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Introduction

Biomolecular dynamics occur over a broad spectrum of 
timescales and are important in mediating a wide range 
of diverse functions (Henzler-Wildman and Kern 2007; 
Karplus and Kuriyan 2005; Kimsey et  al. 2015; Sekhar 
and Kay 2013; Tzeng and Kalodimos 2013). Recogniz-
ing the importance of motion for function, a large number 
of different biophysical techniques have emerged to study 
processes with timescales ranging over many orders of 
magnitude, from rapid pico- to nano-second dynamics to 
hydrogen exchange that occurs on the seconds timescale 
(or longer). A central player in this field has been NMR 
spectroscopy, as it offers unparalleled capabilities for the 
study of motion spanning a wide range of timescales with 
atomic resolution and in a manner which most often does 
not require attachment of bulky probes that can perturb the 
very processes that are of interest (Anthis and Clore 2015; 
Mittermaier and Kay 2006; Palmer et  al. 2001). Many of 
the recent methodological advances in solution NMR 
studies of molecular dynamics have focused on studies 
of conformational exchange where a number of different 
experiments such as Carr Purcell Meiboom Gill (CPMG) 
(Carr and Purcell 1954; Meiboom and Gill 1958) and R1ρ 
relaxation dispersion (Deverell et  al. 1970; Palmer and 
Massi 2006), magnetization exchange (Farrow et al. 1994; 
Montelione and Wagner 1989), Dark State Exchange Satu-
ration Transfer (DEST) (Fawzi et  al. 2011) and Chemical 
Exchange Saturation Transfer (CEST) (Vallurupalli et  al. 
2012) have become popular, with each technique offer-
ing unique advantages that are suitable for the quantitative 
study of dynamics within specific time windows.

In the past several years our laboratory has focused 
on the development of CEST-based experiments that are 
most suitable for characterizing conformational exchange 
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processes with rates that are in the range of ~50–400  s−1 
(Vallurupalli et al. 2012). This approach dates to the early 
1960s with the pioneering studies of Forsen and Hoffman 
(Forsen and Hoffman 1963) and then subsequently to the 
important work of Gupta and Redfield in the 1970s (Gupta 
and Redfield 1970) where the method was extended to pro-
tein applications. The recognition by Balaban and cowork-
ers that CEST could be used to amplify very weak signals 
by observing them through a much more intense reporter 
(Ward et  al. 2000) has led to applications in the field of 
MRI (van Zijl and Yadav 2011). The idea of amplification 
is also critically important for CEST applications to bio-
molecular exchange where sparsely populated, transiently 
formed excited states are ‘visualized’ through spectra that 
derive from the populated, long lived ground state. CEST 
applications to proteins and nucleic acids have focused 
primarily on 15N (Vallurupalli et al. 2012) and 13C (Bouvi-
gnies and Kay 2012a; Bouvignies et al. 2014; Vallurupalli 
and Kay 2013; Zhao et  al. 2014; Zhao and Zhang 2015) 
probes since their low gyromagnetic ratios ensure that they 
report only on chemical exchange processes with little or 
no contributions from magnetization exchange that arise 
through dipolar interactions. Although 1H spins are both 
unique and sensitive reporters of conformation, with chem-
ical shifts sensitive to ring current effects and, in the case 
of amides, to hydrogen bond formation (Wishart 2011), 
applications of 1H CEST to the study of conformational 
exchange have been limited. This is due to the appearance 
of significant ‘artifacts’ from 1H–1H cross-relaxation of 
the proton spins of interest, with neighboring protons giv-
ing rise to dips in the resulting CEST profiles that often 
obscure those derived from chemical exchange (Bouvignies 
and Kay 2012b).

Recently NMR experiments have been reported that sep-
arate chemical and dipolar magnetization exchange so that 
1H CEST profiles can be recorded that are completely free 
of NOE artifacts (Yuwen et al. 2017), even in large protein 
systems where extensive dipolar relaxation pathways are 
operative. The approach, demonstrated for amide protons 
in 15N-labeled proteins, isolates a pair of pathways involv-
ing amide 1H magnetization coupled to 15N in spin states α 
and β that give rise to exchange-based CEST profiles that 
are offset with respect to each other by 1JHN, the one bond 
1H–15N scalar coupling. In contrast, dips that arise from 
cross-relaxation are not offset. As described in detail previ-
ously (Yuwen et al. 2017) and summarized below, subtrac-
tion of the pair of CEST profiles thus removes NOE dips 
while retaining those from chemical exchange. Our previ-
ous work had focused on studies of perdeuterated proteins 
(Yuwen et al. 2017) and it is of interest to extend it to proto-
nated molecules, especially as there are cases where protein 
expression is limiting so that deuteration becomes prohibi-
tive. Herein we build upon the ideas of spin state selective 

1H-CEST that we outlined previously (Yuwen et al. 2017) 
along with longitudinal relaxation optimized (L-optimized) 
spectroscopy (Pervushin et  al. 2002) that is used so ele-
gantly in the BEST-family of experiments (Lescop et  al. 
2007) to present a pair of amide-based 1H CEST pulse 
schemes that can be recorded on fully protonated proteins. 
Because 1H-CEST is more efficiently recorded in ways that 
are slightly different than for 15N- or 13C-CEST these dif-
ferences are highlighted below in a discussion of how to 
optimize sensitivity, along with applications to a number of 
protonated proteins.

Materials and methods

Sample preparation

An NMR sample of [U-15N] human telomere repeat bind-
ing factor (hTRF1) was prepared as described previously 
(Sekhar et al. 2016), comprising 1.0 mM protein dissolved 
in 50 mM sodium acetate, 1.0 mM EDTA, 50 mM NaCl, 
1 mM NaN3, pH 5.7, 90% H2O/10% D2O. An NMR sample 
of [U-15N] C6A/C57A/C111S/C146S superoxide dismutase 
(SOD1) that is metal free and reduced (apoSOD12SH) was 
prepared as described previously (Sekhar et al. 2015b), with 
1.4 mM protein dissolved in 20 mM HEPES, 1 mM NaN3, 
pH 7.4, 90% H2O/10% D2O. An NMR sample of [U-2H; 
Ileδ1-13CHD2; Leu, Val-13CHD2/12CHD2; Met-13CHD2] 
G48A Fyn SH3 domain was prepared as discussed in the 
literature (Bouvignies et  al. 2014), with 1.35  mM protein 
dissolved in 50  mM sodium phosphate, 0.2  mM EDTA, 
0.05% NaN3, pH 7.0, 90% H2O/10% D2O (note that methyl 
labeling is not required for this experiment).

NMR spectroscopy

A 1H-CEST dataset was recorded on hTRF1 using a 
600  MHz Bruker Avance III spectrometer equipped with 
a triple-axis gradient cryogenically cooled probe, 35 °C. 
The non-TROSY scheme of Fig.  2 was used with a weak 
B1 field of 31.5 Hz, along with a CEST relaxation element 
of duration TEx  =  400  ms. Experiments were obtained as 
interleaved pseudo-4D datasets by recording a pair of com-
ponents that are then manipulated to separate INIα and INIβ 
pathways and by varying the position of the weak 1H CEST 
field during TEx for each 2D spectrum (over the range of 
5.5–10.5 ppm) in step sizes of 30 Hz. In addition a 2D ref-
erence dataset was recorded with a B1 offset of −12  kHz 
that is equivalent to setting B1  =  0  Hz. This dataset was 
used to rescale the CEST baseline to 1.0 for each of the INIα 
and INIβ profiles, as discussed below (Yuwen et al. 2017). 
Each 2D dataset was recorded with two transients/FID, a 
relaxation delay of 0.4 s (although a delay of 0 s is optimal, 
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see text below) and (640, 64) complex points in (t2, t1) to 
give a net acquisition time of ~4  min/spectrum. The net 
measurement time for each CEST dataset was ~14 h.

1H CEST experiments were measured for C6A/C57A/
C111S/C146S apoSOD12SH using an 800  MHz Bruker 
spectrometer equipped with a z-axis cryogenically cooled 
probe, 25 °C. A 1H dataset was recorded with the TROSY 
scheme of Fig.  1, using a weak B1 field of 30.4  Hz, 
TEx  =  400  ms. A pseudo-4D dataset was recorded by 
obtaining pairs of interleaved spectra derived from either 
INIα or INIβ magnetization transfer pathways and by vary-
ing the position of the 1H offset during TEx after each pair 
of 2D spin-state selective datasets was obtained. A range 
of 1H offsets spanning 5.5–11.3 ppm was chosen, with step 
sizes of 30  Hz. An additional reference 2D dataset was 
obtained by setting the B1 offset to −12 kHz. Each 2D data-
set was recorded with 4 transients/FID, a relaxation delay 
of 0 s and (768, 64) complex points in (t2, t1) to give a net 
acquisition time of ~4  min/spectrum. The total measure-
ment time for each pseudo-4D was ~24 h.

1H CEST experiments were measured for the G48A 
Fyn SH3 domain using a 600 MHz Bruker spectrometer, 

25 °C. 1H experiments were recorded with non-L-opti-
mized schemes, as the sample was highly deuter-
ated, using either the non-TROSY 1H CEST scheme as 
described previously (Yuwen et  al. 2017) or a slightly 
modified sequence which includes an additional amide 
selective inversion pulse applied in alternate scans imme-
diately prior to TEx and a modified phase cycle that effec-
tively drives Hz magnetization to zero during TEx. A B1 
field of 26.2  Hz along with TEx = 400  ms were chosen. 
Experiments were obtained as interleaved pseudo-4D 
datasets as above with the position of the weak 1H CEST 
field varied over a range of 5.7–10.5  ppm, step size of 
25  Hz, along with an additional 2D reference dataset 
recorded with a B1 offset of −12  kHz. Each 2D dataset 
was recorded with two transients/FID, a relaxation delay 
of 1.0 s and (640, 32) complex points in (t2, t1) to give a 
net acquisition time of ~3  min/spectrum. The net meas-
urement time for each CEST dataset was ~13 h.

Fig. 1   TROSY L-optimized spin state selective 1H-CEST experiment 
for studies of slow chemical exchange in protonated proteins. 90° 
(180°) rectangular pulses on the 15N channel (119 ppm), denoted by 
narrow (wide) black rectangles, are applied at maximum power. The 
pulses on the 1H channel are, in order of execution, BIP (Smith et al. 
2001), PC9 (Kupce and Freeman 1993), REBURP, time reversed 
(TR) EBURP (Geen and Freeman 1991), and EBURP, denoted as 
B, P, R, TR-E and E, and implemented as in BEST-TROSY (Favier 
and Brutscher 2011); actual shapes are displayed in the pulse dia-
gram. The 1H carrier is positioned on the water resonance, with the 
exception of the CEST element where it is moved to the desired fre-
quency. PC9, REBURP and EBURP pulses are generated with phase 
modulation for off-resonance excitation that covers only the 1HN 
region (centered at ~8.4  ppm). The typical durations of the shaped 
pulses (600 MHz) are: BIP: 200 µs; PC9: 3.0 ms; REBURP: 2.0 ms; 
EBURP: 1.92 ms, that results in excitation of ~4 ppm (Schanda et al. 
2006). Durations of τa and τb are adjusted to account for the active 
J-coupled evolution during the shaped pulses, corresponding to 
0.5, 1.0 and 0.67 of the PC9, REBURP and EBURP pulse widths, 
respectively (Lescop et al. 2010). The delays used are: τa ≃ τb ≃ 1/
(41JHN) = 2.70 ms. All pulses are applied with phase x unless other-
wise indicated. The following phase cycle is used: φ2 = y, −y, −x, 

x; φ3 = y; φ4 = y; φrec = y, −y, x, −x. Quadrature detection in F1 
is achieved by inverting the phases of φ3, φ4, φrec along with gradi-
ent g8 (Kay et  al. 1992; Schleucher et  al. 1993) and changing φ2 to 
y, −y, x, −x. A minimum 4 step cycle is recommended for optimal 
TROSY selection, however two steps is sufficient as coherence selec-
tion gradients (g5, g8) are applied. Two CEST profiles, correspond-
ing to selection of INIα and INIβ pathways are collected by setting φ1 
to −x or x, respectively, and storing the resulting datasets in separate 
memory locations. Gradients are applied with the following durations 
(ms) and strengths (% maximum): g1: (0.4, −25%), g2: (1.0, 15%), 
g3: (1.0, −60%), g4: (1.5, −70%), g5: (0.256, 40%), g6: (0.256, 60%), 
g7: (0.256, 15%), g8: (0.256, 31.9%) with the strength of g8 changed 
to 48.1% for collecting the quadrature component in t1. The gradi-
ent strengths g6 and g7 are chosen according to Mulder et al. (Mulder 
et al. 2011) in order to minimize weak F2 phasing artifacts. The weak 
1H B1 field was calibrated using the approach of Guenneugues et al. 
(Guenneugues et  al. 1999). Note that a small zero order phase cor-
rection in the F1 dimension is required to obtain pure absorptive 
line-shapes due to 1JHN evolution of the TROSY component of 15N 
transverse magnetization during the first δ element, corresponding to 
δ × 1JHN × 180° (−8.4° for δ = 500 µs)
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Data analysis

All NMR spectra were processed and analyzed using 
the NMRPipe suite of programs (Delaglio et  al. 1995). 
Analysis of CEST profiles was carried out using the soft-
ware package ChemEx (https://github.com/gbouvignies/
chemex); a separate module is required for fitting the dif-
ference 1H-CEST profiles, INIβ − INIα, which is available 
upon request. As described above, a reference plane is 
recorded with the full CEST duration but without the weak 
B1 field, typically obtained by placing the B1 field far off-
resonance (e.g. −12 kHz), from which cross-peak intensi-
ties are quantified, I(TEx,B1 = 0). The ratio of major state 
cross-peak intensities, I(TEx,B1)/I(TEx,B1 = 0), is plotted as 
a function of the position of the weak B1 field, to generate 
CEST profiles that are scaled identically for both INIβ and 
INIα pathways (Yuwen et al. 2017). A difference 1H-CEST 
profile is calculated and subsequently fit, as described in 
detail previously (Yuwen et  al. 2017), to extract chemical 
shifts of the excited state. CEST profiles can be fit using 
1H R1 rates as fitting parameters or by fixing rates to values 
measured using separate pulse schemes, with very similar 
chemical shifts obtained in both cases.

Results and discussion

L‑optimized 1H‑CEST for studies of fully protonated 
proteins

In a previous publication we presented amide 1H-CEST 
experiments for studies of conformational exchange in 15N 
labeled proteins (Yuwen et al. 2017). Applications focused 
on highly deuterated molecules since deuteration is par-
ticularly important in studies of high molecular weight sys-
tems that are of interest to our laboratory. Additionally, as 
discussed previously, high levels of deuteration minimize 
1H–1H cross-relaxation during the 1H-CEST relaxation 
element, an effect that decreases the sizes of dips from the 
minor state that provide much of the important informa-
tion in CEST (Yuwen et  al. 2017). However, recognizing 
that production of deuterated biomolecules is not an option 
in some cases, we sought to extend previously described 
1H-CEST sequences to include L-optimized pulse schemes 
(Pervushin et  al. 2002) for measurements on fully proto-
nated proteins, including both TROSY (Fig.  1) and non-
TROSY (Fig.  2) versions. The experiments are similar to 
our previous sequences (Yuwen et al. 2017) with 1H pulses 
replaced by the appropriate amide selective shaped pulses, 
as implemented in BEST-TROSY (Favier and Brutscher 
2011) and BEST-HSQC (Schanda et  al. 2006) pulse 
schemes.

Figures 1 and 2 present the L-optimized 1H-CEST pulse 
sequences that have been developed for studies on fully 
protonated proteins. The TROSY-based scheme, Fig. 1, is 
executed as a pair of experiments that separates magnetiza-
tion flow on the basis of the spin state of the nitrogen heter-
oatom attached to the amide proton spin of interest. In the 
first experiment amide proton magnetization from proton 
spin I coupled to its attached 15N in the up state (referred 
to as NI� in what follows) is transferred immediately after 
the CEST element of duration TEx to the 15N TROSY com-
ponent via an ST2 scheme (Pervushin et al. 1998) and then 
subsequently to the 1H TROSY line (Pervushin et al. 1997) 
for detection. In a second experiment magnetization from 
spin I coupled to NI� is selected and transferred in the same 
manner via a spin-state selective pathway that uses the 
TROSY component exclusively as well. The two pathways 
can therefore be summarized succinctly by the following 
flow diagram

and they give rise to a pair of CEST profiles that will be 
referred to in what follows as INI� and INI�, offset with 
respect to each other by 1JHN (see below). A similar scheme 
has been implemented for applications involving small pro-
teins, where a non-TROSY, sensitivity enhanced sequence 
has been developed, Fig.  2. Here both INIi, i ∈ {�, �} 
pathways are retained throughout the pulse scheme and 
then separated at the end using either IP/AP (Ottiger et al. 
1998; Yang and Nagayama 1996) or S3E (Felli and Pierat-
telli 2015) based approaches. In this manner the non-
TROSY experiment is as much as √2 more sensitive than a 
sequence that records the pathways separately. Note that the 
isolation of the two pathways described above is predicated 
on the absence of 15N spin-flips (i.e., small 15N R1 rates). 
In practice, finite rates will lead to sensitivity decreases 
without compromising the accuracy of extracted 1H chemi-
cal shifts of excited states that is the primary motivation for 
these experiments. Further details are provided in Yuwen 
et al. (Yuwen et al. 2017).

As described above, the longitudinal relaxation enhance-
ment approach used in these experiments was initially 
implemented in L-TROSY pulse schemes (Pervushin et al. 
2002) and subsequently extended to the BEST-family of 
experiments (Lescop et  al. 2007) where their high perfor-
mance arises from the application of selective pulses cov-
ering only the 1HN region in fully protonated proteins. In 
this manner both water and carbon-bound protons are pre-
served at near equilibrium values that then serve to enhance 
the recovery of amide protons. Thus, a very short recycling 
delay can be used to achieve optimal sensitivity per unit 
measurement time (Schanda et  al. 2006), that is compat-
ible with 1H CEST experiments, since decoupling is not 

(1)1H CEST → IzN
Ii

ST2
��������������→ NI

x
I� → IxN

I� , i ∈ {�, �}

https://github.com/gbouvignies/chemex
https://github.com/gbouvignies/chemex
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applied at any stage of the experiment and thus sample 
heating effects are not a concern. In fact, as will be dis-
cussed below, an optimal strategy is one where the relaxa-
tion delay is set to 0, with TEx selected primarily according 
to the operative amide 1H longitudinal relaxation rates in 
the system studied to achieve maximum sensitivity in 1H 
CEST profiles.

Experimental applications

In order to demonstrate the performance of the L-optimized 
1H CEST experiments in studies of fully protonated pro-
teins we first recorded spectra on the human telomere 
repeat binding factor (hTRF1), a small four helix protein 
that folds on the ms timescale (Sekhar et al. 2016) accord-
ing to a classical two-state model, G

kGE
⇄
kEG

E, where states G 

(‘ground’) and E (‘excited’) correspond to the natively 
folded conformer and an ensemble of unfolded conforma-
tions, respectively. Exchange parameters, (pE, kex = kGE + 
kEG) = (4.2%, 346 s−1), where pE is the population of the 
excited (unfolded) state, have been obtained from a joint 
analysis of 15N- and 13C-CEST datasets (Sekhar et  al. 
2015a). In the analysis of profiles from the 1H-CEST data-
set recorded using the scheme of Fig.  2 minor state dips 
were observed for 37 residues. Figure 3a, b highlights pro-
files from a pair of these residues showing the displace-
ments between INI� (blue) and INI� (red) curves (top) 
along with the difference between the profiles (INI�−INI�) 
that subtracts out any NOE dips. Note that, as described 
previously (Yuwen et al. 2017) and briefly above, INI� and 
INI� profiles are offset by 1JHN so that both major and minor 
dips in the difference profile have anti-phase absorptive 
shapes. The nature of this doublet lineshape does place a 

Fig. 2   Non-TROSY, L-optimized spin state selective 1H-CEST 
experiment. Many of the details of the pulse scheme are similar to 
those described for the scheme of Fig.  1 and will not be repeated. 
Prior to t1 evolution the pulse scheme is essentially identical to the 
sequence of Fig. 1 with both INIα and INIβ spin state components of 
magnetization transferred via ST2 polarization transfer (Pervushin 
et al. 1998) to 15N for chemical shift evolution (t1). After the t1 period 
both pathways are retained for the duration of the pulse scheme, as 
described previously (Yang and Kay 1999), and these are subse-
quently separated via IPAP (Ottiger et al. 1998; Yang and Nagayama 
1996) or S3E (Felli and Pierattelli 2015) elements at the end of the 
sequence. Preserving both pathways on a per-scan basis improves 
the signal to noise by as much as √2 relative to the case where each 
pathway is measured independently. Values of the delays are τa ≃ 
τb ≃ 1/(41JHN) = 2.70 ms. All pulses are applied with phase x unless 
otherwise indicated. The following phase cycle is used: φ1 = x, −x; 
φ2 = −x. Quadrature detection in F1 is achieved by inverting the 
phase of φ2 together with the sign of gradient g8 (Kay et  al. 1992; 
Schleucher et al. 1993); g9 is inverted in concert with g8. Separation 

of INIα and INIβ pathways can be achieved using either IPAP (Ottiger 
et al. 1998; Yang and Nagayama 1996) (τc = 1/(41JHN) = 2.70 ms) or 
S3E (Felli and Pierattelli 2015) (τc = 1/(81JHN)) schemes, each with 
similar performance in terms of pathway selection. Note that a value 
of τc = 1.39 ms was found to be optimal for the S3E scheme in terms 
of isolating each of the two pathways. The delay times δ1 and δ2 are 
set as (1+λ)/2 and (1 − λ)/2 of the duration of the EBURP pulse, 
respectively, where λ = 0.67 is the fraction of active J-coupled evolu-
tion time during the EBURP (Lescop et  al. 2010). In the IPAP ver-
sion φ3 = −x; φrec = x, −x for recording in-phase (IP) spectra, while 
φ3 = x; φrec = y, −y for recording anti-phase (AP) spectra. In the S3E 
version a pair of datasets are recorded with φ3 = −x; φ4 = x; φrec 
= x, −x and with φ3 = x; φ4 = −x; φrec = y, −y. For IPAP and S3E 
approaches the separately recorded datasets are added and subtracted 
to give CEST spectra corresponding to INIα and INIβ pathways. Gradi-
ents g1–g4 are the same as for the TROSY scheme of Fig. 1, while the 
durations (ms) and strengths (in % maximum strength) of the remain-
ing gradients are g5: (1.25, 80%), g6: (0.256, 60%), g7: (0.256, 15%), 
g8: (0.256, −39.5%), g9: (0.4, 30%), g0 = 0.25%
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limit of approximately 0.2  ppm on the minimum ΔϖGE 
(=  ϖE  −  ϖG) for which minor state CEST dips can be 
quantified; nevertheless a significant number of excited 
state chemical shifts could be obtained for hTRF1 and for a 
150 residue protein (53 values), described below. Because 
hTRF1 is a small protein (53 residues) and a relatively high 
temperature is used there are few strong NOE dips in this 
case and the positions of the exchange dips are thus clear 
from individual profiles (but see below). Figure 3c shows a 
linear correlation plot of 1H ΔϖGE values obtained from 
analysis of CEST and CPMG profiles and excellent agree-
ment (rmsd = 0.08 ppm) is noted.

Having demonstrated that the L-optimized 1H CEST 
experiment generates high quality 1H CEST profiles for a 
fully protonated small protein, we next recorded 1H CEST 
spectra of the most immature form of the antioxidant metal-
loenzyme superoxide dismutase (SOD1), lacking metal and 
a stabilizing intra-subunit disulfide bond (apoSOD12SH). 
We have shown previously that this form of the enzyme 
is highly dynamic with the ground state interconverting 
with a series of sparsely populated and transiently formed 
conformers (Sekhar et  al. 2015b). Because apoSOD12SH 
does not express particularly well production of perdeuter-
ated protein becomes expensive, providing impetus for the 
development of the L-optimized schemes discussed in the 
text. For this system (153 residues) the TROSY-experiment 
was more sensitive than the non-TROSY version so that 
the sequence of Fig.  1 was used to record 1H-CEST pro-
files, 25 °C. Figure  4a–e shows representative INI� (blue) 
and INI� (red) profiles (top) along with the difference 
between the profiles (INI�−INI�) (bottom) that removes 
the NOE dips. Analysis of difference profiles is particularly 

important in the case of R115 where it is difficult to sepa-
rate exchange and dipolar relaxation mediated dips from 
either of the INIi, i ∈ {�, �}, profiles individually. In total 
CEST dips could be quantified for 53 residues and the 1H 
ΔϖGE values so obtained are in good agreement with pre-
dicted values assuming that the sparse state corresponds in 
structure to the mature form of the enzyme, whose chemi-
cal shifts have been obtained by Banci and coworkers 
(Banci et  al. 2002), Fig. 4f. It is worth noting that we do 
not recommend fitting (pE, kex) values from 1H-CEST pro-
files, as 1H cross-relaxation leads to a decrease in the sizes 
of the minor state dips (Yuwen et al. 2017). Such effects are 
difficult to take into account properly as relaxation of 1H 
longitudinal magnetization is, in general, non-exponential. 
We prefer, therefore, to measure exchange parameters from 
15N-CEST experiments.

Comparison between 1H‑ and 15N‑/13C‑based CEST 
experiments

The basic CEST experiment records the response of longi-
tudinal magnetization to radio frequency irradiation during 
a delay period in which magnetization decays back to its 
equilibrium value, Mo. However, by recording spectra using 
a phase cycle in which the longitudinal magnetization of 
interest is inverted in successive scans prior to the CEST ele-
ment the signal, averaged over the pair of scans, effectively 
decays to zero during TEx rather than to Mo (Freeman and 
Hill 1971; Sklenar et al. 1987; Vallurupalli et al. 2012). This 
leads to a simplification in fits of the resulting CEST profiles 
since they no longer depend on the equilibrium magnetiza-
tion, eliminating one fitting parameter and leading to more 

(A) (B)

(C)

Fig. 3   a–b Representative spin state selective 1H CEST profiles (top) 
and difference profiles (bottom) measured on a sample of fully pro-
tonated hTRF1 using the scheme of Fig.  2, 35 °C, 600 MHz, TEx = 
400 ms, weak B1 field = 31.5 Hz. The positions of ground and excited 

states are indicated with dashed lines in blue or red for 15N spin state 
α or β respectively. Values of ΔϖGE obtained from fits are indicated in 
each panel. c Linear correlation plot of ΔϖGE values obtained via 1HN 
CEST and 1HN CPMG experiments
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accurate quantitation of (pE, kex) values. All of the X-(15N-, 
13C-) based CEST experiments developed to date exploit 
this two-step cycle and the simplification in data fitting that 
results (Bouvignies et al. 2014; Vallurupalli et al. 2012). In 
applications involving 1H spins, however, such an approach is 
not optimal as described below. In what follows we assume a 
two state exchange reaction with z magnetization from states 
G and E in the ratio MG

z
∕ME

z
≈ pG∕(1 − pG) at the start of 

the TEx period, where Mk
z
 is the longitudinal 15N, 13C or 1H 

magnetization and k ∈ {G, E}. We calculate the intensities 
of minor state CEST dips for X- and 1H-CEST experiments 
when longitudinal magnetization recovers to its (i) equilib-
rium value or (ii) decays to zero (2 step phase cycle) during 
TEx (see SI for details), highlighting key differences between 
X- and 1H-CEST. The calculation is straightforward for 15N 
and 13C CEST because the low gyromagnetic ratio of spin X 
ensures that cross-relaxation with neighboring like spins is, 
in general, minimal so that a consideration of the evolution 
of an isolated spin is sufficient (Vallurupalli et al. 2012). In 
contrast, an extensive network of 1H–1H dipolar interactions 
complicates a rigorous simulation of 1H-CEST, in particu-
lar for the case of a fully protonated protein. As described in 
SI a simple model has been chosen where it is assumed that 

the amide proton, I, of interest is dipolar coupled to a large 
number, N, of non-amide proton spins, S. Thus, for scheme 
(ii) and, in the case of amide 1H-CEST, only the amide pro-
ton is inverted in successive scans while all non-amide pro-
tons remain at equilibrium and effectively serve to decrease 
the effective longitudinal relaxation time of spin I. While 
undoubtedly a simplification, this model is appealing in that it 
is simple to analyze mathematically and it does illustrate the 
important differences between X- and 1H-CEST experiments.

Following the assumptions given above, and elaborated on 
in detail in SI, intensities of minor state CEST dips, ICEST, are 
given for both X and 1H-CEST by

and

for schemes (i) and (ii), respectively, where Mo is the equi-
librium magnetization. In Eqs. 2 and 3 κ is defined such that 

(2)

ICEST (TEx)∕Mo =

[

kGE

�j + kGE
+ e−�jTEx (� − 1) − e−(�j+kGE)TEx

(

� −
�j

�j + kGE

)]

(3)ICEST (TEx)∕Mo = �e−�jTEx (1 − e−kGETEx )

(A)

(D) (E) (F)

(B) (C)

Fig. 4   a–e Representative spin state selective 1H CEST profiles (top) 
and difference profiles (bottom) measured on a sample of fully pro-
tonated apoSOD12SH using the scheme of Fig.  1, 25 °C, 800  MHz, 
TEx = 400 ms, weak B1 field = 30.4 Hz. f Linear correlation of ΔϖGE 

values measured from 1H-CEST with predicted values assuming that 
the sparse state corresponds in structure to the mature form of the 
enzyme, whose chemical shifts have been obtained by Banci et  al. 
(2002)
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κMo is the longitudinal magnetization immediately prior to 
the CEST element (TEx = 0). The κ factor thus accounts 
for the recovery of 1H magnetization during the recy-
cle delay between scans (duration d1) and, in the case of 
X-CEST, the subsequent X-spin sensitivity gain from 1H →
X polarization transfer that precedes the CEST delay, with 
� = {1 − exp(−�Hd1)}|�H∕�j|, j ∈ {15N, 13C, 1H}. Thus, κ 
is larger for 15N or 13C than for 1H because X magnetiza-
tion at the start of the CEST element is much further from 
its equilibrium value than for 1H-CEST. In Eqs. 2 and 3ρj is 
the auto-relaxation of Mz. As discussed above and in detail 
in SI we distinguish between two ‘classes’ of protons, cor-
responding to amide, I, and non-amide, S, spins and in what 
follows ρH is the relaxation rate of the amide spin I of inter-
est. When necessary the relaxation rates of spins I and S, 
are explicitly denoted by ρI and ρS, respectively. In general, 
ρH ≫ ρX with large contributions to ρH from cross-relaxa-
tion with neighboring protons that are absent for ρX. Thus 
when amide proton spin I is inverted and non-amide pro-
tons are not, spin I will relax rapidly to equilibrium, signifi-
cantly decreasing the intensity of the minor state CEST dip. 
Large differences are predicted, therefore, between schemes 
(i) and (ii) in the 1H case with significantly increased sen-
sitivity for scheme (i). Interestingly, for a given spin type 
j the sensitivity difference between the schemes, ΔICEST = 
ICEST (scheme i) − ICEST(scheme ii), is independent of κ,

but depends critically on ρj. The relative sensitivity gain, 
ΔICEST

ICEST (scheme ii)
, however, scales inversely with κ so that CEST 

applications involving low gyromagnetic ratio spins will 
show only very modest relative sensitivity gains, but much 
larger gains would be predicted for 1H experiments.

(4)

ΔICEST (TEx)

Mo

=
kGE

�j + kGE
− e−�jTEx +

�j

�j + kGE
e−(�j+kGE)TEx

That this is the case is illustrated in Fig.  5a–c where 
plots of ICEST(TEx) for 15N–(a), 13C–(b), and 1H–(c) CEST 
are displayed. As can be seen for X-CEST there is a slight 
increase in the relative minor dip intensity when magneti-
zation returns to its steady state value, case (i), as expected, 
while a much more significant relative increase is noted for 
1H-CEST. It is thus preferable to record 1H-CEST experi-
ments with scheme (i), as is done in the pulse sequences of 
Figs. 1 and 2, above, and in a previously published set of 
experiments (Yuwen et al. 2017). The importance of choos-
ing an optimal scheme to record 1H-CEST experiments is 
made clear by a comparison of CEST profiles measured 
on a sample of the G48A Fyn SH3 domain that exchanges 
between a natively folded conformer and an unfolded 
ensemble. Exchange parameters, (pE, kex) = (8.4 ± 0.1%, 
104.5 ± 1.6  s−1), 25 °C have been obtained from fits of 
15N-CEST datasets. Because the sample is highly deuter-
ated we have not used the L-optimized experiments devel-
oped here but rather compared results from previously pub-
lished experiments (Yuwen et al. 2017) where all 1H pulses 
are non-selective, but which preserve water, and where the 
amide 1H magnetization recovers to its equilibrium value 
during the CEST element, scheme (i) (essentially Fig. 2 but 
with 1H rectangular pulses) and where amide protons are 
selectively inverted in alternate scans prior to the CEST ele-
ment, scheme (ii). Note that exchange with water expedites 
the recovery of amide 1H magnetization since ρH = ρH,dip + 
ρH,H-Ex in Eqs. 2 and 3, where the first and second terms on 
the right correspond to contributions to longitudinal relaxa-
tion from dipolar and hydrogen exchange, respectively. It is 
clear from Eqs. 2 and 3 that as ρH increases ICEST decreases 
and that sensitivity losses will be larger using scheme (ii). 
That this is the case is illustrated in Fig.  6 for a number 
of 1H-CEST profiles from amide protons of the Fyn SH3 
domain with differing rates of exchange with solvent.

(A) (B) (C)

Fig. 5   Comparison of schemes (i, Eq. 2) and (ii, Eq. 3), as discussed 
in the text, where longitudinal magnetization returns to its equilib-
rium value (blue) or decays to zero (red) during TEx, respectively. 
Plotted are the intensities of minor CEST dips, ICEST, normalized to 
equilibrium magnetization for 15N–(a), 13C–(b) and 1H–(c) CEST. In 

a–c d1 = ∞ has been assumed (i.e., initial magnetization at the start of 
each scan is the equilibrium value) so that κ = 10 (a), 4 (b) and 1 (c). 
Values of ρj rates used in the simulations are 1, 2 and 5 s−1 for 15N, 
13C and 1H respectively, along with exchange parameters pE = 2%, kex 
= 200 s−1
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An optimal approach for recording 1H CEST in studies 
of protonated proteins

Having established the importance of recording amide 
1H-CEST using pulse schemes where the magnetization 
recovers to its equilibrium value during the CEST relaxa-
tion element [i.e., scheme (i)] we next sought to determine 
optimal experimental parameters in this case. A major 
disadvantage with recording 1H-CEST on fully proto-
nated samples is that minor state dips are attenuated from 
cross-relaxation of the amide proton of interest, I, with 
neighboring proton spins (Yuwen et  al. 2017), an effect 
that is clearly more pronounced with increasing numbers 
of protons. However, it is possible to take advantage of the 
large network of aliphatic/aromatic 1H-spins using L-opti-
mized spectroscopy (Pervushin et  al. 2002) that exploits 
cross-relaxation and hence the increased longitudinal 
relaxation rates of the amide spins of interest. Because 1H 

magnetization returns to equilibrium during TEx, the CEST 
dip size ICEST grows with TEx and reaches an upper bound 
as TEx → ∞, Eq.  2, neglecting 15N R1 relaxation. For a 
fixed total experiment time (i.e. d1 + TEx is a constant), it 
is straightforward to show that the largest CEST dip size 
is always achieved for d1 = 0, Fig. 7a, that is also the case 
in 1H-CEST schemes recorded without L-optimization, 
Fig. 7b (i.e., where there is no 1H magnetization at the start 
of the inter-scan delay).

The optimal setup is one which maximizes the size 
of minor state CEST dips for a given measurement time. 
The appropriate value of TEx that achieves this result 
can be calculated for the simple case where ΔϖGE → ∞ 
and for ω1 ≫ kex using Eq. 2. Although the maximum of 
ICEST becomes smaller as ρH increases, ICEST does reach 
an upper bound faster for larger ρH (that is effectively 
proportional to −σ, where σ is the rate of cross-relaxa-
tion with adjacent protons), Fig.  8a, suggesting that TEx 

(A)

(C) (D)

(B)

Fig. 6   Comparison of 1H CEST difference profiles recorded on 
a sample of the G48A FynSH3 domain, 25 °C, 600  MHz, TEx = 
400 ms, weak B1 field = 26.2 Hz. The non-L-optimized pulse scheme 
of Yuwen et al. (Yuwen et al. 2017) (non-TROSY version) was used 
with magnetization evolving during the CEST element as per scheme 
(i), magenta, or scheme (ii), green. In the latter scheme amide protons 
are selectively inverted in alternate scans prior to the CEST element 
along with the phase of the receiver, so that longitudinal magnetiza-

tion effectively relaxes to 0 during TEx. Residues selected have differ-
ent ρH rates, mainly reflecting different solvent exchange rates. There 
is a strong correlation between ρH and the extent of attenuation of 
profiles recorded with scheme (ii). The two sets of 1H CEST profiles 
for each residue have been rescaled such that the noise levels are the 
same. The positions of ground and excited states are indicated with 
dashed lines in blue or red for 15N spin state α or β respectively
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should be adjusted with ρH to achieve the highest sensi-
tivity. Figure  8b shows similar ICEST curves as those in 
Fig.  8a (L-optimized) but for the case where all longi-
tudinal protein 1H magnetization has been destroyed at 
the start of acquisition (non L-optimized scheme) and it 
is clear that the build up of ICEST with TEx is slower. For 
the L-optimized 1H CEST experiment the optimal TEx is 
given by the solution to the following equation:

which has been derived from d(I
CEST∕

√

TEx)

dTEx
= 0, and which 

assumes that the total time per scan is TEx (i.e., κ = 0 that 
corresponds to d1 = 0) and that the noise grows as (TEx)−0.5. 
Recovery of longitudinal magnetization during the (t2) 
acquisition time has been neglected in the derivation. Fig-
ure 8c plots optimized TEx values as a function of ρH ~ −σ 
for L-optimized 1H-CEST and the non-optimized version 
(Yuwen et al. 2017). Values of TEx that give rise to optimal 
ICEST values, ICEST

opt
corresponding to a maximum of 

ICEST∕
√

TEx, decrease with increasing ρH rates (blue) while 
the dependence is much less significant in the non-opti-
mized experiment (red). ICEST

opt
 values are plotted as a func-

tion of ρH in Fig. 8d, showing a decrease with increasing 
ρH, and importantly that the use of L-optimization results 
in significantly improved sensitivity per unit measurement 
time (for the case of protonated proteins, of course). In the 
discussion and derivations above we have assumed scheme 
(i) for recording 1H-CEST that offers improved sensitivity, 
and we have neglected evolution of magnetization during 

(5)

e
−�HTEx (2�

H
T
Ex

+ 1) − e
−(�H+kGE)TEx

(

2�
H
T
Ex

+
�
H

�
H
+ k

GE

)

=
k
GE

�
H
+ k

GE

the acquisition period, t2, during which time longitudinal 
relaxation is operative. In addition, the finite t2 period and 
additional delays due to t1 chemical shift labeling and 
coherence transfers that extend the total pulse sequence 
time, and thus decrease sensitivity per unit measurement 
time, have also not been included. In general, because these 
delays are significantly smaller than TEx their omission 
affects the (semi-) quantitative analyses given here only 
slightly. By means of illustration ICEST

opt
 values are plotted in 

Fig.  8d that take into account these additional delays 
(dashed lines). We have also neglected the effects of finite 
15N T1 values that interconvert amide 1H multiplet compo-
nents, leading to decreases in ICEST. Such contributions are, 
however, small (Yuwen et al. 2017), especially considering 
the relatively short optimal TEx values for the L-optimized 
scheme.

Concluding remarks

Here we have presented L-optimized amide 1H CEST 
experiments for studies of protonated protein systems in 
slow chemical exchange with a minor species. The experi-
ments are based on recently published 1H-CEST schemes 
that exploit the amide 15N spin state to separate chemical 
and dipolar exchange processes (Yuwen et  al. 2017) and 
take advantage of ideas developed for the BEST-family of 
experiments that selective excite only the amide protons of 
interest (Lescop et al. 2007). The utility of the approach is 
demonstrated with a number of applications to exchanging 
systems where it is shown that accurate 1H excited state 
chemical shifts are readily obtained. As discussed previ-
ously, the presence of a large number of 1H relaxation path-
ways, especially for protonated proteins, complicates the 

(A) (B)

Fig. 7   Simulated ICEST values assuming (a) L-optimized (Figs.  1, 
2) and (b) non-L-optimized (Yuwen et  al. 2017) 1H CEST pulse 
schemes for d1 = 0  s and 400  ms, showing that irrespective of the 
pulse scheme increased sensitivity is obtained for d1 = 0 s. Values of 
pE = 2%, kex = 200  s−1, σ = −5  s−1, ρS = ρI + σ = 2  s−1 (see SI) 

have been used; longitudinal relaxation during the acquisition time t2 
has been neglected. The blue curves were generated with Eq. 2, and 
κ = 0 (solid line) or κ = 1− exp(−ρHd1), ρH (ρI) = 7 s−1, d1 = 400 ms 
(dashed line) while the red solid curve was obtained using Eq S17
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extraction of accurate (pE, kex) values (Yuwen et al. 2017) 
that are best obtained from 15N-CEST experiments (Val-
lurupalli et al. 2012). The L-optimized schemes presented 
here become particularly important for applications where 
it is not possible to perdeuterate the molecule of interest. 
While it is clear that perdeuteration is important for appli-
cations to large proteins, in studies of small protonated pro-
teins where excellent quality spectra can be obtained, the 
L-optimized experiments may well generate CEST datasets 
with comparable or higher signal to noise ratios than the 
corresponding datasets obtained on highly deuterated mol-
ecules. These experiments will also be of utility in stud-
ies of exchange in RNA molecules using imino protons 
as probes, where the low density of protons relative to the 
case for proteins makes applications to protonated systems 
even more appealing in this class of biomolecule.
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