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molecular weight complexes (Gelis et  al. 2007; Rosenz-
weig and Kay 2014). This is due to a number of factors. 
First, methyl-based experiments are generally of high sen-
sitivity, a phenomenon that derives from the three equiva-
lent protons per probe. Second, rapid averaging about the 
methyl threefold axis narrows spectral linewidths, as does 
the placement of methyl groups at the ends of often long 
sidechains that leads to further averaging. Third, methyl 
groups are often at interfaces between oligomers in com-
plexes and in the interior of protein cores where they are 
important reporters of structure and dynamics (Janin et al. 
1988). Fourth, the underlying methyl spin physics enables a 
TROSY effect that leads to further line-narrowing and sen-
sitivity gains (Tugarinov et al. 2003). Fifth, it is now pos-
sible to label any of the methyl groups of the 6 methyl con-
taining residues in proteins as 13CH3 and many as 13CHD2 
or 13CH2D, opening up the possibility of performing a 
wide variety of different experiments (Kerfah et  al. 2015; 
Tugarinov and Kay 2005). The utility of methyl groups in 
the study of protein motion is emphasized by the signifi-
cant number of 1H, 13C and 2H based methyl spin relaxa-
tion experiments that have been developed to measure pro-
tein dynamics with frequencies spanning over 12 orders of 
magnitude (Sheppard et  al. 2010). Particularly important 
is the millisecond (ms) timescale window as many critical 
biological processes involve biomolecular conformations 
with lifetimes in this regime (Boehr et  al. 2006; Henzler-
Wildman and Kern 2007; Neudecker et  al. 2012; Palmer 
et  al. 2001; Sekhar et  al. 2015). To this end methyl 13C 
(Ishima et al. 1999; Korzhnev et al. 2004; Lundstrom et al. 
2007) and 1H (Yuwen et al. 2017) CPMG experiments as 
well as methyl 13C CEST based schemes (Bouvignies and 
Kay 2012a; Rennella et  al. 2015) have been reported for 
characterizing ms timescale motions where a highly pop-
ulated and long lived (ground) state interconverts with a 
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Introduction

Methyl groups are powerful NMR reporters of protein 
structure, dynamics and function, in particular for high 
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sparsely populated and transiently formed (excited) con-
former. Notably absent in the NMR toolkit, however, is a 
methyl 1H CEST experiment for studying such processes. 
This is a significant omission because 1H spins in general 
can be very useful reporters of conformational exchange, in 
part because of the sensitivity of proton chemical shifts to 
proximal aromatic moieties (Wuthrich 1986), and because 
methyl groups, in particular, are excellent probes of protein 
interiors (Janin et  al. 1988) that often undergo significant 
structural changes during the exchange event.

Despite the obvious importance of 1H methyl CEST, a 
difficulty with 1H CEST, in general, has been that dips in 
CEST profiles arise from both chemical and dipolar (1H–1H 
cross relaxation) exchange and for applications to even 
moderately sized proteins the large number of NOE dips 
obscures the desired ones from chemical exchange (Bou-
vignies and Kay 2012b). We have recently shown that for 
15N labeled proteins amide 1H CEST profiles can be gener-
ated that are completely free of NOE effects (Yuwen et al. 
2017). This is achieved by exploiting the spin state of the 
attached 15N to generate 15N spin state selective 1H pro-
files where the exchange dips, but not those derived from 
NOEs, are offset with respect to each other by the magni-
tude of the one bond 1H–15N scalar coupling, 1JHN. In this 
way subtraction of the pair of CEST profiles corresponding 
to 15Nα and 15Nβ, where α and β denote the up and down 
15N spin states respectively, results in a difference CEST 
profile where NOE artifacts are removed. In principle, the 
13C spin of the 13CH3 labeled methyl group could be used 
in an analogous manner as the 15N spin of the amide moi-
ety, however, in practice the situation is complicated by 
the more complex AX3 methyl spin system relative to the 
amide (AX) and by the fact that it is desirable to develop an 
experiment that benefits from the methyl-TROSY effect so 
as to optimize sensitivity. Here we describe such an experi-
ment, along with the corresponding experiment for 13CHD2 
methyl groups, and present applications to exchanging pro-
tein systems to verify the methodology. We also highlight 
the relative strengths and weakness of methyl 1H CEST 
versus methyl 1H CPMG, emphasizing the importance of 
each class of experiment and their complementarity.

Materials and methods

Sample preparation

NMR samples of [U-15N; U-2H; Ileδ1-13CH3; Leu,Val-
13CH3/12CD3]-labeled and [U-15N; U-2H; Ileδ1-13CHD2; 
Leu,Val-13CHD2/13CHD2]-labeled G48A Fyn SH3 were 
prepared as described previously (Bouvignies et  al. 
2014). Sample concentrations where 1.1 and 1.35  mM for 
13CH3- and 13CHD2-labeled protein, dissolved in 50  mM 

sodium phosphate, 0.2  mM EDTA, 0.05% NaN3, pH 7.0, 
90%H2O/10%D2O. A 1.7  mM [U-15N; U-2H; Ileδ1-13CH3; 
Leu,Val-13CH3/12CD3; Met-13CH3] L99A T4L sample was 
generated following the protocol described by Bouvignies 
et al. (Bouvignies et al. 2011), using a 50 mM sodium phos-
phate, 25  mM NaCl, 2  mM EDTA, 2  mM NaN3, pH 5.5, 
100% D2O buffer. Samples of the ‘half proteasome’ from 
T. acidophilum (Sprangers and Kay 2007), (referred to in 
what follows as α7α7, 360  kDa) were used to test the sen-
sitivity of the pulse schemes of Fig. 1, to ensure that com-
plete subtraction of NOE dips is achieved for high molecular 
weight systems and to evaluate the linewidths of major state 
dips as a function of the protein molecular weight. Samples 
comprised ~0.9 mM (monomer concentration) [U-2H; Ileδ1-
13CH3; Leu,Val-13CH3/12CD3; Met-13CH3]-labeled or [U-2H; 
Ileδ1-13CHD2; Leu,Val-13CHD2/13CHD2; Met-13CH3]-
labeled protein, 25 mM potassium phosphate pH 7.4, 50 mM 
NaCl, 4.6 mM NaN3, 1 mM EDTA, 100% D2O. The level of 
deuteration in all samples was >95% at all carbon sites.

NMR spectroscopy

1H CEST datasets were recorded on 13CH3- and 13CHD2-
labeled G48A Fyn SH3 using a 600 MHz Bruker spectrome-
ter equipped with a gradient triple-axis cryogenically cooled 
probe, 25 °C. In studies of the 13CH3 sample 1H CEST 
datasets were recorded with the pulse scheme of Fig.  1a 
using weak B1 fields of 26.1 and 42.2  Hz, TEx = 400  ms. 
Experiments were obtained as interleaved pseudo-4D data-
sets whereby a pair of spectra are recorded for each weak 
1H CEST field, varied over the range −1.0–1.5  ppm with 
step sizes of 25 (B1 = 26 Hz) or 40 (B1 = 42 Hz) Hz. These 
spectra are then manipulated to separate ICIα and ICIβ path-
ways (i.e., the pathways derived from methyl 1H magneti-
zation coupled to 13C with spin state α and β, respectively, 
see below). In addition a 2D reference dataset was recorded 
with a B1 offset of −12 kHz, equivalent to setting B1 = 0 Hz 
(Yuwen et  al. 2017). This dataset was used to rescale the 
CEST baseline to 1.0 for each profile by plotting the ratio 
of major state cross-peak intensities, I(TEx,B1)/I(TEx,B1 = 0), 
as a function of the position of the weak B1 field (see CEST 
profiles, Figs. 2, 3, 4). Each 2D dataset was recorded with 
4 transients/FID, a relaxation delay of 1.0  s and (640, 24) 
complex points in (t2, t1) to give a net acquisition time of 
~5 min/spectrum. The net measurement time for each CEST 
dataset was ~11  h (B1 = 26  Hz) or ~7  h (B1 = 42  Hz). 1H 
R1 rates, used subsequently in fitting of the CEST profiles, 
were measured with a very similar pulse scheme to that of 
Fig. 1 with the exception that Hz magnetization was inverted 
prior to the TEx period in successive scans with modification 
of the phase cycle such that Hz effectively decays to zero 
during TEx.
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(A)

(B)

Fig. 1   a Methyl TROSY based pulse scheme for recording methyl 
1H CEST profiles. 90° (180°) rectangular pulses on 1H and 13C chan-
nels, denoted by narrow (wide) rectangles, are applied at maximum 
power. The hatched rectangles denote 90x180y90x composite pulses 
(Levitt and Freeman 1979), while the water-selective shaped pulse 
marked with “w” (~7  ms) is implemented using an EBURP-1 pro-
file (Geen and Freeman 1991). The final two 90° pulses on the 13C 
channel (denoted by narrow white rectangles) are only required for 
the S3E scheme (Felli and Pierattelli 2015), as described below. 
1H and 13C carrier frequencies are set to the center of the methyl 
group region (~0.5, ~20  ppm), with the exception of during the 
CEST element where the 1H carrier is placed at a frequency within 
the methyl range that is subsequently incremented with each CEST 
plane, and for the water selective pulse where the carrier is placed 
on resonance with the water line. After the t1 period both ICIα and 
ICIβ pathways are retained and these are subsequently separated as 
described below. The delay τa ≃ 1/(41JHC) is set to 2.0 ms. All pulses 
are applied with phase x unless otherwise indicated. The following 
phase cycle is used: ϕ1 = y, −y, −y, y; ϕ2 = x, −x, −x, x; ϕ3 = 4(x), 
4(−x); ϕ5 = −y, y; with a minimum phase cycle of 2. Quadrature 
detection in F1 is achieved by decrementing the phase of ϕ1 by π/2 
and incrementing the phase of ϕ2 by π/2 simultaneously. Separation 
of ICIα and ICIβ pathways can be achieved using either IPAP (Otti-
ger et al. 1998; Yang and Nagayama 1996) (τb = 1/(41JHC) = 2.00 ms) 
or S3E (Felli and Pierattelli 2015) (τb = 1/(81JHC)) schemes, each with 
similar performance in terms of pathway selection. Note that a value 
of τb = 1.03 ms was found to be optimal for the S3E scheme in terms 
of isolating each of the two pathways. In the IPAP version ϕ4 = 4(y), 
4(−y); ϕ6 = −x; ϕrec = x, 2(−x), x, −x, 2(x), −x for recording in-
phase (IP) spectra, while ϕ4 = 4(−y), 4(y); ϕ6 = x; ϕrec = y, 2(−y), y, 
−y, 2(y), −y for recording anti-phase (AP) spectra. In the S3E ver-
sion a pair of datasets are recorded with ϕ4 = 4(y), 4(−y); ϕ6 = x; 
ϕ7 = x; ϕrec = x, 2(−x), x, −x, 2(x), −x and with ϕ4 = 4(−y), 4(y); 
ϕ6 = x; ϕ7 = −x; ϕrec = y, 2(−y), y, −y, 2(y), −y. In both IPAP and S3E 
approaches the separately recorded datasets are added and subtracted 
to give CEST spectra corresponding to ICIα and ICIβ pathways. Gra-
dients are applied with the following durations (ms) and strengths 
(in % maximum): g0: (1.0, 50%), g1: (0.5, 30%), g2: (0.5, 30%), g3: 
(0.5, 40%). The weak 1H B1 field was calibrated using the approach of 

Guenneugues et al. (1999). An alternative scheme which implements 
3-9-19 WATERGATE (Sklenar et al. 1993) during the final IPAP/S3E 
period achieves much higher water suppression and can be used for 
studying protein samples in H2O-based solvent; in this case stronger 
g3 gradients are used, (0.8, 80%). A small sensitivity loss (<10%) has 
been noted in studies of large proteins (α7α7) when the WATERGATE 
scheme is used. b Methyl 1H-CEST experiment for measurement of 
slow chemical exchange processes in 13CHD2-labeled proteins. Some 
of the details of this scheme are as in a and are not repeated. 2H 
WALTZ-16 decoupling elements (Shaka et al. 1983) are applied with 
a field of 500  Hz, flanked by ~1.7  kHz pulses that minimize insta-
bilities to the lock channel. Heteronuclear cross-polarization (dura-
tion 1/1JHC ≃ 8 ms) is achieved with an ~8 kHz DIPSI-2 field (Shaka 
et al. 1988) applied to both 1H and 13C that transfers 13C magnetiza-
tion to 1H magnetization in a spin state selective manner (Luy 2004; 
Yang and Kay 1999). The separation of ICIα and ICIβ pathways, that 
are recorded simultaneously, is achieved in a manner as described 
for the methyl-TROSY based scheme, exploiting either IPAP or S3E 
elements. τa ≃ 1/(41JHC) = 2.0 ms. The following phase cycle is used: 
ϕ1 = x, −x; ϕ2 = y. Quadrature detection in F1 is achieved by invert-
ing the phase of ϕ2 together with the sign of gradient g5 (Kay et al. 
1992; Schleucher et al. 1993). Separation of ICIα and ICIβ pathways 
can be achieved using either IPAP (Ottiger et  al. 1998; Yang and 
Nagayama 1996) (τb = 1/(41JHC) = 2.00 ms) or S3E (Felli and Pierat-
telli 2015) (τb = 1/(81JHC)) schemes, each with similar performance 
levels in terms of pathway selection. Note that a value of τb = 1.03 ms 
was found to be optimal for the S3E scheme in terms of isolating each 
of the two pathways. In the IPAP version ϕ3 = y; ϕ4 = −x; ϕrec = x, −x 
for recording in-phase (IP) spectra, while ϕ3 = −y; ϕ4 = x; ϕrec = y, −y 
for recording anti-phase (AP) spectra. The final two90° pulses on the 
13C channel, denoted by narrow white rectangles, are only required 
for the S3E scheme. Here a pair of datasets are recorded with ϕ3 = y; 
ϕ4 = x; ϕ5 = x; ϕrec = x, −x and with ϕ3 = −y; ϕ4 = x; ϕ5 = −x; ϕrec = y, 
−y. In both IPAP and S3E approaches the separately recorded data-
sets are added and subtracted to generate CEST spectra correspond-
ing to ICIα and ICIβ pathways. Gradients are applied with the follow-
ing durations (ms) and strengths (in % maximum): g1: (0.5, 30%), g2: 
(0.5, 40%), g3: (1.0, −50%), g4: (0.512, 90%), g5: (0.256, 90%)
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1H CEST experiments were recorded for 13CHD2-
labeled G48A Fyn SH3 using the scheme of Fig. 1b. Many 
experimental details are as above for the 13CH3 sample and 
will not be repeated. Each 2D dataset was recorded with 
two transients/FID, a relaxation delay of 2.0  s, that takes 
into account the approximate twofold longer T1 values 
relative to 13CH3 labeling (where a relaxation delay of 1 s 
was used), see Figure S1, and (640, 24) complex points in 
(t2, t1) to give a net acquisition time of ~5 min/spectrum. 
The total measurement time for each pseudo-4D was ~11 h 
(B1 = 26 Hz) or ~7 h (B1 = 42 Hz), as for the experiments 
recorded on the 13CH3 sample. 15N CEST datasets, col-
lected to validate the exchange parameters obtained via 
the 1H CEST experiments, were measured using the stand-
ard pulse scheme described previously (Vallurupalli et al. 
2012) with two different weak B1 fields (22.7 and 36.1 Hz) 
and TEx = 400 ms.

A methyl-TROSY based 1H CEST (Fig. 1a) dataset was 
measured for 13CH3-labeled L99A T4L using a 800 MHz 
Bruker spectrometer equipped with a z-axis cryogeni-
cally cooled probe, 8.8 °C and a weak B1 field of 30.4 Hz, 
TEx = 500  ms. Experiments were collected by varying the 
position of the weak 1H CEST field during TEx over a range 
extending from −1.5 to 2.3  ppm in step sizes of 30  Hz. 
Each 2D dataset was recorded with 2 transients/FID, a 
relaxation delay of 0.5  s and (768, 80) complex points in 
(t2, t1) to give a net acquisition time of ~6 min/spectrum. 
The net measurement time for each CEST dataset was 
~20 h.

A methyl-TROSY based 1H CEST (Fig. 1a) dataset was 
recorded on α7α7, 600  MHz, 50 °C using a weak B1 field 
of 32.1  Hz, TEx = 400  ms. The position of the weak 1H 
CEST field was varied over a range extending from −0.7 
to 2.1  ppm in step sizes of 30  Hz. Each 2D dataset was 
recorded with two transients/FID, a relaxation delay of 1 s 
and (640, 64) complex points in (t2, t1) to give a net acquisi-
tion time of ~ 6 min/spectrum and a net measurement time 
of ~ 14  h. A similar experiment (Fig.  1b) was recorded 
using the 13CHD2-labeled complex except that the relaxa-
tion delay was increased to 2 s.

1H methyl TQ CPMG datasets (Yuwen et al. 2016) were 
recorded at 600 and 800 MHz, 25 °C, on a 13CH3-labeled 
L99A T4L sample using a constant-time CPMG relaxa-
tion element of duration Trelax = 10  ms, 18 νCPMG values 
were sampled in the range of 100‒2000 Hz, where νCPMG 
= 1/(2δ), and δ is the time between successive refocusing 
pulses. A net measurement time ~20 h was used for each 
CPMG dataset.

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. Prior 
to the calculation of difference 1H-CEST profiles each of 
the ICIα and ICIβ CEST curves was first rescaled to bring 
the baseline position to 1.0. This is achieved by plotting 
the ratio I(TEx,B1)/I(TEx,B1 = 0) as a function of the posi-
tion of the weak B1 field. The difference 1H CEST profile 
(ICIα–ICIβ) was then fitted to extract exchange parameters 
and chemical shift differences for G48A Fyn SH3 or only 
shift differences for L99A T4L (Yuwen et  al. 2017). The 
analyses of CEST profiles were carried out using the soft-
ware package ChemEx (https://github.com/gbouvignies/
chemex); a separate module is required for fitting the differ-
ence 1H-CEST profiles which is available upon request. In 
total 12 and 11 CEST profiles were selected for G48A Fyn 
SH3 and L99A T4L, respectively, to extract Δϖ values. 
For G48A Fyn SH3, only three CEST profiles with distinct 
minor and major dips were chosen to estimate (pE, kex). 
Exchange parameters were not estimated for L99A T4L 
from 1H CEST because of the influence of 1H–1H cross 
relaxation on the extracted values (Yuwen et al. 2017). No 
minor state dips were observed in CEST datasets measured 
on α7α7. Datasets were recorded to establish that clean dif-
ference profiles (i.e., no NOE dips) could be obtained over 
a wide range of different molecular weight protein systems 
that might be studied with this methodology and to evalu-
ate the linewidths of major state dips in difference CEST 
profiles (13CH3-sample).

For the analysis of CPMG datasets that were recorded 
for L99A T4L, effective transverse relaxation rates, R2,eff, 
were calculated based on peak intensities according to the 
relation R2,eff(νCPMG) = −ln(I(νCPMG)/I0)/Trelax, where I0 is 
the peak intensity in a reference spectrum recorded without 
the relaxation delay, Trelax (Mulder et al. 2001). The fitting 
of CPMG datasets was carried out with ChemEx, follow-
ing previously described protocols (Yuwen et al. 2016). Ini-
tially 9 residues with significant CPMG dispersion profiles 
(>10  s−1 at 600  MHz) were selected to estimate (pE, kex) 
values that were then fixed in fits of 42 dispersion curves.

Results and discussion

Figure  1a shows the methyl-TROSY based 1H CEST 
pulse scheme that has been developed to probe chemi-
cal exchange. Key to the approach is that 1H longitudi-
nal magnetization coupled to 13Cα (IzCIα) and 13Cβ (IzCIβ) 
during the initial CEST element is detected as ITRCIα and 
ITRCIβ, respectively, at the end of the pulse scheme, with 
the subscript TR denoting transverse magnetization. The 
two magnetization pathways, IzCIj

→ ITRC
Ij, j ∈ (�, �), are 

preserved in a single scan and then separated prior to detec-
tion (t2), thus improving sensitivity by a factor of √2 over 
sequences where only one of the two pathways is recorded. 

https://github.com/gbouvignies/chemex
https://github.com/gbouvignies/chemex
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In order to illustrate a number of key aspects of this pulse 
scheme we present a brief description of the magnetization 
flow, neglecting pulse imperfections and relaxation and 
assuming that τa = 1/(41JHC), where 1JHC is the one bond 
1H–13C scalar coupling constant. Focusing initially on lon-
gitudinal 1H magnetization, Iz(1 ± 2Cz), and on only the first 
line of the phase cycle indicated in the legend to Fig. 1a, it 
follows that

where the right hand side contains the relevant magneti-
zation terms at the end of the t1 period, with the super-
scripts j,k,l distinguishing the three identical protons, Ii 
and Ci denote 1H and 13C (i ∈ {x, y, z}) magnetization and 
ωc is the 13C precession frequency. Note that all terms on 
the right hand side of Eq.  (1) contain 1H–13C double/zero 
quantum elements. In the absence of the 1H 180° pulse 
in the center of the t1 period, and neglecting 1H chemical 
shift evolution, each of these elements would evolve into 
three resolved multiplet components due to scalar coupling, 
separated from each other by 1JHC; the middle component 
relaxes slowly while the outer components are fast relaxing 
and typically decay during the course of the pulse scheme 
(Tugarinov et  al. 2003). Immediately after the 13C pulse 
of phase ϕ4, and neglecting the simultaneous 1H 90y90ϕ5 
pulses for the moment, the terms of interest are

(1)
Ij
z
(1 ± 2Cz) → 2Ij

x
Cy cos(�ct1) − 2Ij

x
Cx sin(�ct1)

∓ 8Ij
y
CxI

k
z
Il
z
cos(�ct1) ∓ 8Ij

y
CyI

k
z
Il
z
sin(�ct1)

The second term in Eq. (2) is problematic. During the sub-
sequent 2τb period and the following t2 evolution intra-
methyl 1H–1H dipolar cross-correlated relaxation partially 
converts it to Ijx

(

1 ± 2Cz

)

 that leads to phase anomalies 
in peak lineshapes. This problem can be circumvented by 
the application of a 1H 90y purge pulse or by applying a 
1H 180° pulse in alternate scans (90y90ϕ5) simultaneously 
with the 13C 90ϕ4 pulse; the purge pulse ensures that the 
undesired magnetization becomes non-observable while 
the 1H 90y90ϕ5 pulse pair inverts the undesired magnetiza-
tion in successive scans so that it can be removed by phase 
cycling. We prefer the latter approach, as this preserves the 
methyl-TROSY effect, while a 1H 90° pulse will partially 
interconvert fast and slowly relaxing 1H components, that 
leads to reduced sensitivity and resolution in the resulting 
datasets (Tugarinov et al. 2003). The remaining element of 
duration 2τb separates the Ijy

(

1 ± 2Cz

)

 components accord-
ing to the 13C spin state to generate the ICIα and ICIβ CEST 
profiles. Despite the increased number of pulses and delays 
relative to a standard HMQC scheme the sensitivity of this 
new experiment is high, with relative peak intensities rang-
ing between 90–95% and 80–85% for applications to Fyn 
SH3 (7  kDa, 25 °C) and α7α7 (360  kDa, 50 °C), respec-
tively. Note that because spin state selective datasets are 
recorded the comparison we have made is to an F2-coupled 

(2)Ij
y
(1 ± 2Cz) cos(�ct1) − 4Ij

x
Ik
z
Il
z
(1 ± 2Cz) sin(�ct1)

(A) (B)

(C)

Fig. 2   a, b Representative spin state selective methyl 1H CEST 
profiles (top) and difference profiles (bottom) measured on a 
13CH3-labeled G48A Fyn SH3 sample using the scheme of Fig.  1a, 
25 °C, 600  MHz, TEx = 400  ms, weak B1 field = 26.1  Hz. The ratio 
I(TEx,B1)/I(TEx,B1 = 0) (y-axis) is plotted as a function of the position 
of the weak B1 field (x-axis) where I(TEx,B1) and I(TEx,B1 = 0) are the 
intensities of the major state peak when the field is set to B1 and to 0 
(or alternatively when the field is far removed from any resonance, 
see Materials and methods), respectively. The positions of ground 

and excited states are indicated with dashed lines in blue or red for 
13C spin state α or β respectively. Values of Δϖ obtained from fits 
are indicated in each panel. c Linear correlation plot of Δϖ values 
obtained via methyl CEST experiments recorded using the pulse 
schemes of Fig. 1a (13CH3), b (13CHD2). Note that the uncertainties 
in Δϖ are smaller than the sizes of the data points in the plot. Details 
regarding optimal recording of both classes of methyl CEST experi-
ment are provided in Figure S3
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HMQC; there is, of course, a penalty of a factor of 2 that 
takes into account the fact that a pair of sub-spectra are 
recorded, one for each of the 13C spin states, as there would 
be in a coupled HMQC dataset as well.

Figure  1b illustrates the pulse scheme for record-
ing methyl 1H CEST profiles when 13CHD2 labeling is 
used. In this case the approach is essentially identical to 
that described previously for amide protons (Yuwen et  al. 
2017), with the exception that in the present implementa-
tion we have used heteronuclear cross-polarization to trans-
fer magnetization back to 1H for detection in an enhanced 
sensitivity manner (Kay et al. 1992; Schleucher et al. 1993).

As a first step in validating the methyl 1H-CEST experi-
ment we recorded CEST profiles (scheme Fig.  1a) on a 
[U-15N; U-2H; Ileδ1-13CH3; Leu,Val-13CH3/12CD3]-labeled 
G48A Fyn SH3 domain (25 °C) that has been shown previ-
ously to interconvert between dominant folded and rare 

unfolded states, via a two-step exchange process, G
kGE
⟶

⟵

kEG

E 

(Di Nardo et  al. 2004). Figure  2a, b shows representative 
profiles for two methyl groups from G48A Fyn SH3, along 
with difference profiles that remove any NOE dips. We have 
also recorded 1H CEST profiles using a [U-15N; U-2H; Ileδ1-
13CHD2; Leu,Val-13CHD2/13CHD2]-labeled sample with the 
pulse scheme of Fig. 1b that is optimized for 13CHD2 methyl 
groups. Good agreement is obtained between extracted 
methyl 1H chemical shift differences, Δϖ = ϖE − ϖG  
(ppm), Fig.  2c, and between exchange parameters  
(pE, kex = kEG + kGE) = (8.4 ± 0.1%, 111.4 ± 3.5  s−1), 
(7.6 ± 0.1%, 106.2 ± 2.4 s−1) and (8.3 ± 0.1%, 104.5 ± 1.6 s−1) 
obtained from 13CH3-1H CEST, 13CHD2-1H CEST and 15N 
based experiments. As discussed previously, exchange 
parameters become increasingly compromised in 1H CEST 
experiments as 1H–1H cross relaxation becomes more sig
nificant (Yuwen et  al. 2017); for applications to small,  
highly deuterated proteins such as the Fyn SH3 domain 
(7  kDa) considered here this effect is relatively minor and 
robust exchange parameters can be fitted. In general, 

(A) (B)

(E) (F)

(C)

(D)

Fig. 3   a–e Representative spin state selective methyl 1H CEST pro-
files (top) and difference profiles (bottom) measured on a 13CH3-
labeled L99A T4L sample using the scheme of Fig.  1a, 9 °C, 
800  MHz, TEx = 500  ms, weak B1 field = 30.4  Hz. f Linear correla-

tion plot of Δϖ values obtained from analyses of methyl 1H CEST 
and methyl 1H TQ-CPMG experiments (Yuwen et al. 2016) (25 °C); 
uncertainties in ΔϖCEST values are smaller than the sizes of data 
points in the plot
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however, it is preferable to obtain (pE, kex) values from 15N 
experiments for which cross relaxation is not an issue 
(Yuwen et al. 2017).

Although 13CH3 methyl labeling of proteins is more 
common than 13CHD2 labeling, so that the methyl TROSY 
1H CEST experiment of Fig.  1a is likely to be more use-
ful than the 13CHD2 version (Fig. 1b), we were interested 
in comparing the relative signal to noise values (S/N) in 
both experiments to see where the advantage lies in terms 
of sensitivity. Notably S/N values were approximately 
1.5–2 fold higher for Leu and Val and 2.5 fold higher for 
Ile in 13CH3 datasets recorded on G48A Fyn SH3 when 
TEx is set to 0, Figure S1. We have also compared relative 
intensities of minor state CEST dips in difference datasets 
recorded on the 13CH3- and 13CHD2-labeled samples with 
TEx = 400 ms, focusing only on residues with large Δω val-
ues so that accurate ratios could be quantified. Relative 
S/N values of 1.0 for Leu/Val and 1.8 for Ile are obtained 

(13CH3/13CHD2) that are smaller compared with TEx = 0 ms. 
This decrease reflects the faster 13C longitudinal relaxation 
rates for 13CH3 methyls relative to their 13CHD2 counter-
parts (~2 vs. 1 s−1) (Rennella et al. 2015) and the fact that 
13C spin flips during the CEST delay interconvert IzCIα and 
IzCIβ, leading to an attenuation of the dips observed in the 
difference CEST profiles, as described previously (Yuwen 
et  al. 2017). Although we have not compared S/N values 
for larger molecules, our previous studies focusing on very 
similar pulse sequences and identical labeling schemes to 
the ones compared here established a preference for 13CH3 
labeling and methyl-TROSY based experiments in appli-
cations to the 360  kDa half-proteasome (Religa and Kay 
2010).

Having established the utility of 1H methyl CEST in appli-
cations to small proteins we next turned to the L99A cav-
ity mutant of T4 lysozyme (L99A T4L), labeled as [U-15N; 
U-2H; Ileδ1-13CH3; Leu,Val-13CH3/12CD3; Met-13CH3] 

(A) (B)

(E) (F)

(C)

(D)

Fig. 4   a–c Representative spin state selective methyl 1H CEST pro-
files (top) and difference profiles (bottom) measured on a 13CH3-
labeled α7α7 sample using the scheme of Fig.  1a, 50 °C, 600  MHz, 
TEx = 400  ms, weak B1 field = 32.1  Hz. d–f As in a–c but for a 
13CHD2-labeled α7α7 sample obtained using the scheme of Fig.  1b. 

Additional dips for Leu/Val residues are found in difference profiles 
of the 13CHD2-labeled sample (e.g., e, f as for V190γ1/γ2) due to 
1H–1H NOEs between the two isopropyl 13CHD2 methyl groups in a 
given residue (note that the 13CH3 sample has 13CH3/12CD3 methyl 
labeling)
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(Eriksson et  al. 1992). L99A T4L interconverts between 
a ground state conformation where a 150  Å3 cavity in the 
protein interior, formed by the L99A substitution, is empty 
and a conformation where the cavity is occupied by F114 
(Bouvignies et  al. 2011). Figure  3a–e highlights a number 
of CEST profiles recorded with the scheme of Fig. 1a (9 °C, 
correlation time 19 ns) and it is now clear that NOE dips can 
completely obscure the minor state CEST dips of interest 
in the spin state selective traces (see panel d, in particular). 
Nevertheless the NOE dips are removed cleanly in the differ-
ence traces, allowing the extraction of 1H methyl Δϖ values 
so long as they exceed ~0.2  ppm. An excellent correlation 
between such values and corresponding shift differences 
from 1H triple-quantum (TQ) CPMG experiments (25 °C) 
(Yuwen et al. 2016) is illustrated in Fig. 3f.

Although we expect that the 1H methyl CEST methodol-
ogy described here will have important applications to stud-
ies of slow timescale dynamics in high molecular weight 
complexes we do not presently have an appropriate large 
system that shows exchange in the CEST window. Never-
theless, we have recorded a CEST experiment on α7α7 as a 
control to ensure that clean separation of NOE and chemi-
cal exchange dips are obtained in difference CEST profiles 
in the case of very large protein systems as well. Figure 4 
illustrates representative spin state selective 1H CEST pro-
files for several residues, measured with the sequences of 
Fig.  1. The resulting difference profiles show only major 
state dips and establish the complete subtraction of NOEs, 
as expected. We were also interested in exploring how the 
linewidths of the major state CEST dips vary with molecu-
lar weight, as this is a critical parameter for estimating the 
lower bound of Δω values that can be measured. Figure 
S2 shows the distribution of linewidths obtained for L99A 
T4L (correlation time of 19  ns, 9 °C) and α7α7 (125  ns, 
50 °C), along with a schematic illustrating how we have 
defined linewidth in the context of the anti-phase lineshapes 
obtained in the difference CEST spectra. The linewidths of 
α7α7 are ~15% larger, on average, than those of L99A T4L, 
strongly suggesting that the methodology presented will be 
applicable in studies of high molecular weight systems, at 
least for those that are reasonably well behaved.

With the recent development of a sensitive methyl 1H 
CPMG experiment that exploits 1H TQ coherences dur-
ing the CPMG relaxation element (Yuwen et al. 2016) and 
the introduction of methyl 1H CEST here, it is of interest 
to compare the relative strengths of the two approaches. 
Although both experiments can provide detailed informa-
tion on the exchanging system studied, they are optimally 
sensitive to different exchange regimes, as with CEST 
and CPMG in general (Sekhar and Kay 2013). For exam-
ple, 15N CEST studies of L99A at 9 °C establish that (pE, 
kex) = (1.8 ± 0.01%, 215 ± 5  s−1), so that maximum disper-
sion profile sizes are only ~4  s−1 (pE×kex, obtained in the 

slow exchange limit (Millet et  al. 2000)), complicating 
robust analyses of CPMG data. Yet this slow exchange 
regime is ideal for CEST applications. Conversely,  
(pE, kex) = (3.1 ± 0.1%, 1290 ± 50 s−1) at 25 °C is optimal for 
CPMG but the rapid exchange rate leads to very significant 
line broadening for the minor state peaks (up to as much 
as 1250 s−1 = (1 − pE) × kex, calculated in the slow exchange 
limit) that would render them invisible in CEST profiles. 
In this regard, CEST and CPMG are highly complementary 
and the utility of one method over the other depends on the 
exchange regime of the interconverting system of interest. 
Although it is tempting to argue that by manipulating the 
sample one can always change the exchange timescale so 
that one of the methods becomes preferable, in practice this 
is often not realized since exchange rates depend very sig-
nificantly on the activation enthalpy for the interconversion, 
for example, when temperature is used as the variable.

L99A T4L is, in fact, an example of where it is possible 
to modify the exchange timescale by temperature so that 
both CEST and CPMG experiments can be made amena-
ble to explore conformational exchange, albeit at differ-
ent temperatures that tune kex to the appropriate values for 
each technique. As such it is possible to compare 1H methyl 
CEST (9 °C) and 1H methyl TQ CPMG (25 °C) profiles to 
illustrate the relative strengths of each method, Fig. 5. For 
the case of L7δ1 where Δϖ = −0.6  ppm there is a large 
spacing between major and minor state dips in the CEST 
profile and the position of the minor state dip can be accu-
rately established, by inspection, or by a single residue fit. 
In contrast, the large shift difference leads to a CPMG pro-
file that decays only partially over the applied 2 kHz νCPMG 
range, challenging the accurate extraction of chemical shifts 
from fits of this profile in isolation or even globally (all fits 
were global). Note that in the TQ CPMG experiment the 
effective Δω is three fold larger than for the correspond-
ing single-quantum version (Tugarinov and Kay 2007) so 
that Δωeff = 7300 rad s−1 (at 600 MHz) ≫ kex = 1250 s−1 in 
this example. For smaller chemical shift differences, on the 
order of 0.3 ppm, such as the case for I29δ1, there remains 
sufficient separation between major and minor CEST dips 
so that accurate Δϖ values can be obtained from the CEST 
experiment. The smaller Δϖ value leads to a more favora-
ble situation for CPMG profiles as the effects of exchange 
can now be attenuated much more completely as a func-
tion of the pulsing rate. In contrast, as Δϖ values decrease 
further, to 0.06 ppm for L32δ2, there is insufficient resolu-
tion between major and minor dips in the difference CEST 
profile to measure Δϖ. Because triple-quantum coherences 
are evolved during the CPMG element the effective Δϖ 
is scaled by three-fold so that large dispersion profiles are 
obtained for L32δ2 and the exchange timescale is slowed, 
enabling a proper analysis in this case. Of course, an advan-
tage of CEST, in general, is that the sign of Δϖ is available 
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by inspection, while additional experiments must be per-
formed in the case of CPMG measurements to obtain this 
information (Skrynnikov et al. 2002).

In summary, we have presented methyl 1H CEST experi-
ments for studies of exchange dynamics in 13CH3- and 
13CHD2-labeled proteins that completely eliminate deleteri-
ous NOE dips. The pulse schemes are complementary to 
methyl 1H CPMG experiments because the CEST approach 
is optimally sensitive to exchange in a regime where 
CPMG dispersion profiles are small and not amenable for 
detailed analysis. The development of a large suite of dif-
ferent experiments, each with their own set of strengths, 
increases the range of important conformational exchange 
processes that can be studied by NMR and ultimately our 
insight into how excursions to rare conformational states 
impact biomolecular function.
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