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The measurement of spin relaxation rates provides a unique avenue for quantifying dynamic processes in
biomolecules. In order to simplify analysis of the measurements so that a few key intuitive parameters
can be extracted, it is often the case that experiments are designed to eliminate interference effects
between different classes of spin relaxation. One example emerges in the measurement of amide proton
(1HN) transverse relaxation rates in 15N labeled proteins, where 15N inversion pulses are applied during a
relaxation element to eliminate cross-correlated spin relaxation between 1HN-15N dipole-1HN CSA inter-
actions. We show that unless these pulses are essentially perfect, significant oscillations in magnetization
decay profiles can be obtained, due to the excitation of multiple-quantum coherences, leading potentially
to errors in measured R2 rates. With the recent development of experiments for quantifying electrostatic
potentials via amide proton relaxation rates, the need for highly accurate measurement schemes
becomes critical. Straightforward modifications to existing pulse sequences are suggested to achieve this
goal.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

NMR spectroscopy has emerged as a powerful analytical tool to
probe a wide range of properties of biological molecules, including
those that relate to both structure and dynamics [1,2]. Central to
the growth of the number of applications has been the concomi-
tant increase in the available repertoire of pulse sequences that
are designed to precisely manipulate magnetization to extract
the desired molecular property. Artifacts that arise from imperfec-
tions in the manipulations, such as those resulting from radio fre-
quency (rf) pulse offsets and inhomogeneity effects, or pulse
miscalibrations, are often eliminated through phase cycling [3],
the application of pulsed field gradients [4], the use of pulses that
are broadbanded and highly tolerant to rf inhomogeneity [5–8], or
a combination of all three approaches. In many cases these residual
imperfections do not significantly impede the extraction of the
information of interest (for example in resonance assignment spec-
tra), although they can affect the sensitivity of the resulting spectra
[9], while in other applications quantitation can potentially be
compromised.

One such example of the latter situation emerged in our initial
attempts to quantify near surface electrostatic potentials (/ENS) in
proteins based on the measurement of backbone amide 1H (1HN)
transverse relaxation rates in a series of samples in which differ-
ently charged paramagnetic co-solutes are added. As described in
an elegant series of papers by Iwahara and coworkers [10–12],
ratios of paramagnetic relaxation enhancement (PRE) rates
obtained from the different co-solutes can be recast in terms of
/ENS values. A number of different approaches for measurement
of 1HN PREs are possible, including those that record decay rates
during free-precession evolution of 1HN TROSY magnetization or
during a relaxation period where the full complement of magneti-
zation is used (i.e., non-TROSY), with interconversion between
TROSY and anti-TROSY components achieved in this case via appli-
cation of 15N inversion pulses to ensure the exponential decay of
magnetization [13,14]. Alternative schemes based on measure-
ment of 1HN R1q rates are also possible [15]. Although the TROSY
based scheme is clearly advantageous for applications involving
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large protein systems, and we have used it in relaxation studies of
intrinsically disordered proteins in highly viscous phase-separated
samples [16], there are many applications involving relatively
small proteins dissolved in buffer where non-TROSY methods are
preferred. In this regard, one such experiment was proposed by
our laboratory over two decades ago in which a transverse relax-
ation element preceded the recording of 15N and 1HN chemical
shifts using a simple HSQC-based pulse scheme [13]. Spectra in this
application were recorded on ubiquitin at 500 MHz using a spec-
trometer with a room temperature probe. Viewed from the more
critical and much more sensitive lens of a 1 GHz spectrometer,
where resonance offset effects can be especially significant, it
became clear that many of the relaxation decay profiles recorded
on a concentrated sample (�3 mM) of a highly deuterated
7.5 kDa domain of protein L using the same pulse sequence were
artifactual. Artifacts were also observed in applications involving
much more dilute, protonated samples, as well.

Herein, we establish that the source of these artifacts lies in the
15N pulses that are used to refocus cross-correlated spin relaxation
during the relaxation element that is varied in a set of 2D 15N-1HN

correlation experiments to measure site-specific 1HN R2 rates [13],
and that inversion profiles that are essentially perfect are required
to obtain exponential magnetization decay profiles. A number of
such (near) perfect pulses are presented. Our results serve as a
stark reminder (at least to us) of the importance of the selection
of optimal pulses in applications that can be sensitive to pulse
imperfections, and that careful thought as to which pulses in a
sequence are particularly an issue in this regard can, potentially,
significantly increase the robustness of the resulting data.
2. Materials and methods

2.1. Sample preparation

A [U-15N,2H]-labeled protein L sample (�3 mM) dissolved in
50 mM sodium phosphate, 0.05% NaN3, 10% D2O buffer (pH 6.0)
was prepared as described previously [17]. A standard 5 mm sam-
ple tube was used.
2.2. NMR measurements

NMR measurements were performed at 23.5 Tesla (1 GHz 1H
frequency) using a Bruker AVANCE NEO spectrometer equipped
with a helium-cooled x, y, z pulsed-field gradient triple-
resonance probe or at 11.7 Tesla (500 MHz 1H frequency) on a Bru-
ker AVANCE III HD spectrometer equipped with a liquid nitrogen-
cooled z pulsed-field gradient triple-resonance probe. All spectra
were processed and analyzed using the NMRPipe suite of programs
[18]. Peak intensities were extracted by using the Peakipy software
package (https://github.com/j-brady/peakipy).

1HN R2 relaxation measurements of protein L were performed
using an HSQC-based pulse sequence adapted from that described
by Donaldson et al. [13] that is equally applicable for studies of
deuterated or protonated proteins. A schematic of the initial part
of the experiment is highlighted in Fig. 1A, where the relaxation
of transverse 1HN magnetization occurs during a relaxation interval
of T and in-phase 1HN magnetization evolves subject to the
one-bond 1HN-15N scalar coupling for a period of d � 1/2JHN to gen-
erate anti-phase 1HN magnetization for subsequent transfer to 15N
(i.e., HSQC part of the sequence). An amide 1H-selective REBURP
pulse [19] (bandwidth of 2.8 ppm centered at 7.95 ppm, 1.36 ms
at 1 GHz) is applied in the middle of the relaxation period (T) to
refocus homonuclear J coupled evolution involving 1HN and alipha-
tic proton spins (in the case of protonated proteins), and so as not
to perturb water magnetization. Water selective SEDUCE pulses
2

[20] (1.8 ms) were applied to maintain water magnetization along
the z-axis during the relaxation period and to ensure that water
resides along the z-axis at the completion of each scan [21], as
illustrated in the timing diagram of the original sequence [13].
There, low-power rectangular pulses were used in place of SEDUCE
pulses; there is little difference between what shape is used how-
ever, so long as the chosen pulses minimize excitation of amide
protons that otherwise would affect the sensitivity of the experi-
ment. In this regard, we prefer the SEDUCE-based scheme. 15N
decoupling during acquisition was achieved using a 1.3 kHz
(1 GHz) or 1 kHz (500 MHz) WALTZ-16 [22] field. A number of dif-
ferent types of 15N inversion pulses were applied during the relax-
ation period to remove cross-correlated relaxation interference
between 1HN-15N dipole–dipole and 1HN CSA interactions. These
included, adiabatic pulses [7] (1 ms, 5 kHz maximum rf intensity
and a 40 kHz sweep about 119 ppm; code to generate pulses is
available online as described in the data availability statement),
180� rectangular pulses, 90�x-180�y-90�x composite pulses [23],
and 90�x-240�y-90�x composite pulses [24], the latter three of
which were applied at the highest rf field strength possible
(typically � 6 kHz). Twenty-two relaxation times (from 5 ms to
62.25 ms, with all relaxation delays sampled prior to incrementing
t1) to quantify 1HN R2 values were used in all cases, along with a
recovery delay of 1.5 s, a spectral width of 21 ppm in the indirect
dimension corresponding to an acquisition time of 25 ms, along
with either 2 (1 GHz) or 4 (500 MHz) scans/FID to give net acqui-
sition times of �2 h/data set. All the measurements were per-
formed at 25 �C.

1HN R2 values were obtained by fitting the decay curves to a
simple exponential function, y = yo exp(�R2T), where T is the para-
metrically varied relaxation delay, as shown in Fig. 1A. Note that
the durations of 15N pulses applied during the relaxation element
do not need to be taken into account in the fit as they are constant
for each value of T. Simulations of the effect of the 1HN REBURP
pulse (applied along ± x), including relaxation, establish that there
is a negligible difference if the starting 1HN magnetization is along
x or along y. Thus, as for the 15N pulses, the 1HN pulse contributes
to the length of the relaxation period, but its effect is independent
of T so that it does not need to be included to extract accurate R2

values from fits of the relaxation decays.

2.3. Numerical simulations

Decay curves of 1HN in-phase transverse magnetization (Hx) and
the trajectories of 1HN in-phase, 1HN anti-phase (2HyNz), and
1HN-15N multiple quantum elements (2HyNx and 2HyNy) were sim-
ulated by calculating the time evolution of the density matrix of an
isolated 1HN-15N J-coupled two spin spin-system in Liouville space,
as described by Allard et al. [25]. The operative Hamiltonian at time

t, cH(t), is defined by,

cH tð Þ ¼ XNNz þ pJHN2HzNz þx1;H tð ÞIx þx1;N tð Þ cos /N tð Þð Þ
� Nx þx1;N tð Þ sin /N tð Þð ÞNy ð1Þ

where XN is the offset of the 15N spin from the 15N carrier in rad/s,
JHN is the 1HN-15N J-coupling constant (=90 Hz in the simulations),
x1,H (t) and x1,N (t) (rad/s) are the radio frequency field strengths
for 1HN and 15N, respectively, at time t, and /N (t) is the phase of
the 15N radio frequency field during application of the nitrogen
pulse. It was assumed that the 1H carrier was on-resonance unless
otherwise mentioned. The time evolution of the density matrix,
r(t), during the simulations considered in the text was calculated
by numerically propagating r(t) using a small time step, Dt, via

r t þ Dtð Þ ¼ exp � iccL tð Þ þ bbC� �
Dt

� �
r tð Þ ð2Þ

https://github.com/j-brady/peakipy
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where ccL tð Þ is a 15 � 15 Liouvillian matrix expressed using the
Cartesian product operator bases (Hx, Hy, Hz, Nx, Ny, Nz, 2HxNz,
2HyNz, 2HzNx, 2HzNy, 2HxNx, 2HxNy, 2HyNx, 2HyNy, and 2HzNz, not

including the identity operator) at time t, and bbC is a relaxation
matrix including auto- and cross-relaxation terms [25]. The initial
conditionr(0) = Hx was used, and Dt = 1 ls in all of the simulations.

Each matrix component for ccL rs tð Þ was calculated according to

ccL rs tð Þ ¼
rj cH tð Þ; s
h iD E

rjrh i ð3Þ

where |r> and |s> are density elements listed above. The value of
x1,H (t) was set to 2p � 25000 (rad/s) for the 1H refocusing pulse
(square pulse in the simulations, but REBURP profile [19] in exper-
iments), andx1,N (t) was set to 2p � 6250 (rad/s) for calculating the
15N 180�x inversion and 90�x-180�y-90�x/90�x-240�y-90�x composite
inversion pulses. For the 15N adiabatic refocusing scheme, the
amplitude,x1,N (t), and the phase, /N (t), of the radio frequency field
were changed in each time step of the 1 ms pulse, as described pre-
viously [7]. A maximum field strength of 2p � 5000 (rad/s) and a
frequency sweep rate of 40 kHz/ms were used. The relaxation

matrix, bbC , includes terms for the 1HN-15N dipole–dipole interaction
(the distance between 1HN and 15N nuclei, rHN = 1.04 Å), 1HN and 15N
chemical shift anisotropy (CSA) interactions (axially symmetric 15N
and 1H CSA tensors with |DrN| = 161 ppm and |DrH| = 9.9 ppm),
and 1HN-15N dipole–dipole/1HN or 15N CSA cross-correlation terms,
assuming a static magnetic field strength of 23.5 Tesla (1 GHz 1H
frequency). The CSA parameters used were average values for b-
sheet residues [26]. A spectral density function for isotropic rota-
tional motion, J xð Þ ¼ 2

5 � sc
1þx2s2c

, was assumed, where the rotational

correlation time sc was set to 5 ns. The spectral density for
dipole–dipole/CSA cross-correlated relaxation was obtained by
multiplying J(x) by (3cos2b-1)/2 [27], where b is the angle between
the CSA principal axis of the assumed axially symmetric CSA tensor
and the 15N-1HN bond vector (b = 19� and 7� was used for 15N and
1HN CSA, respectively).

3. Results and discussion

Fig. 1A shows a schematic of one of the pulse schemes that we
have used to record 1HN transverse relaxation rates in 15N labeled
proteins based on the approach of Donaldson et al. [13]. A detailed
timing diagram for the experiment is given in Ref. [13]. Briefly, and
as depicted in the figure, a pair of 15N inversion pulses are applied
during the relaxation period (T) in order to eliminate contributions
from 1HN-15N dipole–dipole/1HN CSA cross-correlated relaxation
[28–30]. Additionally, a selective 1HN chemical shift refocusing
pulse is applied in the center of T, which does not perturb the
water magnetization, and refocuses evolution from 1HN-1H scalar
couplings when protonated proteins are studied. Finally, in addi-
tion to the relaxation delay T, an additional delay, d, is included
so that the in-phase 1HN magnetization at the start of the interval
3

Fig. 1. 1HN R2 profiles depend critically on the nature of the inversion pulses used
sequence used to measure 1HN R2 relaxation rates of 15N labeled proteins [13]. Dashed
refocus cross-correlated spin-relaxation between 1HN-15N dipole–dipole/1HN CSA cross-c
anti-phase magnetization. (B) Decay profiles of 1HN transverse magnetization of K5, D51
panel A at a spectrometer field of 23.5 T, 25 �C, using four different 15N inversion pulse
exponential decay function (exp(-R2T), see Materials and Methods), and RMSD is the roo
1000. Errors for the data points are smaller than the symbols. (C) Linear correlation plots
(x-axis) and R2 rates from fits of profiles with either 90�x-240�y-90�x (left) or 180� rectang
and 16 ms) from profiles generated using 180� rectangular pulses (right). r denotes the P
the two sets of R2 values. Solid line is y = x.

4

evolves due to the one-bond 1HN-15N scalar coupling for a duration
of d � 1/2JHN to generate anti-phase 1HN magnetization by the end
of this period for subsequent transfer to 15N and recording of 15N
chemical shift during t1 [13].

Profiles of decay curves recorded using a number of different
15N inversion pulses are illustrated in Fig. 1B, measured on a U-
[2H,15N]-labeled sample of protein L at 1 GHz, with three residues
highlighted. The inversion pulses include rectangular (180�),
90�x-180�y-90�x composite [23], and 90�x-240�y-90�x composite
[24] pulses, all applied at the highest possible power, and an adia-
batic [7] (1 ms, 5 kHz) pulse with a sweep rate of 40 kHz/ms. The
profiles chosen in Fig. 1B are derived from residues with backbone
15N chemical shifts (indicated above the top profiles) that are
either far downfield (K5, DvN = 820.6 Hz), close to on-resonance
(D51, DvN = �74.7 Hz), or far upfield (G13, DvN = �1051.4 Hz) of
the 15N carrier (119 ppm). Notably, artifacts are not observed when
the pulses are effectively on-resonance, (D51, center column), but
noticeable deviations from exponential fits (solid lines) are seen in
the case where 15N inversion pulses are either rectangular or of the
90�x-180�y-90�x composite variety and offsets are large (K5 and
G13). In contrast, 90�x-240�y-90�x composite or adiabatic pulses
are far more forgiving of offset effects. Thus, the resulting decay
profiles are exponential, and the agreement between 1HN R2 rates
obtained using either set of pulses is excellent (Fig. 1C, left, Pearson
correlation coefficient r = 1, RMSD = 0.06 s�1).

In general, deviations from exponential decays would be
expected to lead to errors in fitted R2 relaxation rates. Interestingly,
however, for both K5 and G13 the fitted R2 values were very sim-
ilar, irrespective of the 15N pulses used. In general, this trend was
observed for all residues in the protein, and R2 rates obtained in
schemes using adiabatic or 180� rectangular 15N pulses are also
in excellent agreement (Fig. 1C, center, r = 1.0, RMSD = 0.12 s�1).
The quality of the correlation between R2 rates in this case does
depend on the sampling scheme and on the number of delay
points, however, with the large number of points in the present
case ensuring good agreement in relaxation rates. By means of
illustration we have further analyzed the relaxation data for K5,
D51, and G13 recorded with the four different 15N pulses by ran-
domly retaining only eight data points from the profiles illustrated
in Fig. 1. Fig. S1 plots histograms of R2 values generated by repeat-
ing this analysis 50,000 times, showing that a considerable range of
relaxation rates can be obtained in cases where deviations from
mono-exponential decay are substantial. Notably, the correlation
between rates from experiments using 180� rectangular pulses
and adiabatic 15N pulses deteriorates significantly when using only
two delay points for the dataset recorded with rectangular pulses,
as illustrated in Fig. 1C right (r = 0.74, RMSD = 3.73 s�1). Here relax-
ation rates obtained from analysis of the full profile using adiabatic
pulses are compared with those obtained from time points of 5 ms
and 16 ms from profiles generated with 15N 180� rectangular
pulses. When high quality data (i.e., exponential profiles) are
obtained, the sampling scheme is much less of an issue, as illus-
trated by a comparison similar to that in Fig. 1C right, but where
R2 values from 2 delay points measured using 90�x-240�y-90�x
to suppress cross-correlated relaxation interactions. (A) Schematic of the pulse
boxes denote 15N inversion pulses that are applied during the relaxation period to
orrelated relaxation [28–30]. The value of d is set to approximately 1

2JHN
to generate

, and G13 in a [U-15N,2H]-labeled protein L sample measured using the sequence in
s as shown. Points are experimental data with solid lines indicating best fits to an
t-mean-squared deviation between the experimental and fitted data multiplied by
of R2 rates from fits of profiles generated with adiabatic pulses using all delay points
ular (middle) pulses (all points, y-axis), or R2 values based on two data points (5 ms
earson correlation coefficient and RMSD is the root mean square deviation between
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composite 15N pulses are used (r = 0.99, RMSD = 0.61 s�1, data not
shown). It is clear that either 90�x-240�y-90�x composite or adia-
batic 15N pulses are preferred in the present application, even
when experiments are performed at lower magnetic fields such
as 11.7 T, where artifacts are reduced but still visible (Fig. 2). There
are no artifacts of this type when recording 1HN R2 rates of the
TROSY component of magnetization, as might be done in applica-
tions to large proteins, as 15N pulses for refocusing cross-
correlated relaxation are not applied [16] since the slowly relaxing
magnetization component is desired.

In order to better understand the origin of the artifacts illus-
trated in Figs. 1 and 2 we have performed a series of simulations
using simple spin-echo pulse schemes illustrated in the left col-
umn of Fig. 3 with 15N inversion pulses that are identical to those
used in the experiments (see above). Unlike the experimental case
where relaxation and net evolution due to JHN occur in the relax-
ation delay interval so as to convert in-phase to anti-phase magne-
tization, as discussed above (Fig. 1A), here we set d = 0 s in Fig. 1A
so as to construct the simplest possible relaxation scheme in which
the starting and final magnetization is in-phase. Thus 15N inversion
Fig. 2. Artifacts in relaxation profiles decrease at lower magnetic field. Decay profiles
measured at a spectrometer field of 11.7 T, 25 �C. All details are as in Fig. 1, where RMSD
multiplied by 1000.

5

pulses are applied at t = ¼ T and at t = ¾ T, starting with in-phase
1HN magnetization (Hx) that is assumed to be on-resonance. Decay
curves were generated by calculating the magnitude of Hx at t = T.
The bandwidths of the 15N pulses employed in these schemes are
illustrated in the middle columns of Fig. 3A-D. When focusing on
the region where 15N backbone chemical shifts of proteins are
found, between 103 and 135 ppm, and assuming a static magnetic
field of 1 GHz (corresponding to �1600 to +1600 Hz from the car-
rier placed at 119 ppm, Fig. 3A–D red arrows), almost perfect inver-
sion profiles are obtained when using 90�x-240�y-90�x composite
pulses or adiabatic pulses. In contrast, the inversion profiles are
not ideal when using 180� rectangular pulses or 90�x-180�y-90�x
composite pulses, with inversion efficiencies of approximately
87% or 90%, respectively, at ± 1600 Hz from the carrier. Using the
four schemes illustrated, the decay curves of 1HN magnetization
were simulated under both on-resonance (15N offset of 0 Hz) and
moderately off-resonance (15N offset of 1000 Hz) conditions
(Fig. 3A–D, right) using 22 relaxation delays ranging from 5.0 ms
to 62.25 ms. When using 180� rectangular or 90�x-180�y-90�x com-
posite inversion pulses the computed Hx decay profiles oscillated
of 1HN magnetization of K5, D51, and G13 in a [U-15N,2H]-labeled protein L sample
denotes the root-mean-squared deviation between the experimental and fitted data



Fig. 3. Simulation of 1HN transverse magnetization decay and evolution with different 15N inversion pulses. (A–D) (left) Basic pulse schemes used to simulate 1HN

transverse relaxation profiles using 15N 180� rectangular pulses (A), 90�x-180�y-90�x composite pulses (B), 90�x-240�y-90�x composite pulses (C), or adiabatic inversion pulses
(D) to suppress cross-correlated spin relaxation effects. (center) Simulated bandwidths of each inversion pulse, using 6.25 kHz rectangular pulses and a 5 kHz, 1 ms duration
adiabatic pulse [7]. The region corresponding to �1600 to 1600 Hz, covering the typical protein backbone 15N frequency range (103–135 ppm with the carrier placed at
119 ppm at 23.5 T), is indicated by red arrows. Expanded views of this region are shown in the insets of panels A and B. (right) Simulated decay profiles of in-phase and on-
resonance 1HN magnetization (Hx) as a function of relaxation delay assuming that 15N pulses are either on-resonance or 1000 Hz off-resonance. Fitted relaxation rates (R2,fit)
assuming a single exponential decay are also shown in each panel. The time points calculated with a 27.0 ms relaxation delay for profiles with 180� rectangular or adiabatic
pulses are highlighted, for which the evolution of the density matrix over the time course of the relaxation period was simulated in panels E and F. (E and F) The trajectory of
1HN in-phase magnetization (Hx, black), 1HN-15N antiphase magnetization (2HyNz, orange), and 1HN-15N multiple-quantum (2HyNx and 2HyNy, green and blue) coherences for
a relaxation time of 27.0 ms, calculated using 180� rectangular (E) or adiabatic (F) pulses. The evolution of coherences from 6.6 ms to 7.0 ms, which includes the first 15N 180�
rectangular pulse, is also shown in panel E. The points at which 15N or 1H pulses are applied are shown as gray arrows on top of the trajectories. The intensity of each
coherence is plotted along the y-axis, where the norm, [(Hx)2 + (2HyNz)2 + (2HyNx)2 + (2HyNy)2]0.5, is equal to 1 (except during the 20 ls 1H refocusing pulse where additional
terms such 2HzNz, 2HzNx, and 2HzNy are created).
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as a function of the relaxation delay and deviated significantly
from single exponential decay functions when the pulses were
applied off-resonance (Fig. 3A and B). In contrast, nearly identical,
exponentially decaying curves were obtained when using 90�x-
240�y-90�x composite inversion pulses and adiabatic pulses, cen-
tered either on– or off-resonance (Fig. 3C and D). These simulations
indicate that 15N pulse imperfections are the source of the artifac-
tual decay profiles observed experimentally and emphasize the
importance of using pulses of sufficient bandwidth to properly
invert 15N magnetization. We have verified that the artifacts
observed experimentally can be reproduced in simulations by
computing decay profiles for K5, D51, and G13 and comparing
these with the experimental profiles. Fig. S2 shows that excellent
agreement is obtained.

The requirement of a near-perfect 15N inversion profile is note-
worthy, as both the 180� rectangular and 90�x-180�y-90�x compos-
ite pulses invert �95% of 15N z-magnetization at a 15N offset of
1000 Hz. Thus, imperfections on the order of 5% (i.e., 2HyNz !
�0.95 2HyNz) are sufficient to introduce the significant artifacts
observed in the decay profiles of Fig. 3A and B. Why then is the
decay of 1HN magnetization so susceptible to small off-resonance
6

effects of the 15N pulses? This can be appreciated by comparing
the time evolution of Cartesian product operators during the
schemes illustrated in Fig. 3 using rectangular (Fig. 3E) and adia-
batic (Fig. 3F) pulses for the case where DvN = 1000 Hz. We calcu-
lated the time-evolution throughout T for a single point on the
decay profiles, corresponding to a delay time of 27.0 ms, and mon-
itored the trajectories of the four relevant components, in-phase
Hx, anti-phase 2HyNz, and a pair of multiple quantum (MQ) coher-
ences, 2HyNx and 2HyNy, that evolve during this interval. Starting
from Hx, evolution proceeds via 1HN-15N scalar coupling, so that
immediately prior to the first 180� rectangular 15N pulse (scheme
A) both in-phase and anti-phase magnetization is present via,
Hx ! Hxcos pJHN T

4

� �þ 2HyNzsin pJHN T
4

� �
. The majority of the anti-

phase 1HN magnetization is inverted (2HyNz ? �2HyNz) by the
15N pulse (at least 95%) but some is transferred to MQ coherences
due to off-resonance effects (2HyNz ? 2HyNx and 2HyNy) (Fig. 3E,
bottom). These MQ terms continue to evolve during the remaining
portion of the relaxation delay, oscillating at their precession fre-
quencies. Application of the second 15N 180� rectangular pulse at
t = 3

4 T generates additional intensity for the MQ elements, trans-
ferred again from the anti-phase 2HyNz term, resulting in a signif-
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icant loss of in-phase 1HN magnetization by the end of the relax-
ation period, which in this simulation is 27 ms (�17% loss from
populating the MQ terms, neglecting relaxation). Thus, the point
on the decay curve corresponding to T = 27.0 ms significantly
underestimates the correct value (Fig. 3A, right). Notably, the loss
of Hx varies with the different relaxation time points since the
amount of anti-phase magnetization (2HyNz) at the time of the
15N refocusing pulses, and hence the transfer to MQ coherences,
depends on T via sin pJHN T

4

� �
(see above), leding to the oscillatory

behavior observed in the Hx decay curve. For T � 44 ms
(T4 ¼ 1

JNH
¼ 11ms) the point on the decay curve is close to the value

expected for an exponential decay since there is little anti-phase
magnetization at the time of the 15N pulses (2HyNz is small as
sin pJHN T

4

� � � 0), and therefore MQ terms are not generated. As
anticipated, 15N adiabatic inversion pulses generate far less MQ
coherences than 180� rectangular pulses, in general, leading to
near-perfect exponential decay curves, but a small amount is, nev-
ertheless produced, even when the resonance position of the 15N
spin coincides with the middle of the adiabatic sweep, as has been
described previously in the context of 13C-1Hn spin systems [31].

In summary, here we have revisited a simple pulse scheme for
measuring 1HN transverse relaxation rates in 15N labeled proteins
[13]. Measured decay rates can be impacted by pulse imperfections
associated with the application of 15N inversion pulses to correct
for small effects resulting from cross-correlated spin relaxation in
cases where 15N offsets are large. It is shown that near-perfect
inversion of 15N magnetization is required and that both 15N
90�x-240�y-90�x composite and adiabatic pulses are effective at
eliminating the artifacts that would, otherwise, be present when
using rectangular pulses or the common 90�x-180�y-90�x compos-
ite pulse scheme. With the continued development of higher static
magnetic fields for solution NMR applications the use of appropri-
ate pulses becomes increasingly critical, as the present example
illustrates.
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