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Chemical Exchange Saturation Transfer (CEST) has emerged as a powerful tool for studies of biomolecular
conformational exchange involving the interconversion between a major, visible conformer and one or
more minor, invisible states. Applications typically entail recording a large number of 2D datasets, each
of which differs in the position of a weak radio frequency field, so as to generate a CEST profile for each
nucleus from which the chemical shifts of spins in the invisible state(s) are obtained. Here we compare a
number of band-selective CEST schemes for speeding up the process using either DANTE or cosine-
modulated excitation approaches. We show that while both are essentially identical for applications such
as '°N CEST, in cases where the probed spins are dipolar or scalar coupled to other like spins there can be
advantages for the cosine-excitation scheme.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The development of pulsed Fourier transform (FT) NMR spec-
troscopy by Ernst and Anderson over 50 years ago [1] has had a
profound effect on the types of problems that can be investigated
by the NMR technique. The improvements stem directly from the
large increase in spectral sensitivity/decreased measurement times
associated with pulsed FT NMR relative to the slow-passage fre-
quency sweep approach that predated it. The importance of the
pulsed-FT method is underscored by the fact that essentially every
modern NMR experiment takes advantage of it [2], yet in at least
one class of spin-relaxation experiment, based on Chemical
Exchange Saturation Transfer (CEST) [3] and focusing on exchang-
ing systems involving at least one state that is not directly observ-
able, the frequency sweep approach is still commonplace. In this
experiment the resonance positions of spins of the often invisible
(‘excited’) state are probed using a weak radio frequency (rf) field
that is swept through a wide range of frequencies, one at a time,
and the effects on the visible (‘ground’) state monitored by record-
ing a series of spectra, each of which corresponds to a single weak
rf field position [4,5]. For applications to biomolecular systems,
that are of general interest to our laboratory, each spectrum is
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typically recorded in 2D-mode with as many as 50-100 spectra
required, leading to potentially long net acquisition times. Thus,
pseudo-3D datasets are obtained where the intensity of each
cross-peak, as a function of position of the weak rf field, establishes
the 3rd (CEST) dimension. In the case of two-site chemical
exchange involving the interconversion between conformers cor-
responding to a highly populated, ground state and a sparsely pop-
ulated, invisible state a pair of dips is obtained for each spin at the
corresponding resonance frequencies of the ground and excited
state correlations. Fits of CEST profiles to models of chemical
exchange using the Bloch-McConnell equations [6] give estimates
of exchange rates, populations and, importantly, chemical shifts of
spins in the invisible state [5]. Applications of the methodology to
biomolecules such as proteins [7] and nucleic acids [8], exploiting
15N [5], 13C [9-15] or 'H [16-21] reporter spins, are becoming
increasingly common.

In an effort to expedite recording of CEST datasets, we have
recently described the use of a DANTE-element [22,23] that
simultaneously excites multiple regions of the frequency domain,
leading to a significant decrease in the frequency range over which
the weak rf field must be applied in these experiments [24]. In the
analogy between pulsed FT and the slow-passage sweep
approaches for recording NMR spectra mentioned above the
present method corresponds to something in between, whereby
a large spectrum is divided into often much smaller subsets, with
each subset interrogated simultaneously using a separate sideband
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of the frequency response of the DANTE element. In the present
communication we describe an alternative and related method
for decreasing CEST measurement times based on the use of a
cosine-modulated CEST waveform (cos-CEST) that in some cases
offers distinct advantages over the DANTE-CEST (D-CEST) experi-
ment. The utility of the approach is illustrated with a pair of appli-
cations involving 'H- and '>CO-based CEST.

2. Materials and methods
2.1. Sample preparation

A [U-'>N] NMR sample of C6A/C57A/C111S/C146S superoxide
dismutase (SOD1) that is metal free and reduced (apoSOD1%H)
was prepared as described previously [25], with 1.4 mM protein
dissolved in 20 mM HEPES, 1 mM NaNs, pH 7.4, 90% H,0/10%
D,0. An NMR sample of [U-'°N,'3C]-labeled B1 domain of pep-
tostreptococcal protein L (referred to as protein L in what follows)
was prepared as described in the literature [10,26], containing
1.5mM protein dissolved in 50mM sodium phosphate,
0.05% NaNs, 90% H,0/10% D0, pH 6.0 buffer.

2.2. NMR spectroscopy

Amide proton cos-CEST and D-CEST experiments were recorded
on apoSOD1%%" using an 18.7 T Bruker spectrometer equipped with
a z-axis gradient cryogenically cooled probe, 25 °C. An effective
weak 1f field of 30.0 Hz was used during the CEST element (Tg, =
500 ms), corresponding to mq/(27) of Eq. (1) for cos-CEST or

BY ™" % for D-CEST, where 1, is the DANTE pulse width applied

at a strength, BY®T = 15kHz, and ©’ = 1/swcgsr is the duration
between DANTE pulses (see below and reference [24]). A range
of 'H offsets spanning swcgsr = 1200 Hz (+600 Hz from the center
of the amide region, ~8.5 ppm) was chosen, along with N=3 for
the cos-CEST experiment; the position of the weak rf carrier was
shifted by 30 Hz in each 2D dataset. A second cos-CEST experiment
was recorded with all parameters kept the same but with swcgsr =
1260 Hz (£630 Hz from the center of the amide region) to unam-
biguously determine the amide 'H chemical shifts of the excited
state. Each 2D dataset was recorded with 2 transients/FID, a relax-
ation delay of 0's and (768, 64) complex points in (¢, t;) to give a
net acquisition time of ~3 min/spectrum. The total measurement
time for each experiment was ~4 h. In principle, it is possible to
record each dataset in half the time by sweeping the carrier
position between frequencies of 600—k x 60, 0 <k <20, and
630-p x 60, 0 <p <21, about the center of the amide proton
region, for the two data sets. Since both datasets are subsequently
fit simultaneously (see below), taken together all data points
correspond to a frequency spacing of 30 Hz. However, this was
not done here. Finally, it is important to emphasize that it is diffi-
cult to extract exchange parameters from 'H-CEST experiments
because of 'H-'H cross-relaxation effects that distort the sizes of
the dips [16]. In the general case, such as for applications involving
I5N-CEST, where accurate exchange parameters can be obtained
[5], we recommend recording a pair of datasets with different
weak rf field strengths [7].

13CO cos- and D-CEST experiments were recorded on a protein L
sample, 25 °C and 18.7 T. The pulse scheme was identical to a pre-
viously published '3CO CEST experiment [9] except that the normal
CEST element was replaced with cos- or DANTE-schemes. An effec-
tive weak rf field of 40.0 Hz was used, T, = 400 ms, DANTE pulses
were applied using a 10 kHz field (D-CEST) or N = 11 (cos-CEST, Eq.
(1)). An 800 Hz range of 'CO offsets centered about 176 ppm was
spanned in step sizes of 10 Hz. Each 2D dataset was recorded with
2 transients/FID, a relaxation delay of 2 s and (768, 40) complex

points in (t,, t;) to give a net acquisition time of ~7 min/spectrum.
The total measurement time for each experiment was ~9 h.

2.3. Data analysis

NMR spectra were processed and analyzed using the NMRPipe
suite of programs [27], with peak intensities extracted with the
autofit subroutine. CEST profiles were analyzed using the software
package ChemEx (https://github.com/gbouvignies/chemex), with
separate modules for fitting the 'H and '>CO D-CEST and cos-
CEST data. These are available from the authors upon request. Only
Awg values were extracted from the analysis of the apoSOD12H
data, without estimation of the population of the excited state or
the rate of exchange between interconverting states, due to
'H-'H cross-relaxation effects that introduce errors in the
extracted values, as discussed previously [16]. In the '>CO CEST
application to protein L only ground state peaks were observed,
as expected from previous studies of this system [28].

3. Results and discussion

Fig. 1, top row, illustrates a number of different CEST schemes in
1D mode, along with the corresponding rf amplitude vs time
domain profiles (center) and the resulting frequency domain
excitation profiles (bottom). In Fig. 1A the basic experiment that
uses a continuous-wave (CW) excitation element (A, top) is shown,
with excitation proceeding one point at a time in the frequency
domain (A, bottom). Ultimately a set of spectra is recorded, cover-
ing a spectral width, sw, which includes all possible resonance
positions for the spins of interest. Fig. 1A (bottom) shows the posi-
tion of the rf for the first of the k points that will be recorded in the
CEST dimension (blue vertical), along with a horizontal arrow
(green) that points along the direction that the rf field takes in
recording subsequent points. The center of the spectral region
probed is indicated with a red dot. Typically, points are recorded
that are separated by ~v;, where v, is the strength of the weak rf
field in Hz (referred to in what follows as B{*") [7]. Fig. 1B illus-
trates the D-CEST method that exploits a DANTE-element to excite
magnetization at regularly spaced intervals in frequency space
(bottom) [24]. In this implementation a series of (relatively) high
power 1f pulses of duration 7, are spaced evenly at intervals of 7.
As discussed in detail previously, the DANTE element generates
an excitation profile with narrow maxima at frequencies of +p/t’
from the carrier, where p is a whole number [22,23]. Thus, the
complete spectrum of interest, that includes all possible chemical
shifts for the nucleus in question, sw, can be covered by scanning
over a range of 1/7’= swcgst (dark orange-colored region and dark
green arrow) where swcgsr < sw, leading to measurement times
that are reduced by a factor of sw/swcesr. As with other DANTE
applications 7, < t’ [22,23], and the strength of the rf field is
adjusted such that By "2 = B{¥" so that the net rotation of
magnetization in CEST and D-CEST experiments is the same [24].
Notably, the excitation profile can extend far beyond the region
of interest, sw, (Fig. 1B, bottom) although in many applications,
such as for 1>N-CEST, this is a non-issue. In contrast, in applications
such as amide 'H-CEST [19,20] or '3CO-CEST [9] using samples
that are fully protonated (amide 'H-CEST) or [U-!3C]-labeled
(3CO-CEST) the broad-banded nature of the excitation profile
can be problematic, as described below.

Here we introduce an approach related to D-CEST that achieves
the desired reduction in CEST measurement times with increased
selectivity of the region excited, illustrated in Fig. 1C. Rather than
using a DANTE-excitation element a weak continuous 7f excitation
field is exploited that is constructed from a series of cosine func-
tions as
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Fig. 1. Comparison of (A) CEST with excitation achieved via a weak CW field (30 Hz), (B) D-CEST where the excitation scheme is a DANTE element [22,23], comprising high
power short pulses separated by delay " (BY"“*" 2 = 30 Hz) or (C) cos-CEST where the excitation element is an rf field given by Eq. (1) with N = 3, q/(27) = 30 Hz. A value of
SWegst= 1/7"=1000 Hz (7’ = 1 ms) was used in (B) and (C). The rf carrier is swept sw in (A) (dark green arrow), with a spectrum recorded for each frequency, but only swcgsr in
(B) and (C), from +swcgst/2 to —swcgsr/2, corresponding to a time-savings of sw/swcgsr. Further details are provided in the text. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

(N-1)/2

Ot) = Omax Y

p=—(N-1)/2

COS(P2TMSWcEstt). (1)

In Eq. (1) N is the number of excitation frequencies in the wave-
form, covering only the spectral region of interest (sw), Fig. 1C (bot-
tom), Wmay is the rf amplitude associated with each frequency with
Wmax < 2TSWeest SO that each excitation element is effectively
independent of the others. Thus, for N = 3, the example considered
in Fig. 1C, a series of three selective pulses are applied at frequen-
cies of +swgsr and O from the carrier, whose initial position is at
+SWcgst/2 from the center of the spectrum. In this case the rf carrier
is ‘physically’ swept from +swcgsr/2 to —swcgsr/2 (dark orange-
colored region and dark green arrow), about the center of the sw
range that is to be covered (red dot), one spectrum at a time. How-
ever, as 3 frequencies are used in the waveform, a total sw of
3swcgst is ‘scanned’ during this process, corresponding to a savings
in measurement time of a factor of 3 over an approach in which the
full sw is navigated by a single rf field. We refer to this experiment
as cos-CEST since a series of excitation frequencies is encoded in a
cosine-based excitation waveform, although it is clear that a com-
plex waveform comprised of a series of exponentials of the form
exp(ip2mswegstt) could be used as well.

Fig. 2 shows w(t) profiles for N=1, 3, 11 and 1001 generated
from Eq. (1), illustrating that as N — oo the D-CEST and cos-CEST
excitation schemes become equivalent (for BY®T — oo such that
7, — 0). Conversely, in the limit that N —» 1 (cos-CEST) or 7, —» 7’
(D-CEST) all three approaches converge. A difference between the
three experiments, however, relates to the power that is deposited

in the probe in each scheme. In what follows we assume that rf
powers are adjusted so that the net rotation of excited magnetiza-
tion for the duration of the CEST element is the same in all cases.
Thus, it follows that

B?_CESTTP _ BfESTT’ (2)

for D-CEST and CEST, and since the average power in the D-CEST
and CEST experiments is given by

21,
-CEST D-CEST p
Far” 4B ) 3)
PCEST -1 BCEST 2
avg — < 1 )
where 1 is a constant, the relative average powers are related
according to [24]

PD—CEST BD—CEST
L S S— (4)
PpCEST BCEST
avg 1

In the cos-CEST approach a series of N weak, non-interfering rf
fields is applied so that

PcostEST
avg —N. ( 5 )
P

For '°N studies, for example, and assuming typical By values for

15N CEST (BS®T) and >N D-CEST (BY®*T) of 25Hz and 6 kHz,

-CEST
respectively, %~ 240. Further, again focusing on °N applica-
Gve
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Fig. 2. Examples of cos-excitation elements (Eq. (1)), with N=1, 3, 11 and 1001. Note that as N — oo the cos- and D-CEST approaches become identical (for B> ™" - oo such
that 7, — 0). In all examples the B; amplitude is normalized by N. For ease of visualization the excitation functions have been shifted by 7’/2 = 0.5 ms from the time profile

given by Eq. (1).

tions where sw is on the order of 2400 Hz (18.7 T field) and for

cos-CEST
SWegst = 800 Hz, N = 3 so that "z

Pog
ments for the three classes of CEST experiment is exorbitant as
PSET =1.5 mW for a 25 Hz pulse on our cryo-probe. However, it is

avg
clear that the power dissipated by the D-CEST scheme is higher
than for the cos-CEST sequence, as many more sidebands than nec-
essary are produced via the DANTE approach (Fig. 1). Although we
record D-CEST experiments using the highest power settings for
the DANTE pulses, this is not a requirement and simulations pre-
sented elsewhere show that BY®" fields can be reduced by as
much as an order of magnitude with no decrease in performance,
decreasing the power dissipation by ten-fold as well [24].

For many applications there is essentially no difference in the
performance of D-CEST and cos-CEST. In these cases the D-CEST
approach may be preferred as it is much faster to fit the resulting
data since only a pair of propagators is required, corresponding to
evolution with and without the DANTE pulse, while each point of
the cos-waveform must be evaluated in the analysis of cos-CEST
data. However, in certain cases the fact that the excitation side-
bands reside exclusively in the desired sw region for cos-CEST is
advantageous both in terms of improvements in sensitivity and
elimination of artifacts. This is the case for both 'H and '3C appli-
cations involving fully protonated ('H-CEST) or fully '3C-labeled
('3CO-CEST) samples, where excitation of spins outside the region
of interest can be deleterious. By means of example, we consider
first the amide proton CEST pulse scheme of Fig. 3 that is optimized
for studies of fully protonated exchanging protein systems, using
longitudinal relaxation optimized spectroscopy [29], and patterned
after the BEST-family of experiments [30]. This sequence follows
closely an experiment that we previously published for studies
involving highly protonated proteins [19]. However, unlike that

= 3. None of the power require-
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Fig. 3. IPAP-based L-optimized '"H-CEST (BEST-CEST) experiment for the study of
slow chemical exchange processes in fully protonated proteins. 90° (180°) rectan-
gular pulses on the N channel (119 ppm), denoted by narrow (wide) black
rectangles respectively, are applied at maximum power. The pulses on the 'H
channel are, in order of execution, BIP[35], EBURP, and REBURP [36], denoted as B, E,R
with the actual shapes shown in the pulse diagram. EBURP and REBURP pulses are
generated with phase modulation for off-resonance excitation and excite only the
amide region of the 'H spectrum (centered at ~8.5 ppm). Typical durations of the
shaped pulses (800 MHz) are: BIP: 150 ps; EBURP: 1.44 ms; REBURP: 1.52 ms, that
resultsin ~4 ppm excitation [37]. The 'H carrier is positioned on the water resonance,
with the exception of the CEST element. CEST excitation is achieved using a cosine-
modulated waveform, given by Eq. (1). The number of frequencies, N, in Eq. (1), is
chosen such that N = sw/swcgsr, where sw is the total spectral region that would be
swept using CW excitation. The delays used are: 7, ~ 1/(4'Jyy) = 2.68 ms. All pulses
are applied with phase x unless otherwise indicated. The following phase cycle is
used: ¢1 =X, —X; ¢z =2(X), 2(Y), 2(—X), 2(—Y); Prec =X, —X, —X, X. Quadrature detection
in F, is achieved by States-TPPI of ¢ [38]. The IPAP-type acquisition is based on a
published SOFAST-HMQC scheme [31] that avoids '°N decoupling during acquisition
and achieves the same intrinsic sensitivity as a regular unenhanced HSQC with '°N
decoupling during t,. This is achieved by recording two separate datasets with ¢3 =y
and ¢3 = -y, respectively, that are then processed as described in Supporting
Information. The minimum phase cycle is 2. Gradients are applied with the following
durations (ms) and strengths (% maximum): go: 0.25%, g1: (0.4, —25%), g»: (1.0, 15%),
23:(0.8,80%). The weak 'H B; field was calibrated using the approach of Guenneugues
etal. [39]. Note that Asn/Gln sidechain peaks display a 1:2:1 triplet structure in F, in
the final processed spectrum [31]; an NH, purge filter can be included in order to
eliminate signals originating from NH, groups (see Fig. S3).
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sequence where a spin-state selective approach was necessary for
the elimination of NOE dips, in the present case NOE dips are
removed through the selection of longitudinal two-spin order at
the end of a CEST element that starts with longitudinal magnetiza-
tion [20]. This scheme yields improved sensitivity relative to the
spin-state selection method due to its shorter duration. Because
the aliphatic reservoir of 'H magnetization is unperturbed during
the course of the experiment and can be used to expedite the
recovery of the desired amide 'H magnetization, short inter-scan
delays can be used. We prefer, therefore, not to employ °N decou-
pling and, instead, take advantage of a sensitivity-enhanced
approach proposed by Brutscher and coworkers [31] whereby both
cosine and sine modulated t; components are recorded in each
scan, with IPAP virtual decoupling [32,33]. In the absence of relax-
ation and pulse imperfections the sensitivity of the resultant data-
set is equivalent to that recorded using the conventional HSQC
approach with decoupling during acquisition.

Fig. 4 compares selected CEST traces obtained from cos-CEST
(green) and D-CEST (magenta) experiments recorded on a fully
protonated °N-labeled sample of the antioxidant metalloenzyme

(A) 1, (B) .,

superoxide dismutase (SOD1) that lacks stabilizing metal ions
and a disulfide bond, apoSOD1?" [25]. The anti-phase nature of
the major and minor dips, corresponding to the negative(positive)
intensities of "H multiplet components for proton magnetization
coupled to >N spin o p), is the result of selecting for longitudinal
two-spin order at the end of a CEST element that starts from longi-
tudinal magnetization [20]. Similar shaped profiles are also
obtained by taking the difference between separate !°N spin-
state selective amide proton CEST traces that also leads to the
removal of NOE dips [16]. Notably, significant sensitivity gains
are realized for the cos-CEST approach because only amide protons
are perturbed by this selective excitation scheme, with aliphatic
protons therefore available for use as a magnetization reservoir
to increase the recovery rate of the amides. In contrast, the
broad-banded nature of the DANTE-excitation results in (partial)
saturation of all 'H spins (including water) that therefore decreases
the recovery of amide magnetization to its equilibrium value,
resulting in a loss of sensitivity. It is worth noting that, in general,
it is not possible to achieve a narrower band-width of excitation

using D-CEST simply by decreasing B> ®" to very low values, as
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Fig. 4. Representative 'H cos-CEST (green, top; N =3, @max/(27) = 30 Hz) and D-CEST (magenta, bottom; 15 kHz DANTE pulses) profiles recorded on a sample of fully
protonated apoSOD12%M, 25 °C, 18.7 T, using the pulse sequence of Fig. 3, swcgsy = 1200 Hz, Tg, = 500 ms. Blue (red) dashed lines denote the positions of multiplet components
corresponding to >N o) spins. Chemical shift differences between ground (G) and excited (E) states, Awgg are given. Intensities from both cos- and D-CEST profiles are
normalized relative to the same reference plane to allow direct comparison. Due to the intrinsic periodic nature of the cos-CEST and D-CEST profiles, a circular shift has
been performed such that the ground state position is shifted to w; offset = 0 (the center of each plot). Since there is no aliasing of major and minor dips in these cases, and
|Avge| < [sweesr/2] for all selected residues, the relative position between ground and excited state peaks is properly reflected in each plot. (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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replaced by cos- (Eq. (1), ®maex/(27) = 40 Hz, N = 11; blue) or D-CEST (10 kHz DANTE pulses; red) schemes. A value of swcgsr = 800 Hz, corresponding to 7" = 1.25 ms, was used
along with Tg, = 400 ms. A circular shift has been performed such that the ground state position is placed at the center of the plot. (B) Simulation of cos-CEST and D-CEST
profiles for a 3CO-'3C* spin-pair with YJco.cy = 55 Hz. All parameters in the simulations are as used experimentally along with R; =2 s~!, R, = 10 s~ 1. The frequency difference
A between '3CO and '3C* spins was set to 24005 Hz = kxswcgsr + 5 Hz where k = 30. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

the excitation sidebands still perturb magnetization far from the
carrier (Fig. S1). Moreover, simulations show that there can be
large distortions to the intensities of the minor state CEST dips in
some cases when low B> fields are used [24].

As discussed in detail in the context of D-CEST, sweeping the
carrier over a frequency range swcesr < sw (here sweesy =1200 Hz
was used) does potentially lead to ambiguities in measured chem-
ical shifts of the excited state, as the shifts may reside outside of
the swcest window (in regions colored in light orange in Fig. 1).
In this case dips are aliased into the swcgsr region [24]. The correct
shift can be readily obtained by recording a second dataset with a
different swcgsr, in this case swegsy = 1260 Hz and all other param-
eters the same. A simultaneous fit of dips in the two profiles mea-
sured in this way then provides an accurate chemical shift value, as
described previously [24]. Notably, chemical shift differences
between ground and excited states for the amide protons of
apoSOD12%H extracted from the cos-CEST and CW-CEST approaches
are in excellent agreement, as illustrated in Fig. S2.

We have also recorded '>CO-CEST profiles on a [U-!°N,'3C]-
labeled sample of protein L using a previously published pulse
sequence [9] where the CW-CEST element was substituted by
either cos-CEST or D-CEST excitation schemes. Fig. 5A compares
major dip profiles for Glu 44 (no exchange was observed for this
system), with a narrower dip observed for the cos-CEST based
method. We have reproduced, through simulation using the Bloch
equations, a similar pair of profiles as observed experimentally,
Fig. 5B, considering an isolated *CO-'3C* spin-pair. The difference
between cos-CEST and D-CEST can be explained by the large one-
bond '3CO-'3C* scalar coupling that leads to (partial) cross-
polarization between '*CO and '3C* spins in the case of D-CEST
when the difference between '>CO and '3C* chemical shifts for a
given residue, 4, corresponds very closely to a multiple of swcgsr.
In this case the coupled *CO and '3C* spins are perturbed at the
same time by separate DANTE sidebands, giving rise to '>*CO mag-
netization losses and hence less intensity. The effect is very sensi-
tive to 4 so that for a sideband on-resonance with the '3CO spin
and a second sideband 10-15 Hz off-resonance for the 3C* spin
the effect is small, explaining why we have only observed differ-
ences in CEST profiles like the one in Fig. 5A for a small number
of residues in protein L.

Finally, we have considered whether a band-selective approach
might be useful in studies of chemical exchange via DEST [34]. In
applications that exploit CEST, where linewidths of resonances

associated with the sparse state tend to be relatively small, the
use of multiple excitation side-bands ‘speeds-up’ the search for
the invisible resonances by significantly limiting the region of fre-
quency space that must be examined (small swcgsr). In contrast,
studies involving DEST focus on exchange with rare states where
linewidths can be many thousands of Hz, necessitating large values
for swcest, and where the position of the excited state resonance is
not in question. It is not clear, therefore, that there would be any
advantage in using a D-DEST or cos-DEST approach, especially if
parts of a broad line were to be aliased. Further, simulations show
that the effect of multiple side-bands simultaneously ‘hitting’ a
broad line of the excited state results in DEST profiles of low sen-
sitivity (intensities not far from zero across the complete DEST
profile).

In summary, this work and that described in a companion paper
[24] shows that significant time-savings can be achieved using
selective-excitation CEST schemes. Here we have focused on the
use of cos-modulated excitation fields. These offer some advan-
tages over the DANTE sequence presented elsewhere in systems
where the probe spins in question are dipolar or scalar coupled
to like spins that can therefore be simultaneously perturbed by
the broad-banded nature of the DANTE element. It is expected that
the considerable time-savings of D- and cos-CEST will stimulate
the development of new CEST experiments with very weak B,
fields (< 10 Hz) to probe exchanging systems with chemical shift
differences that are below the present limits of detection, allowing
more subtle conformational changes to be examined than is feasi-
ble using the traditional CW experiment.
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