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CPMG relaxation dispersion studies of biomolecular dynamics on the μs–ms timescale can provide detailed
kinetic, thermodynamic, and structural insights into function. Frequently, the 15N spin serves as the probe
of choice, as uniform incorporation of the 15N isotope is facile and cost‐effective, and the interpretation of
the resulting data is often relatively straightforward. In conventional CPMG relaxation dispersion experiments
the application of CPMG pulses with constant radiofrequency (RF) phase can lead to artifactual dispersion pro-
files that result from off‐resonance effects, RF field inhomogeneity, and pulse miscalibration. The development
of CPMG experiments with the [0013]‐phase cycle has significantly reduced the impact of pulse imperfections
over a greater bandwidth of frequency offsets in comparison to constant phase experiments. Application of 15N‐
TROSY‐based CPMG schemes to studies of the dynamics of large molecules is necessary for high sensitivity, yet
the correct incorporation of the [0013]‐phase cycle is non‐trivial. Here we present TROSY‐ and anti‐TROSY‐
based 15N CPMG experiments with the [0013]‐phase cycling scheme and demonstrate, through comprehensive
numerical simulations and experimental validation, enhanced resistance to pulse imperfections relative to tra-
ditional schemes utilizing constant phase CPMG pulses. Notably, exchange parameters derived from the new
experiments are in good agreement with those obtained using other, more established, 15N‐based CPMG
approaches.
1. Introduction CPMG relaxation dispersion is perhaps the most popular technique
The dynamic behavior of biomolecules spans a diverse range of
timescales, the consequence of complex free energy landscapes involv-
ing multitudes of interactions. These dynamics can be critical for func-
tion [1–4] and misfunction [5–7] and have been the focus of a large
number of studies using a variety of different methodologies. NMR
spectroscopy is one of the most powerful tools for probing molecular
dynamics, with diverse NMR experiments tailored to study motion
across a wide window of time scales [8], including the microsecond
to millisecond (µs–ms) range [9] for which a variety of experiments
have been designed. These include Carr–Purcell–Meiboom–Gill
(CPMG) relaxation dispersion [10,11], Chemical Exchange Saturation
Transfer (CEST) [12,13], R1ρ relaxation dispersion [14,15], and Dark
State Exchange Transfer (DEST) [16] approaches.
for providing insight into otherwise “invisible” excited states of biomo-
lecules [17]. Here, the apparent transverse relaxation rates (R2,eff) of
observable spins are modulated through the application of CPMG
pulses at a frequency νCPMG = 1/(4τcp), where 2τcp is the delay
between consecutive pulses in a pulse train. Fits of an appropriate
exchange model to the obtained R2,eff profiles as a function of νCPMG

enable the extraction of kinetic and thermodynamic parameters and,
potentially, a wealth of information about the rare conformationally
excited state(s) exchanging with the ground state, including but not
limited to chemical shifts (ϖE), residual dipolar couplings (RDCs)
[18], ps–ns relaxation parameters [19], hydrogen exchange rates
[20], pseudocontact shifts (PCS) [21,22], and diffusion constants [23].

The extraction of robust chemical exchange parameters is predi-
cated on artifact free CPMG pulse trains that can consist of a hundred
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pulses or more. Unless special precautions are taken errors can accu-
mulate, leading to artifacts in dispersion profiles and concomitant
reduction in the quality of the obtained dynamics information. To this
end composite [23–28] or shaped [29–31] pulses have been used,
along with phase cycling schemes to refocus artifacts. Of particular
note to the work presented here, Yip and Zuiderweg have described
the integration of a [0013]‐phase cycle [32] within CPMG pulse trains
that very significantly mitigates artifacts arising from pulse imperfec-
tions. Building on this important advance Yang and coworkers pre-
sented an improved 15N single quantum experiment, referred to as
15N ST‐CW‐CPMG in what follows [33], that exhibits superior perfor-
mance compared to most other counterparts [34,35].

It is anticipated that the benefits of the [0013]‐phase cycle would
extend well beyond simple 15N single quantum CPMG experiments,
to include TROSY‐based CPMG measurements [36], which are partic-
ularly well‐suited for investigating dynamics in large biomolecules
[37]. However, care must be taken in the incorporation of [0013]‐
phase cycles in TROSY sequences due to the requisite S3CT selective
inversion element (or P element) in the middle of the CPMG pulse
train in this case [37]. To the best of our knowledge no such experi-
ment has yet been proposed. Herein, we present TROSY‐ and anti‐
TROSY‐based 15N CPMG pulse schemes that include [0013]‐phase
cycles of pulse elements in the CPMG trains, referred to as [0013]‐
TROSY and [0013]‐anti‐TROSY CPMG, respectively, and provide a
detailed theoretical description of how such a phase cycle can be incor-
porated. We demonstrate, both theoretically and experimentally,
improved performance with respect to pulse imperfections relative
to experiments with constant phase CPMG pulses and present applica-
tions to a number of protein systems. The [0013]‐modification further
strengthens the 15N CPMG‐TROSY experiment [18,37] as a valuable
tool for probing μs–ms dynamics in high molecular weight biomole-
cules, as well as the 15N TROSY/anti‐TROSY CPMG pair that is used
for the measurement of RDCs in excited protein states [18].
2. Materials and methods

2.1. Sample preparation

The B1 domain of peptostreptococcal protein L, denoted as protein
L hereafter, was prepared in accordance with established protocols
[38,39]. A 4.0 mM sample of U‐[15N,2H]‐labeled protein was gener-
ated in a buffer comprising 50 mM sodium phosphate, 0.05 % NaN3,
90 % H2O/10 % D2O, and pH 6.0. The NMR sample of U‐[15N,2H]
G48A FynSH3 was prepared as described previously [40]. The protein
concentration for this sample was 1.35 mM, dissolved in a buffer con-
sisting of 50 mM sodium phosphate, 0.2 mM EDTA, 0.05 % NaN3,
90 % H2O/10 % D2O, and pH 7.0. A U‐[15N,2H] L99A T4 lysozyme
sample, designated as L99A T4L henceforth, was generated according
to Bouvignies et al. [41]. The sample concentration for L99A T4L was
1.5 mM, dissolved in a buffer of 50 mM sodium phosphate, 25 mM
NaCl, 2 mM EDTA, 2 mM NaN3, 90 % H2O/10 % D2O, and pH 5.5.
2.2. NMR spectroscopy

NMR experiments were conducted on Bruker 800 MHz and
600 MHz spectrometers equipped with z‐axis cryogenically cooled
probes. Sample temperatures were 4 °C for protein L and 25 °C for
G48A FynSH3 and L99A T4L. In addition to recording 15N CPMG dis-
persion experiments using the pulse schemes proposed here, we also
recorded corresponding datasets using the 15N ST‐CW‐CPMG experi-
ment of Yang and coworkers [33], along with previously developed
TROSY‐ and anti‐TROSY‐based 15N CPMG experiments [18]. Pseudo‐
3D datasets were recorded by varying the number of CPMG pulses
(2N) during a constant‐time relaxation delay (Trelax) [42] in each 2D
plane. For protein L (both TROSY and anti‐TROSY experiments) and
2

L99A T4L (anti‐TROSY experiments), Trelax = 30 ms, while for G48A
FynSH3 (both TROSY and anti‐TROSY experiments) and L99A T4L
(TROSY experiments), Trelax = 40 ms; the choice of Trelax was guided
by ensuring that peak intensities decay to approximately 50 % relative
to the reference spectrum without the Trelax period. CPMG pulse fre-
quencies (νCPMG) spanning 33 to 1000 Hz were applied for protein L
(TROSY and anti‐TROSY) and L99A T4L (anti‐TROSY), and 25 to
1000 Hz for G48A FynSH3 (TROSY and anti‐TROSY) and L99A T4L
(TROSY). For the 15N ST‐CW‐CPMG scheme a 1H continuous wave
(CW) field strength of approximately 15 kHz was applied during the
Trelax delay. A pre‐scan delay of 2.0 s was utilized for recording all
datasets and the S3E element was applied in all TROSY‐/anti‐TROSY‐
based CPMG experiments using both the [0013]‐phase cycle and the
constant phase CPMG pulse trains, unless otherwise specified.
2.3. Data analysis

All NMR datasets are processed and analyzed using the NMRPipe
suite of programs [43], with peak intensities extracted utilizing the
autofit subroutine. The effective transverse relaxation rate,
R2,eff, for each CPMG pulse frequency (νCPMG) is determined via
R2,eff(νCPMG) = − ln(I(νCPMG)/I0)/Trelax, where I0 is the peak intensity
in a reference spectrum recorded without the Trelax period [42]. Fits of
R2,eff(νCPMG) were carried out using the ChemEx software package [44],

using a two‐state exchange model, . Values of (pE, kex),

where pE is the fractional population of the excited conformational
state and kex = kGE + kEG, are derived as global parameters through
the analysis of CPMG datasets measured on both 600 MHz and
800 MHz spectrometers. In addition, values of |ΔϖGE| = |ϖE – ϖG|,
where ϖI is the 15N chemical shift (ppm) of each residue in state I,
were obtained from the analysis. The root‐mean‐square deviation
(RMSD) of each relaxation dispersion profile to a horizontal best fit

line is defined as RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑N

i¼1 Ri
2;eff � Ravg

2;eff

� �2r
, where i is the

index of a particular νCPMG value and Ravg
2;eff is the average of R2,eff over

the N points within the profile. The numerical fitting module and
example datasets are available from the GitHub repository of ChemEx
[44].
2.4. Numerical simulations

All numerical simulations evaluating the performance of a variety
of CPMG pulse trains were carried out using home‐written Python pro-
grams (only the CPMG relaxation dispersion period within a given
pulse sequence was simulated). The evolution of the spin density
matrix (ρ) during the CPMG relaxation dispersion pulse train was com-
puted using the Liouville‐von Neumann equation, incorporating relax-
ation and chemical exchange effects as outlined in previous studies
[45,46]. The initial density matrix, ρ(t= 0), was SyIβ or SyIα (for
TROSY or anti‐TROSY schemes, respectively, when the S3E element
is applied) or 2SyIz (when the S3E element is not applied, note that
I=1H and S=15N in this context). The detected signal is SxIβ (TROSY)
or SxIα (anti‐TROSY), with the effective transverse relaxation rates
(R2,eff) during the relaxation delay (Trelax) computed as in the actual
measurements. In simulations for CPMG experiments with the
[0013]‐phase cycle an additional longitudinal relaxation compensa-
tion period is included following an approach described previously
[47], whereby the magnetization is rotated to the z‐axis after the Trelax

period. In contrast, in constant phase CPMG experiments such relax-
ation compensation is, in general, not applied, as the correction is
smaller and is offset dependent [32]. The numerical simulation pro-
grams are available from the authors upon request, and can also be
found in a BMRbig entry (https://bmrbig.org/released/bmrbig97).

https://bmrbig.org/released/bmrbig97
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3. Results and discussion

3.1. Artifacts from CPMG pulse trains of constant phase

Initial TROSY‐ [37] and TROSY‐/anti‐TROSY‐based 15N CPMG
[18] experiments were developed with constant phase CPMG pulse
trains, as indicated in Fig. 1A. At the start of the CPMG element mag-
netization is aligned along the y‐axis so that CPMG pulses for the first
Trelax/2 of the train are applied with constant phase y. The P element in
the center of the train interconverts x‐ and y‐magnetization so that the
CPMG pulses in the second portion of train are applied with phase x.
Simulations have been performed with this CPMG train as a function
of offset of the 15N spin from the RF carrier for both TROSY and
anti‐TROSY schemes (Fig. 1B, 1E), assuming no chemical exchange.
Fig. 1. (A) CPMG pulse train for recording either TROSY- or anti-TROSY-based CP
[18]. (B–G) Results from numerical simulations of TROSY- (B–D) and anti-TROSY-
performed with the following parameters: R1 = 2 s−1, R2 = 15 s−1, R1H = 4 s−1, ηx
in the absence of chemical exchange. Only the TROSY (B–D) or anti-TROSY (E–F) co
Evaluation of the effects of 15N offsets; offsets ranging from 0 to 1000 Hz are system
square deviation (RMSD) value of each profile (relative to the best fit horizontal lin
trains in the presence of RF inhomogeneity. A constant 15N offset of 500 Hz was us
performed with different B1 fields evenly spaced between ± 2σ around the mean, w
from these 10 calculations are then averaged using the appropriate coefficients assu
in the simulation, given by the ratio of σ/ν1, and indicated with distinct colors in e
scheme in each panel. (D, G) Simulations where the CPMG pulse duration, pw180, i
value (=1/(2ν1)), as indicated by color in each panel. A constant 15N offset of 500
scheme.

3

In general, R2,eff values are not constant as a function of νCPMG, in con-
trast to what would be expected in the absence of chemical exchange,
but show deviations that increase with increasing offsets, and only for
small offset values are flat profiles obtained. This effect is particularly
pronounced for simulations of anti‐TROSY‐based 15N CPMG experi-
ments, since the intrinsic transverse relaxation rates for the anti‐
TROSY components of magnetization are substantially larger than
for the corresponding TROSY components, especially in the case of
biomolecules with high molecular weights and applications at high
magnetic fields. For ‘typical’ NMR probes, 15N pulses can safely be
applied with maximal field strengths of 5–6 kHz so that even modest
15N offsets on the order of 1 kHz (10 ppm at 1 GHz) can lead to signif-
icant artifacts. Enhancements in robustness to RF field inhomogeneity
and pulse imperfections are also desired, as illustrated in Fig. 1C, 1F
MG relaxation dispersion experiments with constant phase CPMG pulse trains
(E–G) CPMG experiments with constant phase CPMG pulses. Simulations were
y = 10 s−1, JNH = –93 Hz, Trelax = 30 ms, ν1 = 5000 Hz for CPMG pulses, and
mponent of magnetization is present at the beginning of the Trelax period. (B, E)
atically explored and distinguished by color in each panel, with the root-mean-
e) indicated with the same color. (C, F) Evaluation of the performance of pulse
ed. To account for RF field inhomogeneity, 10 independent calculations were
here σ represents the standard deviation of the B1 field distribution. The results
ming a Gaussian profile. Various sizes of RF field inhomogeneity are assumed
ach panel. The RMSD value of each curve is also reported with the same color
s set to 10 % or 5 % longer or shorter than the correct value, or at the correct
Hz was used. The RMSD value of each profile is indicated using the same color
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and 1D, 1G, respectively, where CPMG profiles are not flat. The impor-
tance of designing an improved CPMG element with respect to pulse
imperfections is thus clear.

3.2. The design of a TROSY/anti-TROSY CPMG train with a [0013]-phase
cycle

One elegant strategy for minimizing artifacts arising from off‐
resonance effects involves the implementation of a suitably phase
cycled CPMG pulse train, using [0013]‐ [32] or XY‐ [48] schemes. In
general, when the magnetization is either along the x‐ or the y‐axis
at the start of the CPMG relaxation period the [0013]‐phase cycle is
preferred. Such a scheme has been successfully incorporated into 15N
single‐quantum experiments such as ST‐CW‐CPMG and PD‐CPMG
[33,49], showing improved performance in the presence of off‐
resonance effects, RF field inhomogeneity, and pulse imperfections
compared with other commonly used 15N CPMG experiments. In
TROSY‐ and anti‐TROSY‐based 15N CPMG experiments, where x‐ or
y‐15N magnetization is initially present, use of the [0013]‐phase cycle
is expected to enhance the performance of these experiments as well.

Incorporating the [0013]‐phase cycle into the 15N ST‐CW‐CPMG
experiment was relatively straightforward [33], as the complete CPMG
block in this case comprises a simple train of pulses. Slightly more
complex pulse schemes have been developed whereby CPMG pulse
trains are divided into two half periods, separated by a single 180°
pulse, such as for the 15N CW‐CPMG experiment [35] and the 1H
Fig. 2. Pulse schemes of the 15N [0013] TROSY-CPMG and [0013] anti-TROSY-CPM
15N channels are denoted by narrow (wide) bars and applied at maximum available p
period, which are typically 1–2 dB lower than the maximal available power and i
duration of ∼1.5 ms. All pulses are applied with phase x unless otherwise indicated
15N carrier is placed in the center of the amide region (∼119 ppm). The delays us
Δ= 850 µs, δ= 500 μs, τeq = 2–5 ms, τcp = (Trelax/(2N) – 0.75×pw180)/2 whe
χ= 0.5×(Nmax – N)×pw180 compensates for longitudinal relaxation of 15N magne
allows for equilibration of magnetization [35]. The red colored pulses (converting an
experiments, blue or red colored phases are applied for TROSY- or anti-TROSY-ba
phases in TROSY- or anti-TROSY-based experiments. The phase cycle is ϕ1 = 45°
ϕ4 = x, −x, −x, x; ϕ5 = 2(y), 2(−x), 2(−y), 2(x); ϕ6 = y; ϕ7 =−y; ϕ8 =−y; ϕ
achieved by inverting the phases of ϕ6, ϕ7, ϕ8 together with the sign of gradient g
specific to Bruker spectrometers; for Varian spectrometers, phase shifts (relative to p
cycle is recommended for optimal TROSY selection, although a two step cycle is su
When coherence selection gradients are not applied (without “-Dgd_sel” in ZGOPTN
implementing the [0013]-phase scheme [32] for cycling the CPMG pulses. Phase ψ1
for N= 3 the phases of the first, second and third pulses in the first half of the CPM
the final ψ1 phase with x and y interchanged (or−x and−y interchanged), such tha
the CPMG pulse train are y, x and x, respectively [24,25]. Gradients are applied w
25 %), g2: (1.0, −70 %), g3: (0.256, 25 %), g4: (1.0, −70 %), g5: (0.3, 30 %), g6: (1
39.6 %). Note that the strength of g10 may need to be optimized for maximum sensi
amount of sample heating arising from the CPMG pulses and potential 15N channel
applications involving Bruker cryo-probes we have found this to be minimal. The 1
shaped pulse [59] for larger bandwidth coverage (via “-Dreb_flg” in ZGOPTNS). Th
material, and can also be found in a BMRbig entry (https://bmrbig.org/released/b
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single‐ and triple‐quantum sequences using 13CH3‐labeled methyl
groups as probes [24,25]. The situation is more involved in the present
application, as shown in Fig. 2, where an S3CT selective inversion ele-
ment (P element) [50] is applied in the middle of the CPMG pulse train
which (partially) suppresses cross‐relaxation between TROSY and anti‐
TROSY magnetization [37,51]. In what follows we describe how the
relative phase values, ψ1 and ψ2, of the CPMG pulses are chosen.

The evolution of an I–S two‐spin spin system (I=1H and S=15N)
during the CPMG pulse train of Fig. 2 can be described using the pro-
duct operator formalism [52] and following the theoretical framework
delineated in a previous publication [18]. The evolution of magnetiza-

tion is given by the superoperator ^̂R in Liouville space
^̂R ¼ ^̂K

0 ^̂P ^̂K ð1Þ
where superoperators ^̂K and ^̂K

0
describe the evolution during the first

and second halves of the CPMG pulse train, respectively, with

^̂K ¼
YN
j¼1

expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expð�iðω1
^̂Sψ j

1
þ Δ^̂SZÞpw180Þ

� expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ ð2Þ

^̂K
0
¼
YN
j¼1

expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expð�iðω1
^̂Sψ j

2
þ Δ^̂SZÞpw180Þ

� expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ ð3Þ
G relaxation dispersion experiments. 90° (180°) rectangular pulses on 1H and
ower, with the exception of 15N pulses during the CPMG relaxation dispersion
n the range of 5–6 kHz. Selective 1H pulses applied on water typically have a
. The 1H carrier is placed on resonance with the water line (∼4.7 ppm) and the
ed are: τa = 2.38 ms, τb = 2.68 ms (=1/|4JNH|), τc = 1.34 ms (= 1/|8JNH|),
re pw180 is the length of each refocusing CPMG pulse and the delay time
tization during the CPMG pulses (Nmax is the largest value of N). The delay τeq
ti-TROSY to TROSY magnetization) are applied only for the anti-TROSY-based
sed experiments respectively, green colored pulses are applied with different
(TROSY-based) or 315° (anti-TROSY-based); ϕ2 = x, −x; ϕ3 = y, −y, −y, y;
rec =−y, y, −x, x, y, −y, x, −x. Quadrature detection in the F1 dimension is
7 [58], and changing ϕ5 to 2(y), 2(x), 2(−y), 2(−x). Note that the phases are
hase x) should be inverted (i.e., y and−y interchanged). A minimum four step
fficient when coherence selection gradients (g7, g10) are applied, as illustrated.
S), a minimum four step phase cycle is required. The phases ψ1/ψ2 are used for
is incremented with the cycle (y, y, x, −x) for each successive pulse, such that
G pulse train are y, y and x, respectively, and ψ2 is decremented starting from
t for N= 3 the phases of the first, second and third pulses in the second half of
ith the following durations (ms) and strengths (in % maximum): g1: (0.256,
.0, 90 %), g7: (0.625, 80 %), g8: (0.256, 60 %), g9: (0.256, 15 %), g10: (0.256,
tivity for each probe. Heating compensation is implemented to ensure that the
detuning is independent of νCPMG (via “-DN_comp” in ZGOPTNS), although for
80° 15N pulse in the middle of S3CT element can be replaced with a REBURP
e pulse sequence code for Bruker spectrometers is included in Supplementary
mrbig97).
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In Eqs. (2) and (3) ψ j
1 and ψ j

2 are the phases of the j‐th pulse in the first
and second halves of pulse train, respectively. The operators for the
S3CT selective inversion elements are given by

^̂PTR ¼ expð�i
π

2
^̂SXÞ expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτbÞ expð�iπ^̂SXÞ expð�iπ^̂IXÞ

� expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτbÞ expð�iπ^̂IXÞ expð�i
π

2
^̂SY Þ ð4Þ

^̂PA-TR ¼ expð�i
π

2
^̂SXÞ expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτbÞ expð�iπ^̂SYÞ expð�iπ^̂IXÞ

� expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτbÞ expð�iπ^̂IXÞ expð�i
π

2
^̂SYÞ ð5Þ
expð�iπ^̂SY Þ expði π2 ^̂SZÞ ^̂K expð�i π2
^̂SZÞ expðiπ^̂SYÞ

¼ expð�iπ^̂SYÞ expði π2
^̂SZÞ

YN
j¼1

expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expð�iðω1
^̂Sψ j

1
þ Δ^̂SZÞpw180Þ expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ

h i( )
expð�i

π

2
^̂SZÞ expðiπ^̂SYÞ

¼
YN
j¼1

expð�iπ^̂SYÞ expði π2
^̂SZÞ expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expð�iðω1

^̂Sψ j
1
þ Δ^̂SZÞpw180Þ expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ

h i
expð�i

π

2
^̂SZÞ expðiπ^̂SY Þ

n o

¼
YN
j¼1

expðið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expð�iπ^̂SYÞ expði π2
^̂SZÞ expð�iðω1

^̂Sψ j
1
þ Δ^̂SZÞpw180Þ expð�i

π

2
^̂SZÞ expðiπ^̂SY Þ

h i
expðið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ

n o

¼
YN
j¼1

expðið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expðiðω1
^̂S
ψ
QðjÞ
2

þ Δ^̂SZÞpw180Þ expðið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ
h i

¼
YN
j¼1

expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expð�iðω1
^̂S
ψ
QðjÞ
2

þ Δ^̂SZÞpw180Þ expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ
h i�1

¼
YN
j¼1

expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ expð�iðω1
^̂S
ψ
QðN�jþ1Þ
2

þ Δ^̂SZÞpw180Þ expð�ið2πJIS^̂IZ ^̂SZ þ Δ^̂SZÞτcpÞ
" #�1

ð10Þ
for the TROSY (Eq. (4)) and anti‐TROSY (Eq. (5)) experiments, where

Δ^̂SZ is the Zeeman superoperator for spin S, Δ (rad/sec) is the offset

of spin S from the RF carrier in the rotating frame, 2πJIS
^̂IZ
^̂SZ is the sca-

lar coupling superoperator connecting spins I and S, ω1 is RF field
strength (rad/sec) for spin S, and pw180 is the duration of each refocus-

ing CPMG pulse. When τb = 1/(4JIS),
^̂PTR and ^̂PA-TR can be simplified as

^̂PTR ¼ expð�i
π

2
^̂SXÞ expð�iπ^̂IZ

^̂SZÞ expð�iπ^̂SXÞ expð�i
π

2
^̂SY Þ ð6Þ

^̂PA-TR ¼ expð�i
π

2
^̂SXÞ expð�iπ^̂IZ

^̂SZÞ expð�iπ^̂SYÞ expð�i
π

2
^̂SYÞ ð7Þ

and the evolution of TROSY, Ŝ
βðtÞ ¼

SXIβðtÞ
SYIβðtÞ
SZIβðtÞ

0
@

1
A, or anti‐TROSY,

Ŝ
αðtÞ ¼

SXIαðtÞ
SYIαðtÞ
SZIαðtÞ

0
@

1
A, coherences from the P element in the TROSY‐ or

anti‐TROSY‐based experiments, is given by

^̂PTRŜ
βðtÞ ¼ ^̂PTR

SXIβðtÞ
SYIβðtÞ
SZIβðtÞ

0
B@

1
CA ¼

�SY IβðtÞ
�SXIβðtÞ
�SZIβðtÞ

0
B@

1
CA;

^̂PA-TRŜ
αðtÞ ¼ ^̂PA-TR

SXIαðtÞ
SYIαðtÞ
SZIαðtÞ

0
B@

1
CA ¼

�SY IαðtÞ
�SXIαðtÞ
�SZIαðtÞ

0
B@

1
CA ð8Þ

Thus, the P element is equivalent to a –90° rotation along the z‐axis (i.e.,
90° clockwise) followed by an additional 180° rotation along the y‐axis,
so that we can define the corresponding operator as
^̂P ¼ expð�iπ^̂SYÞ expði π2

^̂SZÞ. Note that the pair of 90° 15N flanking pulses

in the S3CT selective inversion element helps to eliminate unwanted
5

magnetization components that arise when this pulse scheme is used
to measure RDC values (DIS) in the excited state [18], where the mag-
nitude of the 1H–15N effective coupling, Jeff (= JIS + DIS), varies from
one residue to the next, that is Jeff ≠ JIS. Focusing on Eq. (1) above we
can write,

^̂R ¼ ^̂K
0 ^̂P ^̂K ¼ ^̂K

0
ð^̂P ^̂K ^̂P

�1
Þ^̂P ¼ ^̂K

0 ^̂K
00 ^̂P ð9Þ

where ^̂K
00
¼ ^̂P ^̂K ^̂P

�1
is given by
Note that we have used the relation ^̂P^̂Sψ j
1

^̂P
�1

¼ �^̂S
ψ
QðjÞ
2

, or alternatively

that,
expð�iπ^̂SYÞ expði π2
^̂SZÞ expð�iθ^̂Sψ j

1
Þ expð�i

π

2
^̂SZÞ expðiπ^̂SYÞ

¼ expðiθ^̂S
ψ
QðjÞ
2

Þ ¼ expð�iθ^̂S
ψ
QðjÞ
2

Þ
h i�1

ð11Þ
in Eq. (10) above (Line 5), where θ is an arbitrary rotation angle. We

search for Q(j) such that ^̂K
00
¼ ð ^̂K

0
Þ
�1

since then,
^̂R ¼ ^̂K
0 ^̂P ^̂K ¼ ^̂K

0 ^̂K
00 ^̂P ¼ ^̂K

0
ð ^̂K

0
Þ
�1
^̂P ¼ expð�iπ^̂SYÞ expði π2

^̂SZÞ ð12Þ
and the net evolution due to the CPMG train becomes immune to pulse
imperfections. That is, any imperfections in the first half of the train are
completely undone by the action of the second half of the CPMG ele-

ment. Comparing ^̂K
00
(Eq. (10), last line) with ð ^̂K

0
Þ
�1

(see Eq. (3)) estab-
lishes that a necessary condition is that Q(N–j+ 1) = j, or,
alternatively, Q(j) = N–j+ 1. Thus, ψ1 and ψ2 values must be chosen
according to the following relationship:

ψ j
1

ψN�jþ1
2

� �
∈ x

y

� �
;

y
x

� �
;

�x
�y

� �
;

�y
�x

� �� �
, which follows directly

from Eq. (11). The above discussion establishes that evolution from
chemical shifts and scalar couplings can be effectively refocused by
employing a judicious phase cycle in TROSY‐ and anti‐TROSY‐based
CPMG experiments. This refocusing effect does, however, require that
the P element itself is ‘perfect’ in that the element executes a perfect ser-
ies of rotations as indicated in Eqs. (6) and (7) (with τb set appropriately
to 1/(4JIS), as described above).
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3.3. Further improvements

Fig. 2 illustrates the pulse scheme that has been developed to
record robust TROSY/anti‐TROSY CPMG relaxation dispersion pro-
files. In addition to the CPMG train, a number of further modifications
have been made over the original sequence [18]. First, we have added
the option of applying an S3E element for spin‐state‐selective excita-
tion [53] at the start of the pulse scheme. In this manner the initial
magnetization prior to the CPMG Trelax period is either of the TROSY
or anti‐TROSY variety, rather than an equal combination of both,
which would otherwise ensue in the absence of the selection. We show
below that the presence of both TROSY and anti‐TROSY components at
the start of the CPMG train can cause artifacts when the amide 1H spin‐
flip rates are large.

To understand the origin of these potential artifacts we consider the
evolution of TROSY and anti‐TROSY components during a free preces-
sion period,

d
dt

SþIαðtÞ
SþIβðtÞ

� �
¼ �iπJIS � R2;A-TR R1H=2

R1H=2 iπJIS � R2;TR

� �
SþIαðtÞ
SþIβðtÞ

� �
ð13Þ

where S+ = SX + iSY, R2,TR (= R2 – ηxy + R1H/2) and R2,A‐TR

(= R2 + ηxy + R1H/2) are the transverse relaxation rates of TROSY
and anti‐TROSY components, respectively, ηxy is the 1H–15N
dipole–dipole/15N chemical shift anisotropy (DD/CSA) cross‐
correlated relaxation rate, and R1H is the amide 1H spin‐flip rate that
interconverts TROSY and anti‐TROSY magnetization components. In
the slow CPMG pulsing limit (νCPMG ≪ JIS), the off‐diagonal elements
can be discarded via the secular approximation,

d
dt

SþIαðtÞ
SþIβðtÞ

� �
¼ �iπJIS � R2;A-TR 0

0 iπJIS � R2;TR

� �
SþIαðtÞ
SþIβðtÞ

� �
ð14Þ

since the precession frequency difference between the TROSY and anti‐
TROSY components is generally much larger than R1H. Consequently,
TROSY and anti‐TROSY components relax independently, with appar-
ent relaxation rates of R2,TR and R2,A‐TR during the Trelax period. In
the fast CPMG pulsing limit (νCPMG ≫ JIS), the precession frequency dif-
ference between TROSY and anti‐TROSY components is eliminated, so
that the spin system evolves as

d
dt

SþIαðtÞ
SþIβðtÞ

� �
¼ �R2;A-TR R1H=2

R1H=2 �R2;TR

� �
SþIαðtÞ
SþIβðtÞ

� �
¼ ^̂Γ

SþIαðtÞ
SþIβðtÞ

� �
ð15Þ

In the TROSY‐based CPMG experiment the S3CT element leads to the
conversion of magnetization components via
^̂PTR

SYIαðtÞ
SYIβðtÞ

� �
¼ SXIαðtÞ

�SXIβðtÞ
� �

, so that the evolution of the spin system

during Trelax can be described as
SXIαðTrelaxÞ
SXIβðTrelaxÞ

� �
¼ expð^̂ΓTrelax=2Þ

1 0
0 �1

� �
expð^̂ΓTrelax=2Þ

SYIαð0Þ
SYIβð0Þ

� �
ð16Þ

where we have assumed that both TROSY and anti‐TROSY magnetiza-
tion components are present at the start of the CPMG period. The evo-
lution of magnetization as per Eq. (16), via
^̂U ¼ expð^̂ΓTrelax=2Þ 1 0

0 �1

� �
expð^̂ΓTrelax=2Þ, can be simplified by

defining

^̂Γ
0
¼ 1 0

0 �1

� � �R2;A-TR R1H=2
R1H=2 �R2;TR

� �
1 0
0 �1

� �
¼ �R2;A-TR �R1H=2

�R1H=2 �R2;TR

� �
ð17Þ

so that the superoperator ^̂U ¼ expð^̂ΓTrelax=2Þ 1 0
0 �1

� �
expð^̂ΓTrelax=2Þ

becomes

^̂U ¼ expð^̂ΓTrelax=2Þ expð^̂Γ
0
Trelax=2Þ

1 0
0 �1

� �
ð18Þ
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Using the Baker–Campbell–Hausdorff (BCH) relationship with reten-
tion of terms to second order in time yields

Û≃exp
^̂ΓTrelax

2
þ
^̂Γ
0
Trelax

2
þ1
2

^̂ΓTrelax

2
;
^̂Γ
0
Trelax

2

2
4

3
5

0
@

1
A 1 0

0 �1

� �

¼ exp
�R2;A-TRTrelax ηxyR1HT2

relax=4

�ηxyR1HT2
relax=4 �R2;TRTrelax

 !
1 0
0 �1

� �

≃
e�R2;A-TRTrelax

ðe�R2;TRTrelax � e�R2;A-TRTrelax ÞR1HTrelax
8

ðe�R2;A-TRTrelax � e�R2;TRTrelax ÞR1HTrelax
8 e�R2;TRTrelax

0
B@

1
CA

� 1 0
0 �1

� �
ð19Þ

Thus, for the initial condition SYIαð0Þ
SYIβð0Þ

� �
¼ 1

�1

� �
, which is operative

in the case that an S3E element is not applied prior to Trelax (i.e., initial
15N magnetization is antiphase) the apparent decay of TROSY and anti‐

TROSY components is given by expð�R2;TRTrelaxÞ 1þ ðe�2ηxyTrelax�1ÞR1HTrelax
8

h i
and expð�R2;A-TRTrelaxÞ 1þ ðe2ηxy Trelax�1ÞR1HTrelax

8

h i
, respectively, deviating

from expð�R2;TRTrelaxÞ and expð�R2;A-TRTrelaxÞ. Thus, in the case of
TROSY‐based experiments and for initial νCPMG rates (νCPMG ≪ JIS)
R2,eff ≃ R2,TR, while for larger νCPMG values the effective relaxation
increases, giving rise to a profile that is not flat, even in the absence
of chemical exchange. By contrast, introduction of the S3E element
ensures that only TROSY or anti‐TROSY components are present at
the beginning of Trelax, effectively suppressing artificial relaxation dis-
persion arising from cross‐relaxation between the TROSY and anti‐
TROSY components. Although the intrinsic sensitivity of the CPMG
experiment is slightly reduced by the additional 1/|4JNH| (≃ 2.68 ms)
duration of the S3E element, its use is likely to be worthwhile, espe-
cially in studies of systems with relatively large amide 1H spin‐flip
rates, such as might be the case with applications involving fully proto-
nated proteins, samples with rapid solvent exchange, or biomolecules
with high molecular weights. The combination of 1H spin flips, coupled
with large differences between the relaxation rates of TROSY and anti‐
TROSY components, such as would be the case for applications involv-
ing large biomolecules at high magnetic fields, can lead to artifactual
dispersion profiles (see discussion above and further discussion below).
Notably, by applying S3E and S3CT elements together, each of the
TROSY and anti‐TROSY components can be regarded as essentially
independent, both behaving as in‐phase single quantum coherences
during Trelax, allowing for the robust extraction of chemical shift differ-
ences as for regular non‐TROSY CPMG relaxation dispersion experi-
ments. Indeed, the more favorable relaxation of TROSY
magnetization is likely to translate into increased accuracy of shift dif-
ferences than for non‐TROSY versions of the experiment, especially
when exchange rates are slow [37].

A second improvement with the current version of the experiment
concerns compensation for evolution during the CPMG pulses. In a
‘typical’ CPMG scheme, where all phases are constant, the interpulse
delay, 2τcp, is calculated as 2τcp = Trelax/(2N) – pw180, where pw180 is
the CPMG pulse width, with no compensation for the relaxation of
the component of magnetization along the z‐axis during each pulse.
Yip and Zuiderweg [32] have shown that, in general, there is no single
delay that can compensate for the evolution of magnetization during
pulses of constant phase CPMG trains, as the effective relaxation dur-
ing each pulse is a function of the offset of each spin. In contrast, the
situation is much simpler for [0013]‐phase cycles [32]. One possibility
is to correct for the evolution, post‐acquisition, according to the rela-
tion [32]

Rcorrected
2;TR=A-TR;eff ¼ R2;TR=A-TR;eff þ ðR2;TR=A-TR � R1;TR=A-TRÞ � N � pw180

2Trelax
ð20Þ
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for the [0013]‐TROSY/[0013]‐anti‐TROSY (TR/A‐TR) experiments, as
was suggested in the context of the 15N ST‐CW‐CPMG experiment
[33]. A simpler approach is to modify the interpulse delay as
2τcp = Trelax/(2N) – 0.75 × pw180. Consider on‐resonance magnetiza-
tion initially along the x‐axis under the sequential application of four
CPMG pulses with phases x/x/y/–y. In this case, the magnetization
remains in the transverse plane during the first two x‐pulses, while it
resides in the transverse plane for only 50 % of the time during the sub-
sequent two y/–y‐pulses, so that effectively the magnetization is trans-
verse for 3/4 of each pulse. A comparable scenario holds for off‐
resonance magnetization, provided that the offset is not excessively
large [32]. With this ‘new’ value for τcp, post‐acquisition processing to
‘flatten’ out the dispersion profiles is no longer required. Additionally,
we have included compensation for the time that magnetization is
along the z‐axis during application of the CPMG pulses, as illustrated
in Fig. 2, and described previously [47]. It is noteworthy that the soft-
ware package ChemEx [44], which is based on numerical calculations of
Fig. 3. Simulated dispersion profiles for 15N [0013] TROSY- (panels A–C,G) and [00
All simulation parameters are as in Fig. 1, with panels (A, D), (B, E), and (C, F) eval
resulting profiles, respectively. See Fig. 1 for a comparison with results generated
TROSY (H) profiles for on-resonance magnetization where the interpulse delay, 2
which compensates for the time magnetization resides along the z-axis during th
Trelax/(2N) – pw180 (red dots) without compensation for the time spent along the z-a
slope of the R2,eff profile with respect to νCPMG is clear in these cases. The dashed l

7

the evolution of magnetization during a user‐defined CPMG pulse train,
can readily account for the modifications described here.

3.4. Numerical simulations highlight benefits of the new scheme

Fig. 3A–F present computations of TROSY (A–C) and anti‐TROSY
(D–F) dispersion profiles (magnetization is either TROSY or anti‐
TROSY at the start of the relaxation element), as a function of reso-
nance offset (A, D), RF inhomogeneity (B, E), or pulse miscalibration
(C, F) using the [0013]‐CPMG train of Fig. 2. In comparison with the
corresponding computations for a constant phase CPMG element
(Fig. 1) the improvements are considerable. In Fig. 3G, 3H the simple
modification to the CPMG interpulse delay (2τcp = Trelax/(2N)
– 0.75 × pw180) along with compensation for the time that magnetiza-
tion resides along the z‐axis during the CPMG pulses, discussed above,
are shown to result in much flatter dispersion profiles (no exchange),
relative to the subtraction of 0.5 × pw180 from each τcp delay and
13] anti-TROSY- (panels D–F,H) CPMG pulse trains using the scheme of Fig. 2.
uating the effects of offset, RF inhomogeneity, and pulse miscalibration on the
for a constant phase CPMG train. Panels G and H show TROSY (G) and anti-
τcp, is set to 2τcp = Trelax/(2N) – 0.75 × pw180 (blue dots) and using a scheme
e CPMG pulses, as illustrated in Fig. 2 and discussed in the text, or 2τcp =
xis during the pulses, as is typically done in CPMG experiments. The non-zero
ines in G and H indicate the best fit horizontal lines to the dispersion profiles.



Fig. 4. Simulated CPMG relaxation dispersion profiles for different initial conditions. In panels (A) and (B) computations include an S3E element immediately
prior to the CPMG trains in 15N [0013] TROSY- (A) and anti-TROSY- (B) CPMG profiles. In contrast, panels C and D show results without the S3E element using
TROSY (C) and anti-TROSY (D) sequences ([0013]-phase cycle), respectively. The following parameters were used: R1 = 2 s−1, R2 = 15 s−1, ηxy = 10 s−1,
JNH = –93 Hz, Trelax = 30 ms, ν1 = 5000 Hz for CPMG pulses, and no exchange. Magnetization is on-resonance in all simulations. Profiles with 1H spin-flip rates
(R1H) in the range 0–10 s−1 are shown and distinguished by color in each panel.
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neglect of differential relaxation of transverse and z‐magnetization
during the pulses. Finally, we have evaluated the utility of the S3E ele-
ment by performing simulations as a function of R1H (Eq. (13)). With
the initial selection of either the TROSY (Fig. 4A) or anti‐TROSY
(Fig. 4B) component the dispersion profiles are flat (no exchange)
for all values of R1H considered (up to 10 s−1). In contrast, when either
of the components is not selected initially, and for R1H ≥ 5 s−1, notice-
able deviations from the expected flat profiles are observed, with the
TROSY (anti‐TROSY) curves increasing (decreasing) as a function of
increasing νCPMG (Fig. 4C, 4D).

3.5. Experimental validation

The pulse scheme of Fig. 2 has been used to record 15N CPMG relax-
ation dispersion profiles for a variety of protein samples with different
μs–ms timescale dynamics and the results compared with data
recorded using other, well‐established 15N CPMG experiments, includ-
ing an earlier version of the TROSY/anti‐TROSY sequence with con-
stant phase [18], and the 15N ST‐CW‐CPMG scheme [33]. Protein L
is a model system which is often used in our laboratories to validate
new experiments because of the absence of μs–ms timescale exchange
processes [54] and, therefore, flat dispersion profiles are expected.
Lowering the temperature to 4 °C, as we have done in our studies here,
achieves the slow tumbling behavior typical for biomolecules with
molecular weights of 15–20 kDa. In the constant phase version of
the TROSY‐ and anti‐TROSY‐based CPMG experiments [18] prominent
artifacts emerge with increasing 15N offset, particularly noticeable in
profiles of anti‐TROSY coherences due to their elevated intrinsic R2

rates (Fig. 5). Evaluation based on 56 residues lacking μs–ms timescale
dynamics yields a root‐mean‐square deviation (RMSD) of 0.09
± 0.03 s−1 and 0.12 ± 0.04 s−1 for the [0013]‐versions of the
8

TROSY‐ and anti‐TROSY‐based experiments, respectively, with corre-
sponding RMSD values of 0.11 ± 0.04 s−1 and 0.32 ± 0.14 s−1 for
the constant phase version. These results highlight the superior sup-
pression of artifacts caused by pulse imperfections in the [0013]‐
TROSY/[0013]‐anti‐TROSY CPMG experiments of Fig. 2, enabling
more accurate identification of dispersions due to chemical exchange
process, in particular, when exchange contributions are small.

As a second test, we recorded profiles on a sample of the G48A
FynSH3 domain, which shows pronounced signatures of chemical
exchange from the interconversion between folded major (ground)
and unfolded minor (excited) conformations [40]. Here we have com-
pared results recorded with the 15N [0013] TROSY‐CPMG experiment
with those obtained from the 15N ST‐CW‐CPMG sequence. A compre-
hensive analysis involving 42 residues which exhibit substantial CPMG
relaxation dispersions (profiles with ΔR2,eff (= R2,eff(νCPMG = 25 Hz) –
R2,eff(νCPMG = 1000 Hz)) > 2 s−1 at 800 MHz) yields the following
exchange parameters: (pE, kex) = (7.98 ± 0.20 %, 98.0 ± 2.6 s−1)
for the 15N [0013] TROSY‐CPMG experiment and (8.89 ± 0.15 %,
89.6 ± 1.6 s−1) for the 15N ST‐CW‐CPMG experiment. Additionally,
a favorable correlation is observed for the absolute values of chemical
shift differences |ΔϖGE| between ground and excited states in these
two experiments (Fig. 6).

CPMG relaxation dispersion profiles were also recorded for an
L99A variant of T4 lysozyme, L99A T4L [55], where the substitution
of Ala for Leu generates a 150 Å3 buried cavity in the C‐terminal
domain of the protein, leading to structural destabilization and conse-
quently µs–ms timescale motions [56,57]. Comparative analyses have
been performed using data recorded both with [0013]‐ and constant
phase 15N TROSY‐ and anti‐TROSY‐based CPMG experiments as well
as with the 15N ST‐CW‐CPMG sequence. As expected, the [0013]‐set
of experiments is superior to those based on constant phase pulses,



Fig. 5. Experimental results for K52 (15N offset ∼500 Hz) of protein L at 4 °C, 800 MHz, using the TROSY- (A) and anti-TROSY- (B) based 15N CPMG experiments
of Fig. 2. Similar TROSY (C) and anti-TROSY (D) data are presented using experiments with CPMG pulse trains of constant phase [18]. The RMSD of points of each
curve to a best fit horizontal line (dashes) is indicated in each panel. The artifactual dispersion profiles in panels C and D can be well captured by numerical
simulations performed with suitable parameters (Fig. 1, panels C and F, 10 % RF field inhomogeneity).

Fig. 6. 15N TROSY CPMG relaxation dispersion profiles obtained with the experiment of Fig. 2 (panels A–C) and the 15N ST-CW-CPMG scheme (panels D–F) for
selective residues of G48A FynSH3, 25 °C, 800 MHz. Panel G shows the correlation between the chemical shift differences |ΔϖGE| obtained from the two
experiments.
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with smaller residual χ2 values from fits of most residues, and this
improvement is more pronounced in 15N anti‐TROSY‐based CPMG
experiments (Fig. 7). Notably, there is a significant difference in the
sizes of the anti‐TROSY dispersion profiles recorded with the different
CPMG cycling schemes. This results from the fact that in the [0013]‐
version of the experiment R1 contributions to R2,eff from off‐
resonance CPMG pulses are accounted for ‘on the fly’, while there is
no compensation in the earlier experiments [18], Fig. 3G, 3H. This dif-
ference does not mean that robust exchange parameters can only be
9

extracted using [0013]‐versions of the experiment. Indeed, so long
as the nuanced details of each pulse scheme are taken into account
in fits of the data using a numerical approach such as ChemEx [44]
accurate parameters can be obtained. For example, based on 56 resi-
dues which exhibit substantial CPMG relaxation dispersions (profiles
with ΔR2,eff (= R2,eff(νCPMG = 33 Hz) – R2,eff(νCPMG = 1000 Hz))
> 2 s−1 at 800 MHz), and fitting only the anti‐TROSY data, (pE, kex)
= (3.38 ± 0.09 %, 1220 ± 48 s−1) and (3.50 ± 0.25 %, 1159
± 138 s−1) result from analysis of profiles recorded with the schemes



Fig. 7. Comparison of CPMG dispersion profiles for S136 (15N offset ∼400 Hz) of L99A T4L (25 °C, 800 MHz) recorded with the schemes of Fig. 2 (blue) and of
Vallurupalli et al. (constant CPMG phase; red) [18]. Panels A and B show fits of the data for TROSY- (A) and anti-TROSY- (B) CPMG experiments to a model of two-
site chemical exchange. The fitting residual χ2 values are indicated in each panel, with the same color as the corresponding dispersion curve.

Y. Cui et al. Journal of Magnetic Resonance 361 (2024) 107629
of Fig. 2 and from Vallurupalli et al. [18], respectively. We have also
compared exchange parameters extracted from fits of profiles gener-
ated with the 15N [0013] TROSY‐CPMG experiment with those from
a similar analysis of 15N ST‐CW‐CPMG data. Values of (pE, kex) =
(3.53 ± 0.03 %, 1240 ± 8 s−1) and (3.46 ± 0.03 %, 1234 ± 7 s−1)
are obtained from the two experiments, with a high correlation
observed for the absolute value of chemical shift differences between
spins in the ground and excited states (r= 0.997).
4. Concluding remarks

The importance of phase cycling is well understood in the design of
modern pulse sequences, both for the removal of artifacts and for
directing the flow of magnetization along desired coherence transfer
pathways. Notably, although the need for minimizing artifacts of refo-
cusing pulses in CPMG pulse trains is appreciated, there has been some
[23–26,32,33,47], albeit comparatively less effort directed in the use
of phase cycles in this area. Here, building on the [0013]‐phase cycle
proposed previously [32], we present a detailed calculation showing
how such a scheme can be added into an existing set of TROSY and
anti‐TROSY CPMG experiments [18,37]. The resulting experiments,
which also compensate properly for evolution during the CPMG
pulses, and include an S3E element [53] to select for either TROSY
or anti‐TROSY magnetization components at the start of the CPMG
interval, show marked improvements in data quality relative to previ-
ous pulse sequences. It is anticipated that the proposed experiments
will result in more robust exchange parameters, including RDC values
obtained when both TROSY and anti‐TROSY profiles are analyzed
together [18].
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