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Abstract

The first-order recoupling sequence radio frequency driven dipolar recoupling (RFDR) is
commonly used in single-quantum/single-quantum homonuclear correlation 2D experiments under
magic angle spinning (MAS) to determine homonuclear proximities. From previously reported
analysis of the use of XY-based super-cycling schemes to enhance the efficiency of the finite-
pulse-RFDR (fp-RFDR) pulse sequence, XY81, phase cycling was found to provide the optimum
performance for 2D correlation experiments on low-y nuclei. In this study, we analyze the
efficiency of different phase cycling schemes for proton-based fp-RFDR experiments. We
demonstrate the advantages of using a short phase cycle, XY4, and its super-cycle XY41, that only
recouples the zero-quantum homonuclear dipolar coupling, for the fp-RFDR sequence in

2D 1H/H correlation experiments at ultrafast MAS frequencies. The dipolar recoupling
efficiencies of XY4, XY41, and XY81, phase cycling schemes are compared based on results
obtained from 2D 1H/H correlation experiments, utilizing the fp-RFDR pulse sequence, on
powder samples of U-13C 1°N-L-alanine, N-acetyl-1°N-L-valyl-15N-L-leucine, and glycine.
Experimental results and spin dynamics simulations show that X'Y41, performs the best when a
high RF power is used for the 180° pulse, whereas XY4 renders the best performance when a low
RF power is used. The effects of RF field inhomogeneity and chemical shift offsets are also
examined. Overall, our results suggest that a combination of fp-RFDR-XY4!, employed in the
recycle delay with a large RF-field to decrease the recycle delay, and fp-RFDR-XY4 in the mixing
period with a moderate RF-field, is a robust and efficient method for 2D single-quantum/single-
quantum 1H/H correlation experiments at ultrafast MAS frequencies.
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Introduction

Atomic-resolution structural and dynamics information obtained using solid-state NMR
experiments can provide piercing insights into the functional properties of a variety of
biological molecules including membrane proteins, amyloid proteins and microcrystalline
globular proteins [1-8]. In studies using magic angle spinning (MAS), recoupling RF pulse
sequences are typically used to obtain homonuclear chemical shift correlation spectra of
low-y nuclei (mostly 13C) - enabling the assignment of resonances and interatomic distance
measurement - from uniformly or non-selectively labeled proteins. One such recoupling
sequence is the finite-pulse radio frequency-driven dipolar recoupling (fp-RFDR), which
uses a single 180° pulse at the center of each rotor period [9, 10]. While the simple form of
this sequence is easy to implement and attractive, its efficiency is lowered by the pulse
imperfections such as resonance offset and RF field inhomogeneity, and the interferences
from chemical shift anisotropy (CSA) and heteronuclear dipolar couplings[9, 11]. Previous
studies have demonstrated the effectiveness of XY-based phase cycling to overcome the
limitations of fp-RFDR. Among various phase cycling schemes reported in the literature
(Figure 1), a recent study reported the best performance of fp-RFDR using XY81, phase
cycling[12]. The idea behind XY-based phase cycling for the fp-RFDR pulse sequence can
be explained by the symmetry based sequence [11, 13] and its super-cycle. Especially the
XY81, phase cycling utilizes global super-cycling to suppress the second-order cross terms.
While this phase cycling is well suited for studies on low-y nuclei, it is not certain if this
phase cycling would render similar performance for fp-RFDR experiments on protons. Its
long cycle duration may not be desirable and therefore it is worthwhile to examine the
efficiencies of different phase cycling schemes for proton-based fp-RFDR experiments.

1H based fp-RFDR experiments on solids are challenging, because of low spectral resolution
due to unaveraged residual H-1H dipolar coupling interactions and relatively small span of
chemical shift. However, recent studies have shown the benefits of using 2D *H/H fp-
RFDR experiments on mobile solids, such as model membranes, to recover motionally
averaged dipolar couplings among protons[14, 15]. In addition, the ability of fast MAS
enabled the use of fp-RFDR sequence with high 1H spectral resolution [1, 3]. In this study,
we demonstrate the use of 2D H/*H fp-RFDR experiments under ultrafast MAS condition
and also report an examination on the efficiencies of different phase cycling schemes for the
fp-RFDR sequence. The criteria for an optimum phase cycling in the fp-RFDR sequence is
two-fold: (a) it should reduce the loss of total longitudinal magnetization during the RFDR
mixing time enabling a better signal-to-noise ratio; (b) an efficient phase cycle should
provide the maximum cross peak intensity in a 2D *H/*H correlation spectrum. The cross
peak intensity depends on the rate of magnetization exchange via the recoupled H-1H
dipolar couplings, which is determined by the following two factors. One is the scaling
factor of the recoupled 1H-1H dipolar interactions. In the fp-RFDR sequence, this is solely
determined by the ratio of the 180° pulse length to the cycle time of sample spinning. The
second factor is the loss of magnetization due to relaxation including the RF-field
inhomogeneity, chemical shift offset, long-range dipolar couplings, RF-induced sample
heating. These factors — particularly the second one - greatly affect the efficiency of the
phase cycling used in fp-RFDR experiments.
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In this study, we systematically evaluate the performances of various phase cycling schemes
for the fp-RFDR sequence. Our results show that a short phase cycle, XY4 corresponding to
the R4,~1 symmetry, and its super-cycle XY41, are well suited for proton-based fp-RFDR
experiments. The fp-RFDR using these phase cycling schemes renders zero-quantum
homonuclear dipolar recoupling by suppressing all other interactions including CSA,
heteronuclear dipolar and scalar couplings, and isotropic chemical shifts. Since the
magnetization transfer during the mixing time of a first-order dipolar recoupling sequence is
independent of the MAS frequency, the fp-RFDR based 2D chemical shift correlation
experiments utilizing these phase cycling schemes have unique advantages in studying
biological solids at very fast and ultra-fast MAS frequencies.

Experimental

All NMR experiments were performed on a 600 MHz JINM-ECA60011 NMR spectrometer
(JEOL RESONANCE Inc., Tokyo, Japan) equipped using a 0.75 mm ultrafast MAS probe.
Powder samples of U-13C,15N-L-alanine and glycine were purchased from Isotec and were
used without any modification. N-acetyl-1°N-L-valyl-1°N-L-leucine (NAVL) was prepared
as explained elsewhere[16, 17]. Samples were packed in a 0.75 mm zirconia rotor and all
experiments were performed at room temperature (ca. 24 °C). Experiments were performed
to optimize the width of the 180° pulse so that the loss of net magnetization after fp-RFDR
can be minimized. The 180° pulse width that gave the maximal signal intensity after fp-
RFDR irradiation was used in the subsequent experiments reported in this study. The
experimentally optimized 180° pulse width was 5 ps for 110 kHz RF-field strength, 2.7 ps
for 231 kHz, and 1.3 ps for 467 kHz. It should be noted that these 180° pulse widths are
longer than that calculated from the respective RF field strength, because of the transients at
the rising and falling edges of the pulses. All other experimental conditions used in this
study are given in figure captions.

Simulations

The spin dynamics simulations were performed using the SPINEVOLUTION software[18].
Three proton spins were considered in the simulations. Distance between any two protons
was set at 0.16 nm. The simulations were performed at 80 and 92 kHz spinning speeds with
a length of 2 ps for the 180° pulse. As results obtained with the two spinning speeds are
similar, only data obtained from 92 kHz MAS are presented. Through simulations, we
obtained the build-up of the magnetization transfer efficiency from one proton to another as
a function of fp-RFDR mixing time. The RF field strength was deliberately misset to
evaluate the effect of the RF field inhomogeneity.

Results and Discussion

In this study, we systematically investigate the efficiencies of different phase cycling
schemes by employing them in the proton-based fp-RFDR pulse sequence (Figure 1) under
ultrafast MAS conditions. Experimental results obtained from powder samples of
U-13C,15N-L-alanine and NAVL are given, while those from glycine are not included as
they support the results obtained from other compounds and do not provide additional new
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information. The simulations were performed at 80 and 92 kHz spinning speeds with a 180°
pulse length of 2 ps as mentioned above. As results obtained with the two spinning speeds
are similar, only data obtained from 92 kHz MAS are presented here.

Signal loss under RFDR

The ability of an fp-RFDR pulse sequence to retain the z-magnetization during the mixing
time depends on the perfectness of the 180° pulse used to recouple *H-H dipolar couplings
and the magnitude of the recoupled dipolar coupling. A detailed theoretical analysis of the
fp-RFDR and related scaling of the recoupled *H-1H dipolar couplings can be found
elsewhere[11]. For example, the resonance offset and RF field inhomogeneity lower the
efficiency of the 180° pulse while a long duration 180° pulse renders a fast magnetization
exchange via the recouped *H-1H dipolar coupling. Therefore, we measured the loss of z-
magnetization for each phase cycle using the pulse sequence given in Figure 1 by keeping
t1=0. 1D 1H spectra were recorded as a function of RFDR mixing time for each phase
cycling (listed in Figure 1) at two different RF field strengths (467 and 110 kHz) on L-
alanine at 92 kHz MAS. For a direct comparison of the performances of different phase
cycling schemes employed in fp-RFDR, peak intensities measured as a function of mixing
time are given in Figure 2. These experimental results suggest that the loss of magnetization
during the fp-RFDR irradiation significantly depends on the phase cycling scheme as well as
the RF-field strength used for the 180° pulses in fp-RFDR. The least signal loss was
observed for XY41, at the highest RF field strength and for both XY4 and XY41, at the
lowest RF power strength (criterion (a) mention in Introduction). For any given phase cycle,
the loss of magnetization is lesser when a higher RF field is used as shown in Figure 2.

Rate of magnetization transfer

2D 1H/1H fp-RFDR experiments were carried out using different phase cycling schemes to
compare their abilities to recover H-1H dipolar couplings and transfer magnetization
between protons. A representative 2D 1H/XH fp-RFDR spectrum and 1D spectral slices are
shown in Figure 3A and Figure 3B, respectively. Intensities of both diagonal and cross
peaks were measured from 2D spectra and are compared in Figure 3(C-E) for three different
RF field strengths (467, 231, and 110 kHz). The results presented in Figure 3(C-E) are
useful to evaluate the tolerance of different phase cycling schemes against the relaxation
effect during the fp-RFDR irradiation. The observed intensities of cross and diagonal peaks
depend on the build-up rate of longitudinal magnetization exchange, relaxation of proton
spins that results in a loss of net magnetization, and the length of the mixing time used in the
fp-RFDR irradiation. For a given RF field strength, the same mixing time was used for all
phase cycling schemes: 2.78 ms for 467 kHz, 1.39 ms for 231 kHz, and 1.39 ms for 110
kHz. As a result, the width of the 180° pulse is the same for a given mixing time, and
therefore, the measured intensities of cross and diagonal peaks solely determined by the
relaxation of protons; it should be noted that the build-up rate (that depends on the scaling
factor of the recoupled 1H-H interaction) is expected to be the same for all phase cycling
schemes when the 180° pulse width is the same. Thus, we can evaluate the rate of relaxation
from the cross and diagonal peak intensities at a chosen mixing time for each of the RF field
strengths used in the study. Note that the intensities of cross and diagonal peaks obtained
using different RF field strengths cannot be compared, because the scaling factors and
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mixing times are different for different RF field strengths. Data presented in Figure 3(C-E)
revealed that the cross peak intensities from 2D spectra obtained using XY4, XY4!, and
XY81, are relatively higher than those obtained using other phase cycling schemes, although
the best phase cycling depends on the RF-field strength used for the 180° pulses in the fp-
RFDR pulse sequence. These results, in addition to the results given in Figure 2, suggest that
XY4, XY41, and XY81, render better performances for proton-based fp-RFDR
experiments. While the better performance of XY81, compared to other super-cycles is in
excellent agreement with previous studies on low-y nuclei, the better performances of the
shortest phase cycle XY4 and of its super-cycle XY41, are a gratifying surprise. Therefore,
to better understand their performances, these three schemes were selected for further
examination as explained below.

2D 1H/1H fp-RFDR spectra for various mixing times were measured using XY4, XY41, and
XY81, phase cyclings (Figure 4). The intensities of both diagonal and cross peak were
measured and plotted as a function of the fp-RFDR mixing time in Figure 4 for a direct
comparison. These results indicate that the rates of initial build-up curves for the cross peaks
mainly depend on the RF-field strength, and not on the phase cycling. This is because the
initial build-up rate is dominated by the scaling factor of the recoupled *H-1H dipolar
interaction, which is solely determined by the duty factor of 180° pulses in fp-RFDR, i.e. the
RF-field strength. Interestingly, the maximum cross peak intensities are higher for X'Y41,
and X4 than that for XY814, especially with the use of a high RF field. Indeed, the quicker
decay in XY81,, than in XY41, and XY4, reduces the maximum cross peak intensities.
Based on these analyses, XY41, and XY4 are the best candidates when the applied RF field
strength is very high or moderate, respectively. The higher build-up rate observed for the
lower RF field strength (or a longer 180° pulse width) is in complete agreement with the
previously reported theoretical analysis [11]. It is worth noting that the maximum cross-peak
intensities are always obtained when the strongest RF field strength was used in fp-RFDR
despite the slower build-up of magnetization transfer. This might be due to the reduced loss
of magnetization from T2p during the 180° pulses of fp-RFDR when the RF field strength is
high. The duty factor of RF-pulses during fp-RFDR at 92 kHz spinning speed is 12% for
467 kHz RF-field strength, but it is 46% for an RF-field strength of 110 kHz; the duration of
a 180° pulse is shorter for a stronger RF field than that of a weaker RF field, and therefore
the effect of sz should be less when a stronger RF field is used. This shows that the XY41,
phase cycling with a high RF field strength is preferable to achieve the best mixing of
magnetization, if the sample allows a strong RF-irradiation and a long mixing time due to
smaller scaling factors. If the sample is heat sensitive, XY4 phase cycling with a low RF-
field strength should be used.

Effects of RF field inhomogeneity and chemical shift offset

Since the efficiency of the 180° pulse depends on the RF field inhomogeneity and chemical
shift offset frequency, the efficiency of the phase cycles against these effects were
examined. 2D 1H/IH fp-RFDR experiments were performed on alanine for XY4, XY41, and
XY81, phase cycles by deliberately missetting the RF field strength for the 180° pulse to
determine the RF field inhomogeneity effect whereas the irradiation frequency of the 180°
pulse was offset to measure the chemical shift offset effects. Peak intensities measured from
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these 2D spectra are given in Figure 5 and Figure 6. As shown in Figure 5, RF field
inhomogeneity up to 15% has no significant effect on the performances of these phase
cycles. Offset does not significantly affect the fp-RFDR performance when a high RF field
strength was used for the 180° pulse, but it does so for a low RF field strength as shown in
Figure 6. Spin dynamics simulations were carried out to evaluate the magnetization transfer
efficiency by fp-RFDR as a function of RF field inhomogeneity and chemical shift offset.
Simulated results are shown in Figure 7. Obviously, the XY41, exhibits a better
performance against chemical shift offset. On the other hand, the tolerance against RF field
inhomogeneity is similar for all three phase cycling schemes as shown in Figure 7. It should
be mentioned that the intensity difference for the three phase cyclings is very small.

An efficient phase cycling scheme for proton-based RFDR experiments

Our results in Figure 2 have demonstrated that the loss of signal intensity was the least for
the X'Y41, phase cycle with the strongest RF field, while the results in Figure 4
demonstrated that the build-up rate is fastest when using a low RF power that provides a
higher scaling factor for the *H-1H dipolar coupling in fp-RFDR. We employed the fp-
RFDR-XY41, phase cycling with a strong RF field during the recycle delay and fp-RFDR-
XY4 phase cycling with a weak RF field during the mixing time in 2D *H/H correlation
experiments. While the criterion for the first fp-RFDR is to avoid the loss of the total
magnetization (see below), the second fp-RFDR should maximize the rate of magnetization
exchange. Since fp-RFDR-XY41, rendered the minimum loss of net magnetization during
RFDR irradiation, it is employed in the recycle delay. The main purpose of the fp-RFDR
during the recycle delay is to shorten the repetition time. The fp-RFDR transfers the
magnetization from 1H nuclei with a shorter Ty relaxation time to those with longer T,
relaxation time, allowing us to use a shorter recycle delay than the longest T; relaxation
time.[19] While the intensities of peaks in the resultant spectra cannot be used to obtain
quantitative information, this approach is very useful to enhance the intensity of weak
signals and to observe all peaks including cross peaks in multidimensional NMR spectra.
This is successfully demonstrated on NAVL as discussed below. The T, relaxation time of
the carbonyl proton (~13 ppm) of NAVL is 8.3 s, which is significantly longer than the
shortest T1 (1 s) of other protons in the molecule. When the repetition time of 2.2 s was
used, the signal intensity of the carbonyl proton was partly suppressed due to rapid repetition
(Figure 8A). On the other hand, the signal intensity is recovered if we apply fp-RFDR-
XY81, with a stronger rf field during the recycle delay (Figure 8B). As demonstrated from
our experimental results, the efficiency is further improved if we employ XY41, phase
cycling, giving the maximum signal intensity (Figure 8C). The less loss of magnetization
enables us to apply longer and larger number of RFDR trains, ensuring better magnetization
transfer efficiency. Further improvement can be seen in 2D 1H/IH fp-RFDR experiments
when the fp-RFDR-XY41, phase cycle during the recycle delay to shorten the spin-lattice
relaxation time and XY4 with a weak RF field strength in the fp-RFDR mixing time. This
combination provided better signal intensity than the fp-RFDR that utilized XY414 in the
mixing period and without any fp-RFDR during the recycle delay as demonstrated in Figure
8 (D-F).
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Conclusions

In this study, we have reported an evaluation of different XY based phase cycling schemes
for the fp-RFDR 1H/*H homonuclear recoupling sequence based on ultra-fast (at 80, 92 and
100 kHz) MAS experiments on powder samples of U-13C,15N-L-alanine, glycine and
NAVL. We have demonstrated that the efficiency of a phase cycle for a proton-based fp-
RFDR experiment is different from that for low-y (for example 13C) nuclei. For proton-
based RFDR experiments, an efficient phase cycle should avoid the loss of magnetization
due to relaxation and interference from pulse imperfections, CSA and dipolar couplings.
Among the phase cycling schemes examined in this study, our results show that a short
phase cycle XY4 is well suited for proton-based fp-RFDR experiments at low RF power
levels, whereas its super-cycle XY41, exhibits high efficiency when a high RF power is
used. These relatively shorter duration phase cycles are preferred for 2D H/IH chemical
shift correlation experiments under fast and ultra-fast MAS frequencies as they exhibit
robustness to chemical shift offset, and also avoid the loss of magnetization due to
relaxation. Our results further demonstrate that the performance of a short phase cycle XY4
is better than that of super-cycles XY8, XY16, XY32 and XY64 under all experimental
conditions; XY8 was the most ineffective phase cycle while higher super-cycles like XY16
and XY32 are better. We believe that the short phase cycles reported in this study will be
valuable for the measurement of 1H-IH distances to determine the three-dimensional
structure of biomolecules in solid-state.
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(A)

XY4 = XYXY

XY8 = XYXY YXYX

XY16 = XYXY YXYX XYXY YXYX

XY32 = XYXY YXYX XYXY YXYX XXYX YYXY XXYX YYXY

XY64 = XYXY YXYX XYXY YXYX XXYX YYXY XXYX YYXY
XYXY YXYX XYXY YXYX XXYX YYXY XXYX YYXY

XY41, = XYXY YXYX XYXY YXYX

(B) XY81, = XYXY YXYX YXYX XYXY XYXY YXYX YXYX XYXY

Figure 1. Phase cycling schemes
(A) 2D H/IH chemical shift correlation experiment using the zero-quantum dipolar

recoupling sequence fp-RFDR. (B) A list of phase cycling schemes used for the fp-RFDR
sequence in the present study.
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Figure 2. Loss of magnetization under RFDR
(A) Proton MAS NMR spectrum of U-13C,15N-L-alanine powder sample obtained at 92 kHz

MAS. (B-G) Peak intensities measured from 1D 1H NMR using the pulse sequence given in
Figure 1A (for t;=0) as a function of fp-RFDR mixing time. Measurements were carried out
using two different RF field strengths for the 180° pulse in the fp-RFDR sequence: 467 kHz
(B, C and D) and 110 kHz (E, F and G).
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Figure 3. 2D chemical shift correlation of protons using fp-RFDR
(A) A representative 2D TH/*H RFDR spectrum of L-alanine powder sample obtained at 92

kHz MAS. (B) Representative 1D spectral slices extracted from the 2D 1H/'H RFDR
spectrum; proton resonances are labeled as 1 (CHs), 2 (CH) and 3 (NH3™); for example, the
label (3,1) indicates the cross peak between NH3* and CH3 resonances in the 2D RFDR
spectrum, where CHg is in the indirect dimension and NHs3* is in the direct dimension. (C-E)
A comparison of the peak intensities measured from 2D 1H/ H fp-RFDR spectra obtained at
RF field strengths of 467, 231, and 110 kHz with mixing times of 2.78, 1.39, and 1.39 ms,
respectively, using different phase cycling schemes (given in Figure 1).
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Figure 4. Efficiency of dipolar recoupling by fp-RFDR

Variation of peak (both diagonal and cross) intensities on the fp-RFDR mixing time

Mixing Time (ms)
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obtained using XY4, XY41, and XY81, phase cycles at the indicated RF field strengths.

Peaks are labeled as described in Figure 3 caption.
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Figure 5. RF field inhomogeneity dependence of fp-RFDR
Variation of peak (both diagonal and cross) intensities on the fp-RFDR RF field

inhomogeneity obtained using XY4, XY41,, and XY81, phase cycles at RF field strengths
of 467 kHz and 110 kHz with mixing times of 2.78 ms and 1.39 ms, respectively. Peaks are
labeled as described in Figure 3 caption.
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Figure 6. Offset dependence of fp-RFDR
Chemical shift offset dependence of 2D H/XH fp-RFDR spectra of U-13C,15N-L-alanine

powder sample obtained using XY81, (A,C) and XY41, (B, D) phase cycling schemes at RF
field strengths of 467 kHz with a mixing time of 2.78 ms (A, B) and 110 kHz with a mixing
time of 1.39 ms (C, D). Slices at the CH3 peak in the indirect dimensions were shown to
display (3,1), (2,1), and (1,1) peaks. Sample spectra observed at three different offsets
(-16.5, 5.5 and 25.5 ppm) (left to right) are shown. All spectra are presented on the same
scale for a direct comparison.
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Figure 7. Simulations of fp-RFDR efficiency
Effects of (a) chemical shift offset and (b) RF field inhomogeneity on fp-RFDR buildup

intensity at a mixing time of 8 ms with different phase cyclings as indicated. The RF field
strength was deliberately misset in order to evaluate the effect of RF field inhomogeneity,
where the value on x-axis indicates the ratio of the applied RF field strength to the accurate
RF field strength (i.e., 250kHz).
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Figure 8. fp-RFDR for T1-reduction of protons
Single pulse *H NMR spectra of a powder sample of NAVL obtained at 100 kHz MAS

without fp-RFDR (A), with fp-RFDR of XY81, (B), and with fp-RFDR of XY41, (C)
during the recycle delay. 2D 1H/IH fp-RFDR correlation spectrum of NAVL (D) and slices
(E and F) at the chemical shift frequency of the carbonyl proton (~13 ppm) along the direct
dimensions observed with fp-RFDR-XY41, (E) and fp-RFDR-XY4 during the mixing time
and with fp-RFDR- XY41, during the recycle delay (F). A relaxation delay of 2.2 s (A-C)
and 2 s (D-F), and RF field strengths of 467 kHz during the repetition delay and 110 kHz
during mixing time were used. Number of fp-RFDR cycles (3 for (B) and 6 for (C, D, F))
and duration of each fp-RFDR (1.92 ms for (B) and 6.4 ms for (C, D, F)) were optimized
such that the carbonyl proton peak (~13) ppm is maximized.
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