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A B S T R A C T

Protein function often relies on transient excursions from highly populated ground states to sparse conformers, or 
‘excited states’. Unlike most other biophysical methods, NMR spectroscopy provides an avenue for quantifying 
the kinetics and thermodynamics of such transitions and for obtaining structural insights into the participating 
conformers through measurement of chemical shifts using experiments such as Chemical Exchange Saturation 
Transfer (CEST). As in many NMR applications, a trade-off between sensitivity and resolution requires com
promises that can negatively impact the quality of the resulting data. One example is the 13Cβ CEST experiment 
which is often recorded using a triple-resonance scheme with readout of backbone amide correlations. The 
sensitivity hit associated with multiple magnetization transfer steps challenges applications to protein systems 
with large linewidth contributions from the exchange process that is the focus of the measurements. Here we 
present a non-constant time 13Cβ-1Hβ version of the 13Cβ CEST experiment that is optimized on a per-residue type 
basis to provide significant sensitivity improvements over other pulse schemes. The large sensitivity gains in an 
application to the Q54V variant of pro-interleukin-18 were critical for determination of 13Cβ chemical shifts for 
residues interconverting between the ground state and a pair of excited conformers. Technical details of the 
experiment are presented.

1. Introduction

Proteins are dynamic molecules whose functions can involve tran
sient excursions from populated and low energy ground states to less 
populated and higher energy conformations (referred to as excited states 
in what follows) [1–5]. While efforts in structural biology have largely 
focussed on characterizing ground state conformers of biomolecules, 
either via experiment or now by machine learning (ML) approaches 
[6,7], it has become increasingly appreciated that further studies are 
required to understand the important roles of dynamics in modulating 
biomolecular function. Such studies are challenged, however, by the fact 
that higher energy conformers are transient and sparsely populated so 
that they can often only be ‘observed’ indirectly via the ground state. 
Experiments such as Carr-Purcell-Meiboom-Gill (CPMG) relaxation 
dispersion [8–11], Chemical Exchange Saturation Transfer (CEST) [12], 
Dark state Exchange Saturation Transfer (DEST) [13], and R1ρ relaxation 
dispersion [14–16] provide an avenue for ‘seeing the invisible’ and have 

been used to quantify the kinetics and thermodynamics of exchange 
processes in both proteins [2,17–22] and nucleic acids [23,24], as well 
as in smaller molecules [25]. Additionally, structural information is 
available in the form of chemical shifts and residual anisotropic in
teractions which are sometimes sufficient to generate reliable ensembles 
of excited state conformers [26–33]. Studies have been performed on a 
wide variety of different systems, providing insights into mechanisms of 
enzymatic reactions [2,5], protein folding and misfolding [26,27], 
ligand binding and molecular recognition [34], and the development of 
resistance to therapeutic drugs to fight disease [3].

Each of the different NMR methods listed above is ideally suited for 
studies of dynamics in particular time regimes. In our experience, CEST 
is particularly attractive for exploring millisecond timescale processes, 
as the chemical shifts of excited state(s) can be obtained directly from 
the positions of minor “dips” in CEST profiles, and are not reliant on 
fitting algorithms locating the global minimum of an error surface, as for 
the analysis of CPMG data [11]. Further, as CEST experiments probe 
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invisible states using weak radio-frequency fields, on the order of tens of 
Hz, they are relatively insensitive to the effects of homonuclear scalar 
couplings [35], which can create significant artifacts in CPMG experi
ments. Thus, CEST can be readily applied to studies using backbone and 
sidechain 13C spins in a uniformly 13C labeled sample [36], enabling a 
more detailed characterization of the excited state's structure.

Over a decade ago our laboratory proposed a pair of triple resonance- 
based schemes for recording13Cα and13Cβ CEST profiles, with a readout 
through the amide correlations of the subsequent residue [37]. These 
experiments have the advantage that the 1HN-15N spectrum is signifi
cantly better resolved than the corresponding 1Hα-13Cα or 1Hβ-13Cβ 

correlation maps that otherwise would be recorded for these measure
ments, but the resulting CEST datasets pay a price in sensitivity from the 
multiple magnetization transfer steps required, particularly for the 13Cβ- 
based experiment. While resolution is improved in 1H-13C experiments 
using constant-time approaches, the sensitivity vs resolution trade-off 
remains problematic.

Here we describe modifications to the 1H-13C class of CEST experi
ments for measurement of 13Cβ chemical shifts which we developed 
previously [36], to study conformational dynamics in the 22 kDa protein 
pro-interleukin-18 (pro-IL-18). The resulting experiment is particularly 
powerful in cases where only a few 13Cβ chemical shifts are required, as 
for our studies of pro-IL-18, where the region of conformational het
erogeneity in the protein had been identified previously [17]. By 
tailoring experimental parameters to the residue or residue type in 
question, as has been done previously in 13C-detected experiments 
focussed on deuterated protein sidechains [38] and in R1ρ experiments 
on proteins [39] and RNA [40], significant sensitivity enhancements are 
obtained that enable accurate quantification of chemical shifts of excited 
states that would not be possible otherwise.

2. Materials and methods

2.1. Sample preparation

Isotopically enriched samples of pro-IL-18 (wildtype, WT, and Q54V) 
were expressed and purified from E. coli using our previously established 
protocol [41]. Samples comprised 1 mM protein dissolved in 20 mM 
MES, 50 mM KCl, 0.5 mM EDTA, and 10 mM DTT buffer, pH 6.5, 3% 
D2O.

2.2. NMR spectroscopy

NMR experiments were collected at 25 ◦C for Q54V pro-IL-18 and 
40 ◦C for the WT protein on Bruker AVANCE III HD 18.8 T (800 
MHz,13Cβ-1Hβ experiments) and AVANCE III HD 14.1 T (600 MHz, triple 
resonance amide-based experiments) NMR spectrometers equipped with 
5-mm TCI triple-axis gradient cryoprobes. Experimental parameters are 
listed in Table S1; briefly B1 CEST fields of 27.2 and 27.0 Hz were used 
for recording13Cβ-1Hβ and amide datasets, respectively, with succes
sively sampled frequencies separated by 59.6 (Leu)/48.3 (Ile)/48.7 
(Val) and 62.6 (amide data) Hz.

The recorded data were processed with NMRPipe [42], visualized 
using NMRFAM-SPARKY [43], and peak volumes were fit using peakipy 
(https://github.com/j-brady/peakipy). Weak B1 field frequency sam
pling schedules for CEST experiments were determined using an opti
mized frequency sampling approach [44]. Adiabatic 13C decoupling, 
applied during the 13Cβ chemical shift encoding as well as the τb and τc 
transfer periods, was optimized for each specific amino acid type 
observed. The wavemaker code for generating the decoupling elements 
is given in the Supporting Information.

Data analysis.
The 13Cβ CEST profile for L56 (AX2) from the non-CT 13Cβ-1Hβ 

experiment was generated by summing the intensities from the L56Cβ- 
Hβ

A and L56Cβ-Hβ
B signals. CEST experiments were analyzed with the 

ChemEx program (https://github.com/gbouvignies/ChemEx), with 13Cβ 

transverse relaxation rates (R2) of spins in the ground and excited states 
constrained to be the same. Populations and exchange rates were fixed 
to those obtained in on our previous analyses of 15N CPMG and CEST 
data recorded on WT and Q54V pro-IL-18 [17,45].

3. Results and discussion

3.1. The problem

Using a CPMG/CEST strategy to study conformational dynamics in 
the 22 kDa protein pro-IL-18, we previously showed that the WT 
molecule interconverts between a ground state and a pair of excited 
conformers, ES1 and ES2, whose fractional populations are on the order 
of 0.5% [17]. The low populations of these sparse conformers resulted in 
small CPMG dispersion profiles (~ 5 s− 1) and in small minor state dips in 
CEST experiments. A Q54V mutation was shown to stabilize both excited 
states, increasing their fractional populations by an order of magnitude 
[45], leading to more pronounced signatures of chemical exchange in 
both CPMG and CEST datasets. The larger populations were also critical 
in NOE-based studies to validate structures of ES1 and ES2 predicted 
using the ML program AlphaFlow, a generative model that was, in part, 
trained on molecular dynamics data [46].

To obtain robust estimates of secondary structure for exchanging 
regions in both ES1 and ES2 we wished to measure 13Cβ chemical shifts, 
supplementing backbone 1H and 13C shifts that were already recorded. 
However, the increased effective transverse relaxation rates of spins in 
the Q54V pro-IL-18 variant from elevated exchange contributions, 
relative to the WT protein, had a deleterious effect on the sensitivity of 
triple resonance, amide-based CEST experiments that have been typi
cally used in our laboratory to record 13Cβ CEST profiles. This results 
from the large number of magnetization transfer steps from 13Cβ to the 
detected amide backbone spins, as shown in Fig. 1A [37]. A comparison 
of the resulting 2D CEST 1HN-15N reference spectra for WT and Q54V 
pro-IL-18, where the CEST mixing time is set to 0 s, is shown in Fig. 1B 
(left), along with traces through the peaks indicated by dashed lines, 
highlighted in Fig. 1B (right). These illustrate the significant sensitivity 
drop in the spectrum recorded of the mutant. Fig. 1C shows that the poor 
spectral quality translates into noisy CEST profiles (V55), or even more 
pathologically, into the complete absence of CEST data (V54).

3.2. A solution

As described above, the sensitivity of our standard triple-resonance- 
based approach for recording 13Cβ CEST was inadequate for studies of 
the Q54V pro-IL-18 variant. Applications to the WT protein were 
improved, but still not of high sensitivity, presenting a challenge for 
quantifying the small dips that derive from the sparse populations of 
excited states in this case. A second approach would be to record 13Cβ 

CEST spectra as a series of 2D 13Cβ-1Hβ constant-time (CT) datasets, as 
we proposed many years ago for uniformly13C labeled proteins [36]. 
However, as the dynamic region that we targeted was a small β strand 
consisting of only five residues, we wondered whether a better strategy 
might be to record each of the few profiles needed individually, or at 
least each residue-type separately, with each experiment optimized 
specifically for the residue or residues in question.

Fig. 2 illustrates the pulse scheme that was developed with this in 
mind, following very closely the CT-HSQC strategy proposed previously 
[36]. In the implementation shown in the figure, tailored 13C decoupling 
using adiabatic waveforms (see Supporting Information) is applied 
during periods of duration 2τb and 2τc to suppress evolution resulting 
from homonuclear scalar couplings involving the 13Cβ spin in question 
and its one bond attached 13C coupling partners. In addition, rather than 
using a CT-element for recording chemical shift evolution during t1, 
which can have a deleterious effect on sensitivity, a non-CT version is 
implemented with adiabatic 13C decoupling to suppress evolution from 
homonuclear 13C-13C couplings, as we have done previously in 
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recording 13Cα CEST profiles using 1Hα-13Cα datasets [36]. By means of 
example, in recording CEST profiles for Val 54 and Val 55, band selec
tive adiabatic fields were applied centered at 61.5 ± 3.5 ppm (Cα) and 
21 ± 3 ppm (Cγ1,2). These decoupling elements suppress evolution from 
scalar couplings, as can be seen in spectral regions of 13C-1H correlation 
maps focussed on the two valines (compare Fig. 3A and B), but intro
duce noise in the decoupled regions (Fig. 3B). The noise can be removed 
by applying a selective REBURP pulse (labeled ‘clean up’ in Fig. 2) in 

alternate scans focussed on the 13Cβ resonance positions of the correla
tions of interest, along with concomitant inversion of the receiver phase, 
to retain signal originating only from these correlations (Fig. 3C). In this 
manner the signal-to-noise (S/N) is not compromised by this procedure 
and although the ‘clean up’ pulse does introduce an additional two steps 
to the phase cycle if it is applied as an independent element, it is possible 
to combine the on/off cycling of the selective pulse with the ϕ2 phase 
cycle, reducing the number of steps two-fold. The noise artifacts have an 

Fig. 1. The triple resonance amide-based 13Cβ CEST experiment suffers from poor sensitivity for key exchanging residues in Q54V pro-IL-18. (A) 
Magnetization transfer pathway for the amide-based 13Cβ CEST experiment, starting from the Hβ of residue i-1 and recording the amide correlation of residue i. In this 
manner the 13Cβ CEST profile of residue 54 is obtained from the intensities of the amide correlation of V55. (B) Selected regions of reference spectra (CEST mixing 
time set to 0 s) for WT and Q54V pro-IL-18, highlighting amide correlations of V55 and L56, resides that are key probes of conformational exchange in the protein. 
Traces through the peaks are shown on the right, overlaid for WT (red) and Q54V (purple). Greater exchange broadening of the Q54V pro-IL-18 signals relative to 
those of the WT protein translates to low intensity amide correlations for the mutant, particularly for V55 whose signal is nearly absent. (C) Q54 and V55 13Cβ CEST 
profiles, obtained from the intensities of the V55 and L56 amide correlations for WT and Q54V pro-IL-18. The much lower signal-to-noise of the Q54V CEST data 
prevents accurate determination of 13Cβ chemical shifts for the vast majority of residues of the excited states of the protein. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Sensitivity optimized 13Cβ CEST sequence for uniformly 13C labeled proteins with 13Cβ-1Hβ readout. Narrow (wide) black rectangles denote hard 90◦

(180◦) pulses. 180◦ shaped pulses are indicated by the non-rectangular shapes, with the type of pulse noted below each shape. The striped rectangular pulse is of the 
90y-180x-90y composite variety [47]. Decoupling schemes are indicated by the white rectangles (W16x = WALTZ16 [48] with pulses along ±x, 6.3 kHz; 90x240y90x 
= 1H decoupling during CEST [12], ~3.5 kHz; dec = residue or residue-type selective adiabatic decoupling scheme as described in Supporting Information), with the 
rectangle labeled as “CEST” indicating a weak CEST field (~25 Hz used here). The two rectangles labeled “H2O purge” are 2 and 3 ms rectangular purge pulses 
(applied at the same power as the immediately preceding 90x240y90x decoupling element) to dephase water magnetization in applications involving proteins 
dissolved in H2O. 1H and 13C carriers were positioned on the water line and at 40.3 ppm (Ile), 45.5 ppm (Leu) and 33 ppm (Val) respectively, except during the CEST 
period where the 1H carrier was centered on the 1Hβ signals of interest and the 13Cβ carrier was varied over the appropriate 13C spectral region. CHIRP pulses [49]
were 400 μs in duration, ~11 kHz field, and swept ±40 kHz about the carrier; REBURP pulses [50] separating pairs of τb and τc delays were each 360 μs, 17.5 kHz; 
the ‘clean up’ REBURP pulse was 5 ms (1.2 kHz), centered at 40.3 ppm (Ile), 45.5 ppm (Leu) and 33 ppm (Val) and applied in the first four of the eight scan phase 
cycle. The power levels and durations of REBURP pulses are indicated for applications on an 800 MHz spectrometer; for experiments recorded on an X MHz 
spectrometer the pulse widths are adjusted according to the relation pw_reburp(X) = pw_reburp(800 MHz) x 800/X. Decoupling during acquisition was achieved with 
the GARP decoupling sequence [51] using a 2.5 kHz field. Delay durations are: τa = 1.8 ms, τb,c = 1.85 ms (AX spin system) or 0.925 ms (AX2). All pulses are applied 
along the x axis unless otherwise indicated. The phase cycle is: φ1 = {0,0,2,2}; φ2 = {1,3}; φrec = {0,0,2,2,2,2,0,0}. The gradient duration and strengths were as 
follows: g1 = {300 μs, 6.75 G/cm}; g2 = {1 ms, − 18 G/cm}; g3 = {1 ms, − 27 G/cm}; g4 = {500 μs, 22.5 G/cm}; g5 = {500 μs, 11.25 G/cm}; g6 = {800 μs, 13.5 G/ 
cm}; g7 = {400 μs, − 18 G/cm}. All gradients were applied along the z-axis except for g7, which was applied along the x-axis.
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even more pronounced effect for Ile 58 and Leu 56 (bottom two rows). 
As the 13Cγ carbons of Arg, Ile, Leu, and Lys have similar chemical shifts 
and the corresponding 1Hγ of these residues resonate in the vicinity of 

the β-protons of Ile and Leu, the resulting noise completely obscures the 
1Hβ-13Cβ correlations of interest. However, because the 13Cβ chemical 
shifts for Leu and Ile are well resolved from the shifts of the ‘interfering’ 

Fig. 3. The adiabatic decoupling scheme suppresses evolution of 13C magnetization from JCC couplings but requires a ‘clean up’ pulse to remove 
introduced artifacts. Selected regions from reference CEST spectra (CEST relaxation element set to 0 ms) recorded on Q54V pro-IL-18 highlighting several probes of 
interest, including V55 and I58 (AX spin system) as well as L56 (AX2). Spectra were recorded without (A, D, G) and with (B, E, H, C, F, I) adiabatic 13C decoupling 
during t1, and with ‘clean up’ pulses (Fig. 2) applied in (C, F, I). In the absence of 13C decoupling the signals are split into four and three peaks for the AX and AX2 spin 
systems, respectively (panels A, D, G). Application of the decoupling element effectively collapses the multiplet components into a single peak but also produces 
substantial noise arising from 13Cγ signals which are perturbed by the decoupling (panels B, E, H). The noise can be removed by applying a long, narrow bandwidth 
REBURP pulse in alternate scans, and concomitant receiver phase cycling, to preserve only the signals of interest and, thus, eliminate the noise (panels C, F, I). Red 
and green contoured peaks in spectra have opposite phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 4. Non-CT 13Cβ-1Hβ experiment yields superior signal-to-noise compared to previous CT 13Cβ-1Hβ and amide-based sequences. (A) Selected regions from 
reference CEST spectra of Q54V pro-IL-18 recorded using the scheme of Fig. 2 (left), previously published CT 13Cβ-1Hβ (center), and amide-based (right) sequences, 
highlighting signals giving rise to 13Cβ CEST profiles for V55 and L56. (B) Traces through the Val 55 and Leu 56 (13Cβ-1Hβ) or through the Leu 56 and Phe 57 (amide) 
cross peaks are shown, overlaid for the non-CT 13Cβ-1Hβ (red), CT 13Cβ-1Hβ (blue), and amide-based (gold) experiments. The traces establish significant sensitivity 
gains for the 13Cβ-1Hβ versions compared to their amide-detected counterpart, and further improvements in signal-to-noise for the non-CT experiment compared to 
the previous CT version. (Non-)CT spectra were recorded with 8 scans, (145)146 complex points in the indirect dimension, and a 1.5 s interscan delay on an 800 MHz 
spectrometer. The amide-based spectrum was recorded with 16 scans, 55 complex points in the indirect dimension, and a 2 s interscan delay on a 600 MHz 
spectrometer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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13Cγ carbons, the noise artifacts can, again, be eliminated by using a 13Cβ 

selective ‘clean up’ pulse, as can be seen in a comparison of Figs. 3E,H 
and 3F,I. Note that Arg and Met residues are generally incompatible 
with this approach given that their 13Cβ and 13Cγ chemical shifts are 
nearly degenerate (Arg: 13Cβ = 31 ± 2 ppm, 13Cγ  = 27 ± 3 ppm, Met: 
13Cβ  = 33 ± 3 ppm, 13Cγ  = 32 ± 3 ppm based on BMRB statistics).

Spectra recorded using the non-CT 13Cβ-1Hβ experiment of Fig. 2 are 
of higher sensitivity than either of the CT 13Cβ-1Hβ [36] and triple 
resonance amide-based [37] versions (Fig. 4). Fig. 4A shows corre
sponding reference planes for each of the CEST experiments, focussing 
on correlations from which V55 (top) and L56 (bottom) 13Cβ CEST 
profiles are quantified. Traces through the peaks of interest are shown in 
Fig. 4B, clearly demonstrating the very substantial increase in signal-to- 
noise (roughly 10-fold) in the non-CT 13Cβ-1Hβ experiment compared to 
the amide detected version. A corresponding increase in signal intensity 
(1.5 and 2-fold for V55 and L56, respectively) is also obtained relative to 
the previously published CT-version of the experiment. In the compar
ison presented, both CT- and non-CT 13Cβ-1Hβ experiments are recorded 
with identical numbers of scans and closely matched acquisition times in 
the indirect (13C) dimensions, while the amide-based dataset was ob
tained with twice the number of scans. Notably, the signal-to-noise 
benefits of the non-CT experiment increase as 13Cβ transverse relaxa
tion rates get larger. Consequently, the gains in sensitivity with the new 
scheme will become even more substantial for proteins larger than Q54V 
pro-IL-18 (193 residues) and/or with more pronounced exchange con
tributions to linewidths.

As expected, the improved sensitivity of the non-CT 13Cβ-1Hβ 

experiment compared to its amide-based counterpart translates into 
higher quality CEST profiles for studies of dynamics in pro-IL-18 (Fig. 5). 
In the case of V55, no clear minor dips are observed in the profile from 
the amide detected experiment (top right), while in the corresponding 
profile derived from the non-CT 13Cβ-1Hβ dataset, two minor-state 
‘humps’ are clearly observed on either side of the ground state dip, 
enabling confident assignments to ES1 and ES2 (top left). In the case of 

L56, the profile from the amide-based experiment contains a single 
resolved minor dip (bottom right). However, the poor data quality does 
not enable definitive assignment of this dip to ES1, ES2, or to both. In 
contrast, the high sensitivity of the CEST profile from the non-CT 
13Cβ-1Hβ experiment enables detection of a shoulder that is upfield of 
the major state dip in addition to a well-resolved minor state dip that can 
be confidently assigned to ES2 and ES1, respectively (bottom left).

A drawback of the current scheme is that profiles must be recorded 
on a per-residue or per-residue type basis, so that optimal sensitivity can 
be obtained. The CT 13Cβ-1Hβ and amide-based experiments, on the 
other hand, can provide data on all residue types in a single experiment 
(or a pair of experiments, with each optimized separately for AX/AX2 
13Cβ-1Hβ spin systems) in cases where sensitivity is not limiting. 
Measuring profiles for multiple residue types simultaneously using the 
scheme of Fig. 2 necessitates larger bandwidths for adiabatic decou
pling, leading to artifacts, as we have observed when focussing on the 
following subset of residues: {Asn, Asp, Leu, Phe, Tyr}. We are currently 
investigating other, lower power, decoupling schemes that would be 
more robust in this regard. However, so long as the 13Cβ windows for the 
residues of interest do not overlap there is no penalty in recording time 
using residue type selective measurements, as is the case for the three 
residues we considered in Fig. 3 that were critical for validating sec
ondary structures in ES1 and ES2. Notably, because the 13Cβ-1Hβ 

approach does not involve magnetization transfer through 13CO spins, 
where relaxation is dominated by chemical shift anisotropy, and hence 
field dependent, CEST datasets can be recorded at high magnetic fields 
to partially compensate for the poorer resolution of 13C-1H spectra 
relative to amide correlation maps (data presented here were recorded 
at 800 MHz and 600 MHz for the 13C-1H and amide experiments, 
respectively). In turn, using higher fields has the advantage of increasing 
the chemical shift difference between spins in ground and excited states, 
improving the resolution of CEST profiles. In our experience, if a defined 
region of conformational heterogeneity is established via 15N-based 
CPMG or CEST experiments, for example, the selective non-CT 13Cβ-1Hβ 

Fig. 5. The non-CT 13Cβ-1Hβ experiment enables determination of ES1 and ES2 
13Cβ shifts of Q54V pro-IL-18.13Cβ CEST profiles are shown for V55 and L56 from 

the non-CT 13Cβ-1Hβ (left, CEST B1 field = 27.2 Hz, 800 MHz) and amide-based (right, CEST B1 field = 27.0 Hz, 600 MHz) experiments, showcasing the dramatic 
improvement in signal-to-noise associated with the non-CT 13Cβ-1Hβ version of the experiment.
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method provides a facile way to record high quality 13Cβ CEST data for 
key reporter residues of the exchange process.
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