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Abstract

Chemical exchange saturation transfer (CEST) experiments are becoming increasingly popular for investigating biomo-
lecular exchange dynamics with rates on the order of approximately 50-500 s~! and a rich toolkit of different methods has
emerged over the past few years. Typically, experiments are based on the evolution of longitudinal magnetization, or in some
cases two-spin order, during a fixed CEST relaxation delay, with the same class of magnetization prepared at the start and
selected at end of the CEST period. Here we present a pair of TROSY-based pulse schemes for recording amide and methyl
'H CEST profiles where longitudinal magnetization at the start evolves to produce two-spin order that is then selected at the
completion of the CEST element. This selection process subtracts out contributions from 'H-'H cross-relaxation on the fly
that would otherwise complicate analysis of the data. It also obviates the need to record spin-state selective CEST profiles
as an alternative to eliminating NOE effects, leading to significant improvements in sensitivity. The utility of the approach
is demonstrated on a sample of a cavity mutant of T4 lysozyme that undergoes chemical exchange between conformations
where the cavity is free and occupied.

Keywords Chemical exchange - 'H CEST - NOE dips - Longitudinal order - TROSY

Introduction

Although the underlying theory behind chemical exchange
saturation transfer (CEST) based experiments was presented
over a half a century ago (Forsen and Hoffman 1963), inter-
esting new nuances of this simple experiment are still being
discovered that have important practical applications. Unlike
the more popular relaxation dispersion class of experiment
where the effects of chemical exchange are monitored by
the decay of transverse magnetization (Palmer et al. 2001),
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CEST experiments (Vallurupalli et al. 2017) or their related
DEST counterparts (Fawzi et al. 2011) focus on longitudinal
magnetization that decays much more slowly in applications
involving macromolecules. As a result CEST/DEST is ide-
ally suited for studies of relatively slow exchange processes
with exchange rates typically on the order of 50-500 s~!.
Initial CEST experiments for measuring chemical shifts
of rare (so called excited) states, that typically cannot be
observed directly in standard NMR experiments, focused
on '°N magnetization (Vallurupalli et al. 2012) or in cases
where 13C could be added at selected sites, on °C magneti-
zation (Bouvignies and Kay 2012a; Hansen et al. 2013; Ren-
nella et al. 2015). Notably, it was realized shortly thereafter
that applications could be carried out on uniformly "’N- and
13C-labeled proteins with little complication from the signifi-
cant one-bond '*C—13C scalar couplings (Vallurupalli et al.
2013) that are so deleterious in dispersion studies (Ishima
et al. 2004), opening the possibility of recording '*C chemi-
cal shifts of excited state conformers at a large number of
side-chain positions (Bouvignies et al. 2014). Studies using
'H CEST based experiments have been more limited, fraught
with artifacts that derive from NOE-based magnetization
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transfer that are difficult to separate from chemical exchange
based signals (Bouvignies and Kay 2012b). Yet, even in this
case, chemical and dipolar exchange processes can be sepa-
rated, by subtracting "H CEST profiles recorded for each
spin-state of the attached >N or '3C heteroatom (Yuwen
etal. 2017a, b; Yuwen and Kay 2017).

All of the biomolecular CEST experiments that are
known to us select magnetization at the end of the CEST
period that is of the same form as that prepared immediately
prior to it (for example, in most cases longitudinal mag-
netization). However, in some cases significant sensitivity
gains can be realized by selecting different elements, such as
longitudinal magnetization and longitudinal order at the start
and end of the CEST relaxation period, respectively. Herein
we describe one such set of applications that focuses on 'H
CEST. We show that NOE-based exchange processes can
be eliminated using this new approach in a series of studies
involving a T4 lysozyme exchanging system (Bouvignies
et al. 2011; Mulder et al. 2001) as an illustration.

Materials and methods
Sample preparation

An NMR sample of [U-'°N; U-?H] T4 lysozyme where
Leu is replaced by Ala at position 99, L99A T4L, was pre-
pared following the protocol described by Bouvignies et al.
(2011), with 1.5 mM protein dissolved in 50 mM sodium
phosphate, 25 mM NaCl, 2 mM EDTA, 2 mM NaN;, pH 5.5,
90%H,0/10%D,0. A 1.7 mM [U-'"N; U-?H; Iled1-'*CH;;
Leu,Val->*CH,/"?CD;; Met-'3CH;] L99A T4L sample was
generated similarly with the final buffer 100% D,0O. The
level of deuteration in all samples was >95% at all carbon
sites.

NMR spectroscopy

All 'H CEST experiments were recorded on L99A T4L
samples at 8.8 °C using an 800 MHz Avance III Bruker
spectrometer equipped with a cryogenically cooled probe.
Amide 'H CEST datasets were measured using a [U-""N;
U-?H]-labeled L99A T4L sample (pulse scheme of Fig. 2a)
with a weak B, field of 30.4 Hz and T, =400 ms. Experi-
ments were obtained by varying the position of the 'H CEST
field from 6.2 to 9.4 ppm with a step-size of 30 Hz (one 2D
dataset for each frequency position). In addition, a regular
'H-'>N HSQC spectrum was recorded as the 2D reference
dataset with intensities in the CEST profile subsequently
normalized relative to corresponding peak intensities in the
HSQC. Each 2D plane was recorded with four transients/
FID, a relaxation delay of 0.5 s and (768, 56) complex points
in (¢,, ;) to give a net acquisition time of ~7 min/spectrum
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and a net measurement time for each pseudo-3D CEST data-
set of ~11 h. By means of comparison spin-state selective
'H CEST experiments were also recorded, obtained as inter-
leaved pseudo-4D datasets, by collecting a pair of compo-
nents corresponding to /. N* and IZN/’ magnetization transfer
pathways, see below (Yuwen et al. 2017b) All parameters
were the same between each of the different classes of exper-
iment with the exception that two transients were measured
for each spin-state selective FID so that the total amount of
measurement time of the complete datasets was the same.
"H methyl-TROSY based CEST experiments were
measured using a [U-ISN; U-2H; 11651—13CH3; Leu,Val-
3CH,/'?CD;; Met-'"*CH,]-labeled L99A T4L sample with
the pulse scheme of Fig. 2b, a weak B, field of 30.6 Hz and
Ty,=500 ms. The position of the 'H CEST field was varied
from — 1.0 to 2.2 ppm with a step size of 30 Hz and a refer-
ence 'H-'3C HMQC dataset was recorded as well. Each 2D
dataset was obtained with four transients/FID, a relaxation
delay of 1.0 s and (768, 32) complex points in (¢,, t;) to give
a net acquisition time of ~6 min/spectrum and a net meas-
urement time for each pseudo-3D CEST dataset of ~10 h.
Spin-state selective methyl '"H CEST experiments were
also recorded, measured as interleaved pseudo-4D datasets
(Yuwen et al. 2017a), with two transients/FID so that the
total measurement time for all experiments was identical.

Data analysis

All NMR spectra were processed and analyzed using the
NMRPipe suite of programs (Delaglio et al. 1995), with peak
intensities extracted with the autofit subroutine. Analysis of
the CEST profiles was carried out using the software pack-
age ChemEx (https://github.com/gbouvignies/chemex), with
a separate module for fitting the 'H profiles that is available
from the authors upon request. '"H CEST difference profiles
were obtained directly from the spectra recorded using the
schemes of Fig. 2 with no manipulation of datasets required.
The spin-state selective profiles where obtained as described
previously (Yuwen et al. 2017b), with difference CEST pro-
files generated from subtraction of the two corresponding
spin-state selective traces. In total 52(8) amide(methyl) 'H
CEST profiles were selected and analyzed to extract chemi-
cal shift differences (ppm) between corresponding spins in
the ground (G) and excited (E) states, Aw ;. An estimate of
exchange parameters corresponding to the population of the
excited state and the rate of exchange between interconvert-
ing states (pp, k,,), was not attempted due to "H-'H cross-
relaxation effects (Yuwen et al. 2017b). It is worth noting,
however, that for cases where cross-relaxation is negligible,
so that isolation of exchange parameters can be achieved, the
relative short recycle delay (d,) used for the amide experi-
ment is not problematic as longitudinal relaxation during
the course of the pulse scheme is taken into account in the
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analysis. The optimal value for d; + T, in terms of maxi-
mal signal-to-noise in this case depends on the amide 'H
R, relaxation rates that can vary depending on exchange
with water, for example. We have shown previously that
for R, ~2 s! a value of d, + Ty, ~ 1 s is optimal (Yuwen
and Kay 2017), similar to what has been used here, but it
may well be that for a deuterated sample with slower rates a
larger d, value would be preferable.

Results and discussion

A new class of experiment where the magnetization
of interest before and after the CEST element
is distinct

Figure la illustrates schematically the essential element of
a CEST experiment. It consists of a period of fixed duration
during which longitudinal magnetization (Vallurupalli et al.
2012) or two-spin order (Sekhar et al. 2016) is allowed to
evolve in the presence of a weak radio-frequency field (typi-
cally 10-50 Hz) that is applied over a range of frequencies,
one frequency, m,, per experiment. In all biomolecular NMR
applications that we are aware of the magnetization at the
start of the CEST period is also the magnetization that is
selected at the end of the relaxation period. Thus, magnetiza-
tion of the form O, at =0 becomes a(w )0, at t="Ty,, where
O, is the operator of interest, and per-residue a(w,) values
are subsequently ‘read out’ via the intensities of cross-peaks
in the resulting spectra. A series of spectra are recorded,
each with a different @ value to generate the characteristic
CEST profile, a(w), that is then analyzed to extract exchange
parameters and chemical shifts of nuclei in the sparsely pop-
ulated state (Vallurupalli et al. 2017). A particular case that
is of relevance to the discussion that follows is illustrated
in Fig. 1b in which a pair of simulated spin-state selective
"H CEST profiles is shown for an amide 'H coupled to its
attached "N spin in either the up (a) or down (f) state. As
described previously, the CEST major and minor dips are
offset in each profile by 'J,,, the one-bond "H-'°N scalar
coupling (Yuwen et al. 2017b). In contrast, so called NOE
dips that result from dipolar coupling of the amide proton
of interest with a proximal amide proton spin are not offset
so that in the difference spectrum these dips are completely
removed. The process of subtracting the spin-state selective
profiles is equivalent to selecting longitudinal order at the
end of the CEST element. This can be seen, qualitatively, by
noting that the magnetization of interest in each of the >N
spin up or spin down experiments is given by /. N* and IZNﬂ ,
respectively, where I, corresponds to 'H z magnetization
while N denotes the N spin-state (j € {a, f#}), so that the
difference is thus I,N* — N’ =2I_N,. More formally, starting
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Fig.1 a In a typical CEST experiment magnetization of the form O,
at the start of the CEST element is selected at the end of the relaxa—
tion period of duration Ty, Application of the weak B; field can
affect the magnitude of O, in a manner that depends on the position
of the field and the resonance frequencies of ground and excited state
spins (Vallurupalli et al. 2017). A plot of a(w) versus w, where o is
the frequency of application of the weak B, field, is referred to as a
CEST profile. b Schematic of spin-state selective amide 'H CEST
curves derived from 'H magnetization coupled to the attached "N
spin in the a (blue, IN®) or § (red, I. N/’) spin-state, along with the dif-
ference profile (magenta, I N*— IJV/ ). Note that both spin-state CEST
profiles are normalized with respect to intensities of peaks obtained
with B;=0 during the CEST element, as indicated by the y-axis
labels

from 'H magnetization prior to the CEST element that then
evolves during the CEST period, we can write

lIz(l +2N,) + lIz(l —2N,)

CEST
= a(@)= 1(1+2N)+b(co) 1(1

2N,) €))

Here we have explicitly included both of the 'H multiplet
components, with the evolution of magnetization during the
CEST element taken into account via the coefficients a(w)
and b(w) that are the intensities of each of the spin-state
components after CEST. When the position of the weak B,
CEST field is far removed from either ground or excited state
resonance positions a(w) =b(w) since there is no effect on
'H longitudinal magnetization. Conversely, when the field is
applied at the resonance frequency of the excited state amide
proton of interest coupled to the down >N spin position,
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Fig.2 a TROSY version of the amide '"H CEST experiment where
longitudinal order is selected immediately after the CEST element.
90° (180°) rectangular pulses on 'H and >N channels, denoted by
narrow (wide) black rectangles, are applied at maximum power.
Water-selective rectangular pulses (grey) typically have durations
of ~2 ms. The 'H carrier is set at the position of water (~4.7 ppm)
except during the CEST element where it is placed in the amide 'H
region of the spectrum (1 frequency/2D spectrum), while the >N car-
rier is at the center of the amide '’N spectral region (~ 119 ppm). Val-
ues of the delays are: 7, ~ 1/(4'7,,,)=2.68 ms, A=850 ps, §=500
ps. All pulses are applied with phase x unless otherwise indicated.
The following phase cycle is used: ¢; =y, =y, =X, X; §,=y; d3=—-y;
Gs=—Y; Oree=—Y, ¥» —X, X. Quadrature detection in F, is achieved
by inverting the phases of ¢,, ¢3, ¢y, P, together with the sign of
gradient g (Kay et al. 1992; Schleucher et al. 1993 ) and changing ¢,
to y, —y, X, —X. A minimum four step cycle is recommended for opti-
mal TROSY selection, however two steps is sufficient since coher-
ence selection gradients (g3, g¢) are applied. Gradients are applied
with the following durations (ms) and strengths (in % maximum): g;:
04, —25%), g,: (1.0, 15%), g5: (0.625, 80%), g,: (0.256, 60%), gs:
(0.256, 15%), gs: (0.256, —39.6%). The weak 'H B, field was cali-
brated using the approach of Guenneugues et al. (1999) It is worth
noting that the phase cycle selects both >N longitudinal magnetiza-
tion and two-spin order that is present at the end of the CEST ele-
ment and both components are ultimately detected. However, as '°N
longitudinal magnetization is destroyed immediately prior to the
CEST element via the 90° pulse—g, gradient pair and only recovers

IE(1 = 2NE), where the superscript E explicitly indicates
that an excited state resonance is affected, the perturbation
of magnetization is transferred selectively to I,(1 — 2N,) of
the ground state and a(w) > b(w). In a spin-state selective
"H CEST experiment the separate pathways corresponding
to the transfer of /(1 = 2N,) to observable magnetization
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for delay T, while signal from it is proportional to the '°N gyromag-
netic ratio yy and not yy, the contribution is small; as discussed in the
text, the net effect is a slight baseline offset. A similar effect does not
occur in the methyl-TROSY scheme as '*C longitudinal magnetiza-
tion at the end of the CEST period is not transferred to observable
signal. b Methyl-TROSY based '"H CEST experiment. 90° (180°)
rectangular pulses on 'H and *C channels, denoted by narrow (wide)
black rectangles, are applied at maximum power. The hatched bars
denote 90,180,90, composite pulses (Levitt and Freeman 1979) and
the water-selective shaped pulse marked with “w” (~7 ms) uses the
EBURP-1 profile (Geen and Freeman 1991) The "H carrier is set
to the center of methyl group region (~0.5 ppm) except during the
CEST element where it is placed at the desired frequency, while
the '3C carrier is positioned at the center of the methyl '*C spectral
region (~20 ppm). *C WALTZ-16 decoupling (Shaka et al. 1983) is
applied with a field of ~2 kHz. The delay 7, ~ 1/(41J,,)=2.00 ms.
All pulses are applied with phase x unless otherwise indicated. The
following phase cycle is used: ¢;=x, —X; $y =2(X), 2(=X); Prec =X,
—X, —X, X with a minimum phase cycle of 2. Quadrature detection
in F, is achieved by shifting the phase of ¢; by /2. Gradients are
applied with the following durations (ms) and strengths (in % maxi-
mum): g;: (1.0, 50%), g,: (0.5, 40%). An alternative scheme imple-
ments the 3-9-19 WATERGATE element (Sklenar et al. 1993) during
the final INEPT period to achieve much higher water suppression for
applications to proteins dissolved in H,O; a stronger pair of g, gradi-
ents, g,: (0.8, 80%), should then be applied

are recorded individually and the profiles a(w) and b(w)
subtracted subsequently (Yuwen et al. 2017b). However, a
simpler approach is possible, as suggested by the above dis-
cussion. If immediately after the CEST element longitudinal
order, 2I N, rather than 'H longitudinal magnetization is

selected (Fig. 2, phase ¢,), then the subtraction a(w) — b(w)
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is done ‘on the fly’, obviating the need for lengthy spin-state
selective pulse schemes. Thus, in the context of the CEST
element, the input and output coherences are distinct. This
offers a number of advantages for recording '"H CEST based
experiments that are free from NOE artifacts, as detailed
below.

Experimental applications

Figure 2a, b illustrate a pair of TROSY-based pulse schemes
for recording amide and methyl proton CEST spectra,
respectively, that exploit the selection of longitudinal order
immediately after the CEST element. In principle, a num-
ber of advantages over our previously published spin-state
selective experiments are anticipated. These include: (i)
increased sensitivity, since the number of transfer steps is
significantly reduced; (ii) only a single dataset is required,
rather than separate spectra for each of the spin-state selec-
tive pathways, decreasing measurement time in many
cases; (iii) because the difference operation (a(w) — b(w))
is effectively performed immediately after the CEST ele-
ment, relaxation effects past this point do not compromise
the experiment. This is unlike the case for experiments in
which additional steps in the sequence are required to facili-
tate the separation of spin-state selective pathways where
relaxation, pulse imperfections and slight missets of trans-
fer times can in some cases lead to ‘contamination’ of the
pathways (see below); (iv) 'H CEST experiments that use
unenhanced HSQC schemes as a ‘read out’ can be read-
ily designed with the present approach. Such implementa-
tions are potentially very useful in studies of systems with
either fast transverse relaxation (Sekhar et al. 2016) or fast
solvent exchange (Yuwen and Skrynnikov 2014). Although
only a pair of examples is illustrated here it is possible to
readily incorporate this approach into all existing 'H CEST
experiments.

In order to illustrate the advantages of the pulse schemes
of Fig. 2 over their spin-state selective counterparts (Yuwen
et al. 2017b) we have recorded comparative datasets on
[U-!°N; U-?H]- (‘HY) and [U-!°N; U-?H; 11ed1-13CH;;
Leu,Val->*CH4/'>)CD;; Met-'>CH;]- ('"H methyl) L99A
T4L samples. Mutation of Leu to Ala at position 99 in T4
lysozyme results in the formation of a 150 A3 cavity (Eriks-
son et al. 1992) that is accessible to Phe 114 via an exchange
process that has been characterized in detail previously using
relaxation dispersion NMR methods (Bouvignies et al. 2011;
Mulder et al. 2001). The exchange rate varies significantly
with temperature and at approximately 10 °C the exchange
time-scale is such that high quality CEST profiles can be
easily recorded (Yuwen et al. 2017b). Figure 3 shows repre-
sentative CEST curves obtained directly from measurements
using the scheme of Fig. 2a (green) or from the difference
of spin-state profiles, as described previously (magenta)

(Yuwen et al. 2017b), recorded at 8.8 °C, 800 MHz, where
the assumed isotropic correlation time of L99A T4L is
approximately 19 ns. The resonance positions of protons
with coupled amide >N spins in either a or 8 spin-states
are indicated by the dashed blue and red lines, respectively.
Datasets were recorded for equivalent measurement times
and the resulting profiles normalized so that the noise floors
are the same. Notably, the sensitivity of the current scheme
is superior to our previous method by, on average, a fac-
tor of 1.56+0.26 and 1.50 +0.30, for the major and minor
dips, respectively. In the analysis the intensity of an anti-
phase dip was quantified as the difference in intensities
between maxima and minima in each lineshape. Finally, a
linear correlation plot of the extracted '°N chemical shift
differences between exchanging spins in ground and excited
states, Aw (= wy— @), obtained from fits of the differ-
ence CEST profiles generated via spin-state selection or the
pulse scheme of Fig. 2a is shown in panel F, where it is clear
that excellent agreement is obtained.

Of interest, baselines for the most part slightly deviate
from zero for profiles generated from the new approach
(Fig. 3), while those for the difference profiles obtained from
the spin-state selective experiments do not. The non-zero
baselines can be understood by noting that the longitudi-
nal relaxation rates of the individual multiplet components
are not identical due to cross-correlated spin relaxation
between 'H-'>N dipolar and 'H chemical shift anisotropy
(CSA) interactions (Goldman 1984). Thus, even when the
weak B, CEST field is distal from the resonance positions of
either major or minor state peaks there is a slight imbalance
between intensities of multiplet components due to differen-
tial relaxation during the CEST element so that a(w) # b(w),
leading to a non-zero baseline. This same phenomenon
occurs in the spin-state selective experiment as well but in
that case because individual profiles are obtained prior to
subtraction the difference can be normalized out. This is
most simply accomplished by recording separate reference
planes for each of the 'H multiplet components, IzNi j€{a,
S}, where the B, field is turned off during the CEST delay so
that the intensity ratio of cross peaks, I(T,.B))/I(Ty.B,=0),
‘subtracts’ out this effect (Yuwen et al. 2017b). A second
contributing factor to the baseline offset derives from the
fact that a small amount of >N magnetization recovers from
zero during the CEST element. It is subsequently transferred
to observable 'H signal via the TROSY-scheme of Fig. 2a,
along with the desired longitudinal order. As magnetization
from a given '°N spin is not modulated by the position of
the weak 'H B | field during Ty, at least when it is applied
off-resonance from the attached amide proton in question so
that the heteronuclear NOE can be neglected, the net effect is
the introduction of a constant offset to /(T,.B)). It is worth
noting that signal derived from N scales as yy, as opposed

@ Springer
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Fig.3 Representative amide 'H CEST profiles measured with the
scheme of Fig. 2a (fop; y-axis intensity =1(Tg,.B ) ysoc. scaled
so that the intensity range extends from —1 to 1) and via spin-state
selection (bottom; y-axis intensity =1(Tg,.B)/I(T,,B;=0)) (Yuwen
et al. 2017b) recorded on a L99A T4L sample, 8.8 °C, 800 MHz,
T, =400 ms, weak B, field=30.4 Hz (a—e). Positions of ground and

to the signal from longitudinal order that is proportional to
> so that the offset is expected to be small.

Figure 4 shows a number of methyl- TROSY based 'H
CEST profiles from datasets recorded on L99A T4L, 8.8 °C,
800 MHz, with resonance positions of '"H multiplet compo-
nents corresponding to a and S spin-states of the coupled
13C spin indicated by blue and red dashed lines, respectively.
Here the sensitivity gains with the new approach are even
larger than for the amide experiment, with average gains of
2.25+0.45 and 2.36 +0.70-fold, for the major and minor
dips, respectively (see below). Notably, the baselines of
profiles are not displaced in this application as (i) average
methyl 'H CSA values are small, with As typically on the
order of 1 ppm (Tugarinov et al. 2004) and (ii) the small
amount of °C longitudinal magnetization that recovers dur-
ing the CEST element cannot be transferred into observable
'H signal from the remaining portion of the pulse scheme.
Of interest, additional minor dips are noted for a number of
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8
'H [ppm]

excited state chemical shifts are indicated by red (TROSY-, N spin
p) and blue (anti-TROSY-, BN spin a) dashed lines. The two sets of
'H CEST profiles have been rescaled such that the noise levels are the
same. f Correlation plot of Awg values from the spin-state selective
experiment (Yuwen et al. 2017b), y-axis, and the scheme of Fig. 2a,
X-axis

the residues, such as M 106, that derive from a third minor
state that has been observed previously in amide 'H dis-
persion experiments recorded at 25 °C involving residues
135-150 and additional amino acids that contact them, such
as M106. A linear correlation plot of extracted Aw; values
via the scheme of Fig. 2b and the corresponding spin-state
selective experiment is illustrated in panel F, showing that
the agreement is excellent.

A comparison of the corresponding CEST profiles meas-
ured using the spin-state selective experiments described
previously (Yuwen et al. 2017a) and the present versions,
readily establishes the sensitivity gains that can be obtained
with the schemes of Fig. 2. The expected relative sensitivi-
ties of the experiments, neglecting the effects of spin relaxa-
tion and assuming perfect pulses, can be understood by con-
sidering the magnetization transfer pathways operative in
each scheme. For example, in the pulse sequence of Fig. 2a
(amide-TROSY) the magnetization transfer is given by
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Fig.4 Representative methyl 'H CEST profiles measured with the
scheme of Fig. 2b (top; intensity =I(T.B,)/Iyyoc, scaled so that
the intensity range extends from —1 to 1) and the spin-state selective
approach (bottom; y-axis intensity =1(Ty,,B)/I(Tg.B,=0)) (Yuwen
et al. 2017a) (a—e). A '3CH3-1abeled L99A T4L sample was used,
8.8 °C, 800 MHz, T, =500 ms, weak B, field=30.6 Hz. The two

1 1 CEST 1 1
11+ 2N) + 2101 = 2N) — a@)3 (1 +2N,) + b@)7 L(1 = 2N,) —

_ a(w) — b(w)
- 4

—

{N.(1+2)-N,(1-21)} 1

TROSY filter a(w) — b(w)

sets of 'H CEST profiles have been rescaled such that the noise levels
are the same. The additional minor dip near the ground state position
of M106¢ (panel D) likely derives from a third state involved in an
additional slow exchange process. f Correlation plot of Aw values
extracted via the spin-state selective approach (Yuwen et al. 2017a)
and the scheme of Fig. 2b

#1.9.. a(w) — b(w) 2N
2 'z (2)

Ipp(1 —2N)

where we have written the TROSY and anti-TROSY com-
ponents explicitly, as in Eq. 1, and selected only those terms
proportional to N, after the CEST element (i.e., 2I.N,), as
indicated by ¢, ¢, over the arrow pointing to 2I N_. After
2N scans the resultant signal is 0.5N{a(w)—b(w)} and the
noise floor is (2N)!/?. Recall that the experiment is repeated
for different w values and the intensity of cross-peaks in 2D
spectra quantified to generate the corresponding CEST pro-
file. In contrast, using our previous approach (Yuwen et al.
2017b) anti-TROSY and TROSY components, derived from
the a(w)31,(1 + 2N,) and b(w)31,(1 - 2N,) terms in Eq. 2,

are selected in separate scans to generate spin-state selective
CEST profiles with intensities proportional to a(w)/2 and
b(w)/2, respectively. The difference CEST profile, from 2N
scans, is thus given by 0.5N{a(w) — b(w)}, where we note
that N scans are used to record each of the spin-state selec-
tive pathways. Thus, the signal-to-noise in both classes of
experiment is predicted to be the same under the assump-
tions given above.

A similar analysis of magnetization transfer in the methyl-
TROSY based scheme of Fig. 2b shows that
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D) 77z 2 ITR (3)

Thus after 2N scans the resultant signal is N{a(®) — b(w)}
and the noise floor is (2N)”2. In contrast, an analogous
spin-state selective experiment (Yuwen et al. 2017a)
separates the TROSY and anti-TROSY pathways by
addition and subtraction using an IP/AP type approach
(Ottiger et al. 1998; Yang and Nagayama 1996). Here
magnetization immediately prior to acquisition is given as

a(w)%ITR(l +2C) + b(a))%ITR(l —2C,) (data set 1) and as

a(@)317x(1 +2C,) = b()3Ix(1 — 2C,) (data set 2). Addi-
tion and subtraction of the resultant datasets gives new
spectra, denoted as a(w)lx(1 + 2C,) and b(w)I (1 — 2C,),
respectively, with the difference CEST profile calculated as
the difference in corresponding peak intensities in these two
sets of spectra as a function of w. It is straightforward to
show that after 2N scans the intensity of the difference CEST
profile is N{a(w) — b(w)} but that the resultant noise floor is
2N'2, that is \/E higher than in the experiment of Fig. 2. The
increased noise floor in the spin-state based scheme derives
from the fact that decoupling during acquisition cannot be
employed in that case. Thus, the sequence of Fig. 2b is cal-
culated to generate profiles that are \/5 higher in signal-to-
noise than the corresponding spin-state selective approach.

Figures 3 and 4 shows that there are quite clearly addi-
tional gains beyond those that might be anticipated on the
basis of the theoretical arguments given above. Such gains

likely reflect, in part, the inherent difficulties in isolating
spin-state selective pathways in the spin-state selective
experiments. For example, in the case of the methyl-TROSY
spin-state CEST experiment differential relaxation between
elements that are combined to produce the required spin-
state selective components effectively leads to leakage from
one pathway to the next. Although this has no effect on the
position of the dips in the difference CEST profile it does
result in an intensity loss and hence a relative intensity gain
for the new class of experiment described here. An addi-
tional factor that contributes to the sensitivity gain is that the
sequences of Fig. 2 are considerably shorter than their spin-
state counterparts, as mentioned above, that is important in
applications to biomolecules.

Central to the utility of any 'H-based CEST experiment
is the removal of NOE dips whose appearance would other-
wise complicate interpretation of the data (Bouvignies and
Kay 2012b). As illustrated in Fig. 1, this is accomplished
in the spin-state class of experiment by subtraction of indi-
vidual CEST profiles that have identical contributions from
cross-relaxation (Yuwen et al. 2017b). In the case of the
pulse schemes of Fig. 2, where longitudinal order is selected
immediately after the CEST element, elimination of the
NOE dips occurs automatically. This can be readily appre-
ciated by considering the evolution of magnetization dur-
ing the CEST element, focusing exclusively on the effects
of cross-relaxation for the moment. Suppose that the weak
B, CEST field is applied at the resonance frequency of an
amide proton spin that is proximal to the amide spin of inter-
est (/). Since both / spin multiplet components are affected
equally by cross-relaxation, a(w) and b(w) in Eq. 1 are equal
and there is no contribution to the detected term 2/ N,. An

(), (B),
Tex Ted2N_TedN_ Ted2N
"W prrzzzzzzzz) ll77 o7
0.5 15 0.57 15 1 1
N N
IS 0.01 5 0.0
£ £
—0.51 —0.51
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w, offset [Hz]

Fig.5 a Numerical simulation illustrating a potential artifact intro-
duced through the interplay between 'H-'°N dipolar, 'H CSA
cross-correlation and '"H-'H cross-relaxation effects. The simula-
tion was based on the following parameters: 'H longitudinal cross-
correlation rate 1, =0.1 s~ TH-'H cross relaxation rate c=—10 s,
T, =500 ms, B, (CEST)=30 Hz, 'J,=-93 Hz. B, inhomogene-
ity has been taken into account as described previously (Vallurupalli

@ Springer

w1 offset [Hz]

et al. 2012). The ground state and NOE dips are located at O and
—1000 Hz respectively. b The modified 'H CEST element (inset,
N=2 is used for the simulation) eliminates cross-correlated spin-
relaxation over the complete duration of the CEST interval so that
NOE dips are removed. Note, however, that we have not observed any
NOE dips experimentally when the simple CEST scheme as indicated
in the a inset is used
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assumption is that both 7 spin multiplet components have
equivalent R, relaxation rates, a condition that is not be
completely fulfilled when dipolar—CSA cross-correlation
effects are non-zero (Goldman 1984). In this case the NOE
contributions do not completely subtract, as can be read-
ily seen from Fig. 1b if one adds slightly different offsets
to the CEST baselines for the individual spin-state compo-
nents. This is not an issue when separate spin-state selec-
tive experiments are recorded because, as described above,
differences in R, relaxation rates are ‘normalized out’ by
recording separate reference planes (Yuwen et al. 2017b).
Figure 5a illustrates this scenario for a CEST profile simu-
lated with the scheme of Fig. 2 assuming a 'H-'H cross-
relaxation rate of — 10 s™! and a 'H longitudinal dipolar/
CSA cross-correlation relaxation rate of 0.1 s7!, close to
the maximum value that can be achieved (~0.14 s~! when
molecular tumbling is described by a single correlation time
such that 7, = 1/wy, where wy, is the Larmor frequency of a
'H spin). This value is calculated assuming an axially sym-
metric "HN CSA tensor with Ac=10 ppm whose principle
axis is collinear with the '"H-'"N bond (Tjandra and Bax
1997). In this case the inequality in longitudinal relaxation
rates can be compensated using the scheme illustrated in the
inset to Fig. 5b, where individual CEST elements of dura-
tion Ty, /N are separated by periods of length T,/N during
which the CEST field is not applied, and where the multiplet
components are interchanged. The resulting simulated pro-
file shows that the small NOE dip is eliminated. Note that
for macromolecules such as proteins, 'H longitudinal cross-
correlated relaxation depends on the spectral density term
J(wy), while "H-'H cross-relaxation is dominated by a term
of the form J(0) (Cavanagh et al. 2007) Since J(wp) is pro-
portional to 1/ (wi,rc) for a rigid amide group while J(0) is
proportional to 7, it is rare to have systems with significant
cross-relaxation and cross-correlation, so that these artifacts
are predicted to be small. It is worth noting that we have seen
no evidence of NOE dips in any experiments that we have
recorded using the new schemes, over a temperature range
extending from 4 to 25 °C, even at the smallest field that we
currently have in our laboratory (500 MHz) where the differ-
ence in 'H longitudinal relaxation rates from dipolar—CSA
cross-correlation is predicted to be largest. The potential
for incomplete subtraction of NOE dips is thus more of an
interesting nuance than a practical concern. As an aside, an
additional benefit of the scheme which suppresses cross-
correlated relaxation during the CEST element is that, to
good approximation, there is little buildup of '°N longitu-
dinal magnetization by the end of T, as pairs of N 180°
pulses that invert z-magnetization are applied equidistantly.
This further eliminates any baseline offset (see above).

Concluding remarks

We have presented examples of '"H CEST-based experi-
ments that suppress dipolar cross-relaxation ‘on the fly’ so
as to produce clean profiles that can be analyzed to robustly
extract chemical shifts of excited state 'H spins. Notably,
unlike other CEST schemes, the ones presented here select
longitudinal magnetization before the CEST element and
longitudinal order immediately after it, leading to significant
sensitivity gains relative to previously introduced spin-state
selective experiments that rely on the evolution of longitu-
dinal magnetization throughout the CEST element (Yuwen
et al. 2017a, b; Yuwen and Kay 2017). It is anticipated that
these CEST experiments will serve as useful additions to the
NMR toolkit for studies of conformationally excited states.
Further, the realization that in some cases it may be ben-
eficial to select elements at the end of the CEST relaxation
interval that are distinct from those at the beginning may
serve to stimulate new and improved implementations of
this methodology.
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