. Typically these pulses have durations

of *1.4 ms (800 MHz field, 2.8 kHz B1 field strength, 4.0 ppm

excitation bandwidth). All pulses are applied along x unless otherwise

indicated. The 1H carrier is placed in the center of the amide proton

spectrum (*8.2 ppm) during the interval indicated between A and B,

and positioned at the water resonance (*4.7 ppm) at other times.

Cyan/orange pulses are alternatingly applied in every two scans. The
15N carrier is placed in the center of the amide region (*119 ppm)

and 15N WALTZ-16 decoupling (Shaka et al. 1983) is applied during

acquisition (t2). The delays used are: sa = 2.38 ms, scp = Trelax/(4N)

- pwh180 9 0.5 9 0.75 where pwh180 is the length of each refocus-

ing CPMG pulse (see pulse sequence code) and the delay time

D = (Nmax - N) 9 pwh180 9 0.5 compensates for longitudinal

relaxation of 1HN magnetization during the CPMG pulses. The phase

cycle is /1 = x, -x, -x, x, -x, x, x, -x; /2 = 4(y), 4(-y), 4(-y),

4(y); /rec = x, -x, -x, x, -x, x, x, -x. A minimum phase cycle of 2

steps is required. The phases w1/w2 are used to implement the [0013]

scheme (Yip and Zuiderweg 2004) that is applied to the CPMG

pulses. Phase w1 is incremented with the cycle (y, y, -x, x) for each

successive pulse, such that if N = 3 the phases of the first, second and

third pulses of the first CPMG train are y, y and -x, respectively, and

w2 is decremented starting from the final w1 phase with y and -y

interchanged, such that the phases of the first, second and third pulses

in the second train are -x, -y and -y, respectively (Yuwen et al.

2016, 2019). Quadrature detection in F1 is achieved by STATES–

TPPI of /1 (Marion et al. 1989). A 3-9-19 WATERGATE element

(Sklenar et al. 1993) is applied prior to t2 acquisition for water

suppression. Gradients are applied with the following durations (ms)

and strengths (in % maximum): g1: (1.0, 7.5%), g2: (1.0, 15%), g3:

(0.5, 20%), g4: (1.0, 30%), g5: (0.8, –50%), g6: (1.0, 40%), g7: (0.8,

80%)
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almost completely absent. As a baseline we first recorded
1HN CPMG profiles on a perdeuterated sample, avoiding

the problems associated with homonuclear scalar couplings

altogether. Flat profiles were obtained for the great

majority of residues (several show small dispersions) that

could be fitted by horizontal lines with an rmsd of

0.10 ± 0.04 s-1 (56 residues). Experiments were subse-

quently recorded on a fully protonated protein L sample.

Horizontal-line fits of the resulting profiles measured with

the REBURP (Fig. S1) and EBURP (Fig. 3) schemes

produced rmsd values of 0.35 ± 0.21 s-1 and

0.20 ± 0.07 s-1, respectively. Nearly identical signal-to-

noise ratios are obtained in spectra recorded with either

sequence due to the relatively small molecular weight of

this domain (6.9 kDa). Figure 4 shows selected dispersion

profiles recorded on protonated (blue, red) and perdeuter-

ated (green) protein L samples, 800 MHz, 25 �C. Although

using a central REBURP refocusing pulse is problematic

(red), flat profiles are obtained when EBURP pulses are

used, and of course when a perdeuterated sample is

employed. The offset of green and blue curves reflects the

slower 1HN transverse relaxation rates for the deuterated

sample. In applications involving small proteins, such as

protein L that is used as a test sample here, we see similar

results for experiments that utilize either [0013] or [0000]

phase cycles for the CPMG pulses, Fig. S4, although for

studies of larger proteins with a significant imbalance

between R1 and R2 relaxation rates the improvement in

performance with the [0013] scheme becomes obvious,

Fig. S5.

It is worth noting that the sequence of Fig. 3 does not

contain a ‘P-element’ (Loria et al. 1999). Such a module is

often utilized in CPMG pulse schemes, in particular those

focusing on heteronuclear probes such as 15N or 13C, to

ensure that the average relaxation during the CPMG pulse

train is independent of mCPMG. The flat profiles we obtain

for protein L suggest that differential relaxation between

in-phase (IP) and anti-phase (AP) 1HN magnetization is

small. To verify this we have measured D (= R2,IP – R2,AP)

for 1HN magnetization using the pulse schemes of Fig. S6,

mCPMG = 2000 Hz, 800 MHz, with D = 0.29 ± 0.57 s-1

obtained. Values of D are related to 15N R1 rates and

decrease as a function of increasing protein size and static

magnetic field.

We have also performed an additional experiment on the

fully protonated protein L sample using a higher range of

mCPMG values (Fig. S7). Notably, small rmsds were

observed suggesting that the 1HN CPMG experiment of

Fig. 3 is suitable for studying sub-ms protein dynamics,

which is usually difficult to achieve using other spin probes

such as 15N. Importantly, the [0013] scheme induces little

Hartmann–Hahn transfer between 1HN and 1Ha spins even

for mCPMG values around 5 kHz, Fig. S8.

Having shown that the artifact level of the EBURP-

based 1HN CPMG experiment is much lower than our

previous version that utilized a central REBURP pulse we

next carried out experiments on a cavity mutant of T4

(A) (B)

(C) (D)

Fig. 4 Selected 1HN CPMG

dispersion profiles recorded on

perdeuterated (green) or fully

protonated protein L samples,

800 MHz, 25 �C, using EBURP

(Fig. 3, blue) or REBURP

(Fig. S1, red) schemes.

Essentially identical results are

obtained from either

experimental approach when

perdeuterated samples are used.

The rmsd for each dispersion

profile is shown in each panel,

color-coded as the dispersion.

Note that there is no

compensation for differential

relaxation between in-phase and

anti-phase 1HN magnetization in

our pulse schemes, but these

effects are small (see text)
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lysozyme in which a leucine at position 99 is replaced by

an alanine, referred to as L99A T4L in what follows

(Eriksson et al. 1992). We have previously shown that

large exchange profiles are observed that report on a con-

formational equilibrium in which Phe 114 is projected into

the cavity in a minor conformer (Bouvignies et al. 2011).

Dispersion profiles, using pulse schemes of Figs. 3 and S1,

have been recorded on a fully protonated L99A T4L

sample, with a selected subset of them shown in Fig. 5.

High quality data are obtained using either approach

(compare blue and red profiles) since dispersions are large

and artifacts from the central REBURP pulse are consid-

erably smaller, typically on the order of 1–2 s-1. It is not

surprising, therefore, that the differences in 1HN chemical

shifts between ground and excited states, |D-GE|, as mea-

sured using either experiment are in good agreement with

values measured on the perdeuterated sample. The

exchange parameters (pE, kex) corresponding to the fraction

of the sparsely populated, invisible state and the exchange

rate between the two interconverting states are

(2.60 ± 0.02%, 1217 ± 16 s-1) and (2.56 ± 0.03%,

1223 ± 23 s-1) for the EBURP and REBURP

schemes, respectively (56 residues), while (pE, kex) =

(2.63 ± 0.03%, 1247 ± 9 s-1) is obtained from analysis of
15N CPMG dispersion data (46 residues), Fig. 6. Notably, a

lower reduced v2 is obtained when fitting the EBURP

dataset relative to the corresponding REBURP profiles that

reflects the smaller ‘artifact content’ of the data in the

former case. Finally, the signal-to-noise is *7% lower for

the EBURP scheme on average; the slight decrease in

sensitivity is expected for a molecule tumbling with a

correlation time of 11 ns (Skrynnikov et al. 2001). None of

the analyses considered above took into account differen-

tial relaxation between in-phase and anti-phase amide 1HN

magnetization which was measured to be 0.89 ± 1.90 s-1

and 0.29 ± 1.89 s-1 at 600 and 800 MHz, respectively

(114 residues).

In summary, an improved 1HN-based CPMG pulse

scheme is presented for studies of millisecond timescale

exchange dynamics in protonated proteins. The

(A) (B) (C) (D)

(E) (F) (G) (H)

Fig. 5 Selected 1HN CPMG dispersion profiles recorded on a fully

protonated sample of L99A T4L, 800 MHz, 25 �C, using either

EBURP- (blue, panels a–c) or REBURP- (red, panels e–g) based

pulse schemes. Correlation of |D-GE| values (56 residues) obtained

from fits of data sets measured on fully protonated (x-axis) or

perdeuterated (y-axis) samples is shown in panels d and h. Profiles

were measured with pulse schemes of Figs. 3 or S1

(A) (B) (C)

Fig. 6 Reduced v2 surface plots of global exchange parameters (pE,

kex) extracted from fits of 15N (a) or 1HN (b, c) dispersion profiles

recorded on a fully protonated L99A T4L sample (600 and 800 MHz,

25 �C). In (b) and (c) the pulse sequences of Figs. 3 and S1 were

used, respectively. The position corresponding to the global minimum

of v2 is indicated by the white circle in each plot
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improvement stems from refocusing 1Ha evolution during

the amide proton selective central pulse that leads to flat

dispersion profiles in the absence of chemical exchange.

Robust chemical exchange parameters and 1HN chemical

shift differences between probes in the exchanging states

are observed for L99A T4L where large dispersion profiles

are obtained. Despite the improvements, there are still

some limitations with the new approach. For example, the

refocusing scheme of Fig. 3 requires that the EBURP

pulses selectively excite the amide spins, leaving a-protons

unaffected. There may well be outliers in some proteins

where this condition is not completely satisfied. In addi-

tion, in cases where D-GE(Ha) = 0, incomplete refocusing

of 1HN magnetization can occur, producing artifacts,

Fig. S9. While there remain, therefore, benefits with using

highly deuterated samples, it is important to note that high

quality 1HN dispersion profiles are, in general, produced via

the scheme of Fig. 3 using protonated samples, with only

slightly higher artifact content in most cases than in cor-

responding profiles generated from studies with

perdeuterated proteins.
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