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Abstract The magnitude of the '°N longitudinal relaxa-
tion rate typically decreases as magnetic field strength
increases in globular proteins in solution. Thus, it is
important to test the performance of N longitudinal
relaxation experiments at high field strength. Herein, a tool
to investigate systematic errors in N longitudinal relax-
ation rate, R, is introduced. The tool, a difference in R,
values between the two components of the 'H-coupled '°N
magnetizations, R{"-R{”, conveniently detects inefficien-
cies in cancellation of cross correlation between 'H—'°N
dipolar coupling and '°N chemical shift anisotropy.
Experiments, in varying conditions, and simulations of a
two-spin system indicate that insufficient cancellation of
the cross correlation is due to (1) 'H pulse imperfection and
2) 'H off-resonance effect, and (3) is further amplified by
residual '°N transverse magnetization that is caused by the
N off-resonance effect. Results also show that this
problem can be easily and practically remedied by dis-
carding the initial decay points when recording '°N lon-
gitudinal relaxation in proteins.
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Introduction

Experiments to determine '°N longitudinal relaxation rate
(R)) and "N transverse relaxation rate (R,) along with
{('"H}-'>N NOE for proteins in solution were mainly
developed in the 1990s when 500 or 600 MHz NMR
instruments were commonly available (Grzesiek and Bax
1993; Kay et al. 1989; Palmer et al. 1992; Peng et al. 1991;
Schneider et al. 1992; Skelton et al. 1993). Protein back-
bone dynamics are often evaluated using these relaxation
parameters, either directly or through a generalized order
parameter that is calculated based on the relaxation
parameters (Andrec et al. 1999; Bruschweiler 2003;
Campbell et al. 2000; Chen et al. 2004; Clore et al. 1990;
d’Auvergne and Gooley 2003, 2006; Dayie et al. 1996;
Fushman and Cowburn 2001; Fushman et al. 1999; Idiya-
tullin et al. 2003; Igumenova et al. 2006; Ishima and
Torchia 2000; Jarymowycz and Stone 2006; Kay 2005;
Kay et al. 1989; Korchuganov et al. 2004; Kroenke et al.
1998; Lee and Wand 1999; Lee et al. 1997; Lipari and
Szabo 1982a, b; Mandel et al. 1995; Nirmala and Wagner
1988; Orekhov et al. 1994; Palmer 2001; Palmer et al.
1991; Pelupessy et al. 2003; Redfield 2004; Schneider et al.
1992; Spyracopoulos 2006; Tjandra et al. 1995). Since
relaxation rates depend on the magnetic field strength, as
well as the relaxation mechanism and protein dynamics, it
is necessary to optimize and validate relaxation experi-
ments and their analysis under a wide variety of conditions,
including a range of magnetic field strengths.

In experiments that measure longitudinal relaxation,
such as >N R, and {'H}-'°N NOE, the relative systematic
error may become pronounced as the magnetic field
strength increases, because the magnitudes of the spectral
density functions, J(wn) and J(wpy), at N and 'H reso-
nance angular frequencies, respectively, are reduced. When
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Fig. 1 Pulse scheme during the relaxation period of a '>N R,
experiment, having in-phase 'N magnetization at the start of the
scheme. Thick and thin rectangular bars indicate 180° and 90° pulses,
respectively. Gray sine-bell "H dimension indicates shaped pulse for
water signal flip back. “G” indicates pulse-field gradient (PFG). A is a
half delay from a center of a "H 180° pulse to the next one. Note that
both sequences were carried out with or without the water excitation
pulses for the initial test (see the text). To distinguish the relaxation
delay between the number of scans for accumulation, d/, the delay for
R, experiment is noted as Tg; (=4nA) in this manuscript

applied to proteins with a rotational correlation time, Tg,
that satisfies a large molecular condition, TroN > 1,
{'"H}-">N NOE is well known to become insensitive as a
function of the magnetic field strength, due to a reduction
in the "H-""N dipolar coupling (DD) term of the spectral
density function at the '>N and 'H resonance frequencies,
oy and oy, respectively (Ferrage et al. 2008, 2009; Gong
and Ishima 2007; Renner et al. 2002). Despite the increase
in the '>N chemical shift anisotropy (CSA) as a function of
the magnetic field strength, the total >N R, decreases in a
globular protein as tg increases (when trmy > 1). This is
primarily because my dependence in the CSA cancels the
oy dependence in the spectral density function (when
TrRON > 1), in contrast to the case in small molecules.
While errors in R; measurements introduced by amide-
proton exchange and water proton spin saturation have
been addressed (Chen and Tjandra 2012; Grzesiek and Bax
1993), other errors in the N R; measurements have not
been well studied.

In addition to the water-amide exchange effect, perfor-
mance of '’N R, experiment may be affected by how well
the cross correlation effect between 'H-'°N DD and '°N
CSA is cancelled with "H 180° pulses during the R, delay
(Fig. 1) (Boyd et al. 1990; Kay et al. 1992; Palmer et al.
1992; Peng et al. 1991). When "H 180° pulses are not
employed during the R delay period, the two components
of the "H-'""N J-coupled "N magnetization relax differ-
ently. The "’N R, experiment is performed with 'H 180°
pulses during the R; delay to cancel the cross correlation
effect (Fig. 1) (Goldman 1984). Although it is optimal to
sample the time point at ~ 1/R; for a data set that exhibits a
single-exponential decay function, according to the sam-
pling theory (Jones 1997; Jones et al. 1996), typically
multiple R; delay points are recorded to verify a single-
exponential decay, i.e., to ensure cancellation of the DD-
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CSA cross correlation (Chen and Tjandra 2012; Farrow
et al. 1994; Mandel et al. 1995) and because variation in
the R; values is expected.

Herein, to investigate the performance of "N R,
experiments, a difference in R; values between the two
components of the 'H-coupled '°N magnetizations, R{"—
R(2), was introduced as a tool to monitor a residual of the
cancellation of the DD and CSA cross-correlation in '°N
R; experiments. Analysis shows the DD-CSA cross cor-
relation is not sufficiently suppressed in the initial decay at
a 900 MHz NMR instrument, due to 'H pulse imperfection
and 'H off-resonance effect, and further amplified by
residual >N transverse magnetization. In contrast, such
error was not observed at 600 MHz, a frequency at which,
compared to 900 MHz, the experiment has a lower signal-
to-noise ratio and a smaller CSA effect. To avoid this
contamination, discarding the initial decay of SN R,
experiments is recommended.

Materials and methods
NMR experiments

>N longitudinal relaxation experiments were conducted at
20° on Bruker Avance 600 and 900 NMR instruments with
60.828 and 91.22 MHz "N resonance frequencies,
respectively, using 0.8 mM "N labeled perdeuterated
ubiquitin at pH 4.5, purchased and prepared as described
previously (Myint et al. 2009). Three '°N R, experiments
(I, II, and III) were recorded without a 'H 180° pulse
during the t; evolution, to allow a pair of J-coupled '°N
peaks to be observed (Fig. 1, supplement material):
experiments (I) and (II) were performed on a 900 MHz
instrument, with '"H 180° pulses, to suppress DD-CSA
cross-correlation (Kay et al. 1992; Palmer et al. 1992),
applied with A =625ms [experiment (I)] or
A = 12.5 ms [experiment (IT)]. Experiment (III) was per-
formed on a 600 MHz instrument with the same parame-
ters as experiment (I), A = 6.25 ms. In all experiments, 'H
90° and >N 90° pulses were set to ~10 and ~46 ps, and
the delays applied for the longitudinal relaxation mea-
surements, Tg;, were: 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5,
0.8, and 1.0 s. A total of 8 scans were accumulated with a
recycle delay (d1) = 4 s. "H water flip back pulses were
inserted after the first INEPT period and during the R,
delay, prior and subsequent to the 'H 180° pulses that
suppress DD-CSA cross-correlation (Fig. 1). In all >N
longitudinal relaxation experiments here, the Freeman Hill
phase cycle (+Z and —Z magnetization time courses are
accumulated) that has been implemented to standard bio-
molecular '°N longitudinal relaxation experiments was
applied (Freeman and Hill 1971).
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In each experiment, (I), (I), and (III), R; values were
determined by assuming a single exponential decay func-
tion, using (a) the entire 10 data points, (b) the initial 6
points (0-0.3 s), and (c) the last 6 points (0.2-1.0 s). For
each R, fit, the initial intensity, Iﬁ‘, was optimized along
with R;. Uncertainties in the optimized R; and 1" were
determined by Monte-Carlo error estimation, by generating
a hundred sets of synthetic intensity data, to allow a
Gaussian distribution with the ideal intensities as the mean
(Nicholson et al. 1992).

Data were evaluated by correlating R; values deter-
mined using (a) the entire 10 data points with those
determined from (b) the initial 6 points (0-0.3 s) or (c) the
last 6 points (0.2—1.0 s). Further, the R, difference of a pair
of J-coupled 5N resonances, R(ll)—R(lz), were plotted as a
function of off-resonance frequency, which is the differ-
ence between the signals and the carrier frequency. For the
latter, the carrier frequency of the >N spectrum was set at
117 ppm for the 900 MHz experiment or 122 ppm, for the
600 MHz experiments. The carrier frequency was shifted
for the 600 MHz experiments to detect signals far from the
carrier frequency.

Simulations

To estimate the mechanism of the errors in the '°N lon-
gitudinal relaxation experiments, the time course of mag-
netization was calculated for a scalar-coupled two-spin
system, "H-'N, with an additional proton sink, using the
formula that was described previously (Allard et al. 1998;
Myint et al. 2009). Here, simulations were performed by
assuming the following parameters: a single rotational
correlation time, 4.6 ns; magnetic field strength, 21.14 T
(91.25 and 900.14 MHz resonance frequencies for '°N and
lH, respectively); 5N CSA, 170 ppm; N-H distance, 1.02
/OX; additional 'H R; from surrounding protons, 2 s L
additional 'H R, from surrounding protons, 20 s~ addi-
tional 2NzH; term from surrounding protons, 2 sfl; A,
6.25 ms; '"H and N 90° pulses, ~10 and ~46 ps,
respectively. Simulation results were stored at the end of
every 25 ms (=4A) cycle. Simulations were performed at
'"H carrier frequencies of 3,000 and 400 Hz (3.3 and
0.44 ppm, respectively), assuming a correct '’N B, field
strength at the start of Z-relaxation and a 10 % error in the
'H B, field strength. In the latter, a relatively large B,
calibration error was assumed for presentation purposes.
Simulation results were analyzed in two ways: (1)
extracting the time course of various components of the
magnetization, such as Ny + 2N;H,, 2N;H;, N, and Ny,
from Tg, = 0-1 s at a 1,000 Hz >N off-resonance fre-
quency (defined as a signal position from the carrier fre-
quency), and (2) extracting intensities at Tg; = 0.1 s as a
function of '’N off-resonance frequency from 0 to

1,800 Hz. In all the simulations, the initial condition at
which >N and 'H nuclei were located in the —Y and Z
directions, respectively, was employed. A set of two time
courses were all calculated with the >N 90° pulse either at
+X or —X phases for the Freeman-Hill cycle (which
brings the up and down magnetization to +Z and —Z
starting, respectively) (Freeman and Hill 1971). Thus, this
simulation contains the effect of '’N off-resonance fre-
quency during the initial 90° pulse. All the simulations
were done using the MATLAB software (The Mathworks
Inc., Natick, MA).

Results and discussion

An aim of this study was to investigate the performance of
the '>N R, experiment at high magnetic field strength,
900 MHz, where the R; magnitude is small, compared to
that at lower field strengths, in a globular protein
(troN > 1), thus making it more sensitive to systematic
errors. The performance of the actual '’N R, experiments
was first evaluated taking into account the effect of water
magnetization recovery. As recently described by Tjan-
dra’s group, when water-flip back pulses (sine-shaped
pulses in Fig. 1) are not applied during Tgr;, R; values
determined with a short recycle delay (d/ = 2 s) are not
consistent with those determined with a long delay
(dl =4 s) (Figure S1A) (Chen and Tjandra 2012). In
contrast, when water-flip back pulses are applied, R; values
are consistent regardless of the delay, because water proton
spin saturation is suppressed (Figure S1B) (Chen and
Tjandra 2012). Thus, in all measurements to be described,
N R, values were recorded with the water-flip back
pulses at dI = 4 s. Note that the systematic errors shown
below were observed even when R; was recorded with the
water-flip back pulses at dI = 4 s (Figure S1C).

Errors in the initial decay of magnetization in '’N R,

At 900 MHz, although the 5N R, values recorded with a
2 s recycle delay (with water-flip back pulses applied
during the Tg; period) were almost identical to those
recorded with a 4 s delay, as described previously (Chen
and Tjandra 2012) and tested here (Figure S1), 5N R, rates
determined using the initial 6 points (0-0.3 s points) were
significantly different from those determined using the
entire data set (10 points) (Fig. 2a). On the other hand,
when '°N R rates determined using the last 6 points (those
sampled beyond the initial decay of magnetization) were
compared with those determined using the entire data set, a
significant increase in the correlation coefficient, R, was
observed (from 0.915 to 0.974) (compare Fig. 2a, b). The A
value had no effect on this observation, as a similar
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improvement in the correlation coefficient, from 0.936 to
0.965 (Fig. 2c, d), was observed for N R, recorded using
A = 12.5 ms. In both conditions, removing data acquired
with short delay times improved the correlation coefficient.

To obtain insight into the behavior of the observed
longitudinal magnetization decay, R{"—R{® was plotted as
a function of the off-resonance frequency for the entire data
set (10 points), the initial 6 data points (0-0.3 s points), or
the last 6 data points (0.2—-1.0 s points) (Fig. 3). For R,
determined using the entire data set, R(ll)—R(lz) was small for
signals located at less than 1,000 Hz '°N off-resonance but
was large for those signals at more than 1,000 Hz '°N off-
resonance (Fig. 3a). In addition, the R{P—R{® values for the
initial 6 points were relatively high, with substantial sinu-
soidal modulation even close to the '°N carrier frequency
(Fig. 3b). These modulations introduce an error of ca.
10 % in R, which is significantly larger than the uncer-
tainty calculated based on signal-to-noise ratio (average
fractional error in Ry, 1.9 %, Table 1). In fact, the plots of
R(ll)—R(lz) determined using the last 6 points (0.3-1.0 s)
show that R{"-R{> is negligible over the entire range of
off-resonance frequencies, even for those above 1,000 Hz
(Fig. 3c): the correlation coefficient of the R; values
obtained using the initial 6 points with those obtained using
the entire data set improves from 0.915 to 0.964 upon
eliminating the signals at >500 Hz '°N off-resonance
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(Table 1). A similar tendency was observed for the data set
recorded with A = 12.5 ms (Fig. 3d, f): the correlation
coefficient in Fig. 2¢ increased from 0.936 to 0.966 even
when signals >500 Hz off-resonance were eliminated from
the comparison of the R; values (Table 1). These data
indicate that the DD-CSA cancellation was insufficient for
data points recorded with short delay times.

Effect of A in the '>N R, experiments

When DD-CSA cancellation is insufficient, it has a sig-
nificant impact on the A-dependence of the cross correla-
tion cancellation efficiency, where A is the duration
between the two 'H 180° pulses (Fig. 1). However, com-
parisons of >N R, values that were determined using
A = 6.25 ms (Figs. 2a, b and 3a-c) with those using
12.5 ms did not exhibit significant differences (Figs. 2c, d
and 3d-f). Fractional errors in R; were only slightly larger
in "N R, values obtained using A = 6.25 ms than those
using 12.5 ms (Table 1). To better understand small errors
in R; values, R; errors that resulted from deviations
between data and fits assuming a single-exponential model
were compared instead of R; values themselves (Fig. 4).
As expected, for the data recorded using A = 6.25 ms, R,
errors for those determined using the initial 6 points
(0-0.3 s) were larger than those determined using the entire
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Table 1 Fractional error in Ry and correlation to the 10 point fits

1500

0 300 600 900 1200 1500

Off-resonance frequency (Hz)
d the entire 10 points, b, e the initial 6 points, or ¢, f the last 6 points.

The data were obtained using pulse sequences with a—¢ A = 6.25 ms
and d—f A = 12.5 ms

Data points used 900 MHz

600 MHz

to determine R, -
A = 6.25 ms (experiment I)

A = 12.5 ms (experiment II)

A = 6.25 ms (experiment III)

values
Average Average R;  Correlation Average Average R;  Correlation Average Average R;  Correlation
R, s7") fractional coefficient R, (s7") fractional coefficient Ry (s”') fractional coefficient
error (%) of Ry error (%) of R} error (%) of R}
Entire 10 points  1.28 1.2 - 1.28 1.1 - 1.76 1.6 -
(0-1.0 s)
Initial 6 points 1.29 1.9 0.915 1.28 1.6 0.936 1.70 3.0 0.975
(0-0.2 s) (0.964) (0.966) (0.978)
Last 6 points 1.28 1.1 0.974 1.27 1.1 0.965 1.80 1.7 0.980
(0.3-1.0 s) (0.982) (0.984) (0.983)

 Correlation coefficients of R; values calculated using a subset of data points relative to those determined using the entire dataset (10 points).
Correlation coefficients in parenthesis were calculated for the signals that are located within 500 Hz of the carrier frequency

10 data points (0-1.0 s) (Fig. 4a), whereas R; errors for
those determined using the last 6 points (0.2-1.0 s) were
significantly smaller than those determined using the entire
10 data points (0-1.0 s) (Fig. 4b). Although a similar ten-
dency was observed for the datasets recorded using
A = 12.5 ms, the overall R; errors were clearly smaller
than in the case of A = 6.25 ms. This observation of better
performance of a large A is consistent to the previous

results in off-resonance R;, experiments, in which appli-
cation of infrequent 'H 180° pulses resulted in more effi-
cient DD-CSA cancellation than frequent application of 'H
180° pulses (Korzhnev et al. 2002; Massi et al. 2004).
Observation of similar improvement of the performance of
the R; experiments by increasing A also supports that the
observed '°N R, error is related to the application of 'H
180° pulses.
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Fig. 4 Comparison of >N R, errors for R;s determined using a, ¢ the
initial 6 points or b, d the last 6 points, with the errors for R;s
determined using the entire 10 points. The data were obtained using
pulse sequences with a, b A = 6.25 ms or ¢, d A = 12.5 ms, both
containing water flip back pulses (Fig. 1). These R; errors were
obtained for the R, data shown in Fig. 2

Pronounced initial-decay errors at high static-magnetic
field strength

When the R; experiments (using A = 6.25 ms) were per-
formed at 600 MHz, significant differences between R;
values measured using the initial decay and the entire decay
were not observed. "N R; values that were determined
using the initial 6 points (0-0.3 s) showed a high correla-
tion, R = 0.975, with those determined using the entire 10
points (0-1.0 s) (Fig. 5a). Even for the signals that are
located within 500 Hz from the carrier frequency, R was
increased only to 0.978 (Table 1). These correlation coef-
ficients were, in fact, similar to those obtained using the last
6 points (0.2-1.0 s), R = 0.980 (Fig. 5b). Although R{"—
R{® for those determined using the initial 6 points is slightly
more noisy than those determined using the last 6 points,
significant sinusoidal modulation of R(ll)—R(12) was not
observed (Fig. 6). The average fractional error at 600 MHz
was 1.6 % for R, values determined using the entire data set
and was only slightly higher than that at 900 MHz
(Table 1). Thus, the observed sinusoidal modulation of
R(]l)—R(]z) at 900 MHz (>10 % changes in R values) but not
at 600 MHz is not likely due to the signal-to-noise differ-
ence of data recorded at the two magnetic field strengths.
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Fig. 5 Comparison of '°N R, rates determined using a the initial 6
points or b the last 6 points with those determined using the entire 10
points. The data were obtained using pulse sequences with
A = 6.25 ms, containing water flip back pulses (Fig. 1). Data were
recorded at 60.83 MHz '°N resonance frequency

Factors that contribute to the error in the initial
magnetization decay

The above data consistently indicate that the DD-CSA
cancellation was insufficient at the initial magnetization
decay in the '°N R, experiment. This error likely relates to
contamination of the transverse magnetization, due to
significant °N off-resonance dependence. However, it is
surprising that such a '>N off-resonance dependence,
caused by chemical shift precession, affects substantial
R{P-R{® difference. Indeed, when only the last 6 points
(0.3-1.0 s) were used for the analysis, R(ll)—R(lz) became
negligible over the entire range of off-resonance frequen-
cies (Fig. 3). The frequency range, in which the sinusoidal
modulation of R{P-R{® could be primarily ignored, was
below 500 Hz off-resonance (Fig. 3) and was much smaller
than the range not affected by off-resonance effects of >N
R, (Myint et al. 2009). These observations imply that the
>N off-resonance effect may not be the only cause of the
residual R(]”—R(lz). Thus, to investigate the mechanism of
the residual of R(ll)—RQ), simulation of bulk magnetization
was performed.

The simulated time-course was plotted at each 25 ms
(=4A) interval, with the expectation that the cross corre-
lation at each data point in the plot would be cancelled.
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Nevertheless, differences in the initial longitudinal mag-
netization decay of a pair of 'H-'°N J-coupled '°N peaks
were observed in both Freeman-Hill phases (Fig. 7a, b).
The difference in the longitudinal magnetization of the two
components was also directly shown as a 2N;H; term in
Fig. 7c. The decay time is qualitatively consistent to the
known 2NzH relaxation time of proteins in solution (Boyd
et al. 1990; Kay et al. 1992; Palmer et al. 1992; Peng et al.
1991). Although the average of the two components cancel
out the cross correlation effects in an isolated-two spin
system, this is known not to be the case in proteins (Kay
et al. 1992; Palmer et al. 1992). Thus, the difference in the
initial longitudinal magnetization decay of the two com-
ponents is expected to remain, resulting in the difference
between R{" and R{?. This difference in the two compo-
nents did not linearly depend on the 'H off-resonance
frequency and even 400 Hz off-resonance impacts the
difference in the two "N components (Fig. 7d, f). Impor-
tantly, this difference was not observed when a correct 'H
radio-frequency pulse was employed, indicating that the
imperfection of 'H 180° pulse caused the intensity differ-
ence between the two J-coupled '°N peaks.

The plot of the time course of residual '°N transverse
magnetization shows that the intensity varies as a function
of "N off-resonance frequency with a sinusoidal modula-
tion (dashed lines in Fig. 7c, f). Note, since the actual
experiment was done with a pulse field gradient after the
initial inversion pulse, this simulation may over estimate
the effects of the '°N transverse magnetization. Neverthe-
less, the sinusoidal modulation, 1-2 % of the total, is
somewhat similar to those observed in Figs. 3b, e. The
residual transverse intensity is not uniform even below
500 Hz '"N off-resonance frequency, because of the 'H
pulse imperfection, and increases significantly at >500 Hz.
Importantly, the profiles of the two 'H-"°N J-coupled '°N
peaks differ relative to each other when 'H off-resonance is
significant (circles and triangles in Fig. 8a, b). Since one of
the X or Y components remains as an antiphase compo-
nent, even after detection of the N 90° pulse, the
observed intensity difference likely contributes to the R{"—
R{®. The magnitude of the transverse magnetization of
these two J-coupled '°N peaks becomes smaller at 400 Hz
'H off-resonance frequency (Fig. 8c, d).

Taken together, the simulation suggests that the differ-
ence in the signal intensities between the two 'H-'°N
J-coupled "N peaks occurs due to imperfection of the 'H
180° pulses and is enhanced by the 'H off-resonance fre-
quency. The simulation also suggests that the error affects
the residual '°N transverse magnetization, resulting in '°N
off-resonance frequency dependency.

Optimization of '°N R, experiments

At the high magnetic fields required for NMR studies of
large proteins in solution, i.e., >800 MHz, it must be kept
in mind that spin relaxation behavior significantly differs
from that at lower magnetic field strength. The ratio
R{V:R? becomes large as the field increase, making it
more difficult to suppress the DD-CSA cross correlation
effect: the relative magnitude of the CSA relaxation rate
term, (2/15)0ORACR, against the dipolar term, (1/
10)R*yfyRd/r&m, is 36 % at a 600 MHz instrument but
increases to 81 % at a 900 MHz instrument. Here, Aoy is
the chemical shift anisotropy of '°N nuclei, and vy and vy
are gyromagnetic ratios of "H and 'SN, respectively. In
addition, due to instrument limitations, the pulse power
applied at 900 MHz is not significantly larger than at
600 MHz, therefore the effective B, field strength for off-
resonance signals is lower at the higher field. The impact of
the experimental parameters on the acquired relaxation
data becomes significant (Figures S2 and S3). Actual DD-
CSA cancellation efficiency also depends on the protein
sample conditions, such as molecular tumbling, internal
motion, and 'H spin-flip effects.
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Fig. 7 Simulated time course of the longitudinal relaxation of the
two components of the 'H-N J-coupled 5N resonance (dashed
lines) and the average of the two (solid line), at every 4A interval in
Fig. 1, for individual phases of the Freeman-Hill phase cycle, i.e.,
(top panels) starting from +Z and (middle panels) starting from —Z
(Freeman and Hill 1971). 'H off-resonance frequency was assumed to
be a—c 3,000 Hz and d—-f 400 Hz (3.3 and 0.44 ppm at 900 MHz,
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function of '>N off-resonance frequency. During each 4A interval,
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Here, the above results show insufficient suppression of
the DD-CSA cross correlation term and effects on the
magnitude of R{"-R{® for the deuterated ubiquitin. Sim-
ulation results suggest that the error is due to the imper-
fection of "H 180° pulses and the 'H off-resonance
frequency, and is further amplified by contamination of the
>N transverse component. One could argue that additional
pulsed-field gradient pulses may scramble the residual
transverse component effect. However, achievement of the
perfect inversion of amide protons together with perfect
water-flip back pulses may be impractical. Instead,
recording the >N R, delay points, by discarding the initial
decay, is relatively simple. Based on the decay rates of the
5N and 2N_H,, terms, removal of ~0.1 s may be needed
to obtain more accurate R; values. In this case, ~10 %
loss of the initial intensity is noted.
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