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Abstract 

We propose a new category of homonuclear frequency-selective recoupling methods 

for protons under ultra-fast MAS ranging from 40 kHz to 150 kHz. The methods, 

named as Selective Phase-optimized Recoupling (SPR) are simple in the form with 

defined phase schemes and RF amplitudes. SPR are robust to RF variations and 

efficient in frequency-selective recoupling. We demonstrated that SPR can provide a 

sensitivity gain of ~ 3 over the widely-used RFDR for selective 
1
HN-

1
HN correlations 

under 150 kHz MAS using a protonated tripeptide N-formyl-Met-Leu-Phe (fMLF). 

Moreover, SPR requires small ratios (~ 0.5) of RF power with respect to MAS 

frequency, making it perfect to probe long-range 
1
H-

1
H distance under ultra-fast MAS 

up to 150 kHz. 
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Solid-state nuclear magnetic resonance (NMR) spectroscopy has been applied for 

structural determination of insoluble proteins for over twenty years. However, the 

progress in this field is lagging behind other structural tools. The main reason is the 

difficulty to observe sufficient long-range distance restraints. Most structures of solid 

proteins solved by solid-state NMR are based on 
13

C detection, which uses 
13

C—
13

C 

or 
13

C—
15

N distances as structural restraints. These long-range distances are difficult 

to be observed, due to very weak dipolar interactions that are truncated by strong 

dipolar interactions from shorter distances. 

As the magic-angle spinning (MAS) frequencies enter the fast and ultra-fast 

regime, proton detection attracts more and more interest in solid-state NMR 
1-9

, which 

prefers probes with special design of MAS spinning and radio frequency (RF) 
10

. 

Proton detection provides not only higher sensitivity per unit mass of sample but also 

more and longer distance restraints, because of the high gyromagnetic ratio of 
1
H 

nucleus. Proton detection evolves from highly 
1
H-diluted samples under fast MAS 

frequencies to fully protonated samples under ultra-fast MAS frequencies
11-21

. Current 

MAS frequency can go up to 140-170 kHz and the requirement on the amount of 

samples is reduced to the order of 0.1 mg 
10,22

. The proton detection, ultra-fast MAS, 

and small amount of samples have shed lights on structural studies of those “tough” 

proteins or nucleic acids, which are too difficult or costly to prepare in large amounts. 

In fully protonated molecules, the dense proton network signifies severe dipolar 

truncation effect. The signals from insignificant short-range 
1
H—

1
H distances would 

occupy the spectra, and cover up the weak signals from valuable long-range 
1
H—

1
H 

distances. For example, 
1
HN—

1
HN is usually truncated by stronger coupled 

1
HN—

1
HC, 

especially for β strands (Fig. S1). With recoupling 
1
HN—

1
HN dipolar coupling while 

not affecting 
1
HN—

1
HC dipolar coupling would be much easier to observe the 

valuable 
1
HN—

1
HN distances. Partial deuteration is a way to alleviate dipolar 

truncation, even though much of the principally available structural information is lost. 

The deuteration can also cause poor yields of proteins, and is probably impractical for 

natural chemicals. Frequency selective recoupling is another choice to observe the 

correlations of interest by avoiding dipolar truncation. SEASHORE (Shift-Evolution- 

Assisted Selective HOmonuclear REcoupling) 
23

 and COMICS (COsine Modulated 

recoupling with Isotropic Chemical Shift reintroduction) 
24

 work well under slow 

MAS. SERP (SElective Recoupling of Protons) can provide quantitate long-range 



1
H—

1
H distances in fully protonated samples under ~ 70 kHz MAS, requiring the 

ratio of RF amplitudes (ν1) with respect to MAS frequencies (νR) of ~ 1.5 
25

. 

BASS-SD (BAnd-Selective Spectral Spin Diffusion) performs better to selectively 

observe 
1
HN—

1
HN contacts than RFDR under faster MAS (e.g. 111 kHz), using 

low-power continuous-wave with a tailored shape 
26

. In general, as the MAS 

frequency goes faster, new recoupling sequences prefers lower ν1/νR ratios to satisfy 

the power handling of probes and less switching of phases (e.g. continuous-wave) to 

reduce deleterious effects of phase transients. 

 

Figure 1  Pulse sequences for SPR-Nn (A) and its application in 2D 
15

N-(
1
H)-

1
H 

experiment (B). SPR-Nn is comprised of a block with N pairs of “90°x90°-x” and the 

block repeated with a 180° phase shift (as indicated by the bars on top of ϕk). The 

phases ϕk (k=1, 2, 3, …, N) are given in the supporting information. For SPR-54 and 

SPR-56, the phases (ϕ1, ϕ2, ϕ3, ϕ4, ϕ5) are (0°, 144°, 288°, 72°, 216°). SPR is 

incorporated into the 2D 
15

N-(
1
H)-

1
H experiment used as 

1
H-

1
H mixing (B). 

MISSISSIPPI is used to suppress the residual 
1
H signals before the second CP.

27
 

Heteronuclear 
13

C/
15

N decoupling is unnecessary during SPR. 

In this study, we propose a new category of homonuclear frequency-selective 

recoupling methods for protons under ultra-fast MAS ranging from 40 kHz to 150 

kHz. The methods, named as Selective Phase-optimized Recoupling (SPR) are simple 

in the form with defined phase schemes and RF amplitudes and easy to use. They are 

robust to RF variations and efficient in frequency-selective recoupling. We 

demonstrated that SPR can provide a sensitivity gain of ~ 3 over the widely-used 



RFDR for selective 
1
HN-

1
HN correlations under 150 kHz MAS using a protonated 

tripeptide N-formyl-Met-Leu-Phe (fMLF). 

SPR are as simple as CN symmetry-based sequences in the form 
28

. SPR-Nn are 

comprised of a block with N pairs of “90°x90°-x” occuping n rotor periods (τR) and the 

block repeated with a 180° phase shift (Fig. 1A). The phases of SPR-Nn include all 

multiples of 360°/N and are simply optimized by a numerical search. While the 

“90°x90°-x” lays the foundation of frequency selectivity, the optimized phases make 

the sequences as efficient and robust as PR5 
29

. In simulations, SPR-Nn are effective 

with n = N-1 or N+1, where N≥5, leading to the RF amplitude ν1 ≈ 0.5νR. Tab. S1 

shows the SPR-Nn schemes that deliver good performance in simulation. Finally, each 

SPR-Nn has a constant RF amplitude (ν1) equal to 
𝑁

2𝑛
 νR and defined phases ϕk (k=1, 2, 

3, …, N). That means SPR-Nn are also simple in operation, with no need to optimize 

the shapes, RF amplitude, modulated frequency, etc. SPR-54 (ν1 = 0.625νR) and 

SPR-56 (ν1 = 0.417νR) are the simplest in phases, sharing the same phase scheme (ϕ1, 

ϕ2, ϕ3, ϕ4, ϕ5) = (0°, 144°, 288°, 72°, 216°) (Tab. S1). For simplicity, SPR-54 and 

SPR-56 are taken as examples in the following sections. Other SPR-Nn with n = N-1 

are similar to SPR-54, and others with n = N+1 be similar to SPR-56. 

 

Figure 2  Simulated polarization transfer of I
Z 

A I
Z 

B  as functions of frequency offsets 



(A and B) and mixing times (C) of SPR under 150 kHz MAS frequency. Two spins 

(
1
HA, 

1
HB) with a dipolar coupling of 2000 Hz (corresponding to a 

1
HA—

1
HB distance 

of ~ 3.92 Å) are used for simulations. The fA and fB represent the frequency offsets of 

1
HA and 

1
HB, respectively. In (B), the curves are extracted from (A) along the dashed 

lines with fA = 2 kHz. The arrows indicate the bandwidths. In (C), the build-up curves 

are shown for (fA, fB) = (2, -2) kHz (solid lines) or (2, 2) kHz (dashed lines). SPR-56 

and SPR-54 are indicated in red and in blue, respectively. Simulations were performed 

using the Simpson software.
30

 

 

SPR can selectively recouple the dipolar coupling of two spins with symmetric 

frequency offsets (i.e. fA = -fB, where fA and fB represent the frequency offsets for 
1
HA 

and 
1
HB, respectively), as indicated by the profiles of polarization transfer versus 

frequency offsets (Fig. 2A and B). The negative polarization transfer efficiency 

indicates a DQ recoupling mechanism. Similar to SERP 
31

, SPR also realizes 

zero-quantum (ZQ) recoupling when fA = fB (Fig. 2C). The simulated efficiency of ZQ 

recoupling decreases from ~ 0.4 to less than 0.1 as the MAS frequency increasing 

from 40 kHz to 150 kHz. Under 150 kHz MAS spinning, ZQ recoupling becomes 

negligible and DQ recoupling prevails in both transfer efficiencies and transfer rates 

and (Figs. S2). According to the DQ condition (i.e. fA = -fB), SPR can facilitate 

selective recoupling of 
1
HN-

1
HN by placing the transmitter frequency at the center of 

the 
1
HN region, and enhance selective recoupling of 

1
HN-

1
HC by placing the 

transmitter at the center of the 
1
HN ~ 

1
HC region. The polarization transfer reaches the 

maximal efficiency at the position of fA ≈ -fB, and fades oscillatorily. The bandwidth 

(defined as the width at 70% of maxima) of SPR-54 (ν1 = 0.625νR) is ~ 0.5 kHz and 

that of SPR-56 (ν1 = 0.417νR) is ~ 0.3 kHz (Fig. 2B). The difference in bandwidth 

results from the combinations of (N, n) rather than the different RF amplitudes in the 

two schemes. Simulations show that the bandwidths of SPR-56 and SPR-54 are 

slightly affected by MAS frequencies and associated RF amplitudes (Fig. S3). 

SPR has larger scaling factor than previous SERP 
31

. While the scaling factor of 

SPR-54 is larger than that of SERP with a total phase of 480°, the scaling factor of 

SPR-56 is larger than that of SERP with a total phase of 680°, according to the buildup 

curves (Fig. 2C). The large scaling factor, which means rapid polarization transfer and 

hence short recoupling time for optimal transfer efficiency, is crucial to probe 



long-range distances. SPR-54 has larger scaling factor than SPR-56, leading to optimal 

mixing times of ~ 1.8 ms and ~ 3.2 ms for SPR-54 and SPR-56, respectively, with a 

dipolar coupling of 2 kHz (corresponding to a 
1
H-

1
H distance of ~ 3.92 Å). 

Surprisingly, the maximal DQ transfer efficiency of SPR is ~ 0.73, numerically equal 

to that of γ-encoded recoupling sequences. Similar efficiency has been also achieved 

in the non-γ-encoded PR5 
29

, suggesting that the efficiency up to 0.73 is probably not 

an exclusive feature of γ-encoded sequences 
32

. Owing to the frequency selectivity, 

large scaling factor and high efficiency of the recoupling, SPR is promising for 

distance measurements via the DQ recoupling mechanism. 

 

Figure 3  2D N(H)H spectra (A) and slices (B) of U-
13

C, 
15

N labeled 

N-formyl-Met-Leu-Phe (fMLF) using RFDR (black, 1.2 ms) and SPR-56 (red/green, 

1.2 ms) under 150 kHz MAS. The 
1
H transmitter frequency is set at 6.1 ppm. The 

figures represent the sensitivity gains of SPR-56 over RFDR. The 
1
H RF amplitudes 

were ~ 62.5 kHz (0.417νR) for SPR-56 and 312.5 kHz for RFDR, respectively. The 

data were processed with the same parameters (except for phases) and plotted with the 

same contour levels in Topspin. 

 

We demonstrated the performance of SPR under ultra-fast MAS using a tripeptide 

N-formyl-Met-Leu-Phe (fMLF). Preliminary experiments under 100 kHz MAS show 

that the target peaks as well as the source peaks are more intensive in SPR-56 than in 

SPR-54 (Fig. S4). Overall, SPR-56 is superior to SPR-54 in both frequency selectivity 

and transfer efficiency. For this reason, we will focus on the comparison of SPR-56 

and the widely-used RFDR 
33,34

. Unlike the broadbanded RFDR, SPR-56 selects the 

polarization transfer only among nuclei with specific frequency offsets. The 



selectivity makes SPR-56 also more efficient than RFDR. The averaged sensitivity 

gain of SPR-56 over RFDR is ~ 3 for polarization transfer from 
1
HN to other 

1
HN or 

1
H 

with chemical shifts around the 
1
HN region (Fig. 3). The slice along 

15
N (F) at 107.6 

ppm gives a sensitivity gain of 3.4 for 
1
HN (F)  

1
HN (L). The sign of 

1
HN (L) is 

opposite to that of 
1
HN (F), verifying the DQ transfer mechanism. The peak of 

1
HCA 

(M) at 6.0 ppm has the same sign as 
1
HN (F), resulting from two steps of DQ transfer, 

i.e. 
1
HN (F)  

1
HN (L) and 

1
HN (L)  

1
HCA (M). The one-step ZQ transfer of 

1
HN (F) 

 
1
HCA (M) could be excluded, which would also generate the same sign as the 

source nuclei, because the mixing time (1.2 ms) is too short to give considerable ZQ 

transfer efficiency according to the build-up curve (Fig. 2C). The slice along 
15

N (L) 

at 116.2 ppm gives a sensitivity gain of 3.9 for 
1
HN (L)  

1
HN (F) and 2.6 for 

1
HN (L) 

 
1
HCA (M). The higher gain of 

1
HN (L)  

1
HN (F) can be attributed to favorable 

frequency offsets, even though the distance of 
1
HN (L) —

1
HN (F) (2.69 Å) is longer 

than that of 
1
HN (L) —

1
HCA (M) (2.35 Å). There is a peak at 8.9 ppm in the slice 

along 
15

N (M) at 125.6 ppm. This peak belongs to the formyl 
1
H instead of 

1
HN (L) at 

9.0 ppm, because the distance between 
1
HN (M) and the formyl 

1
H (2.30 Å) is much 

shorter than that of 
1
HN (M) —

1
HN (L) (4.39 Å), and because no obvious transfer 

from 
1
HN (L) to 

1
HN (M) could be seen in the slice along 

15
N (L) at 116.2 ppm. 

Resulting from the unfavorable frequency offset, the gain of 1.8 for 
1
HN (M)  

1
H 

(formyl) is a bit lower than others. With proper frequency offsets, the gain for transfer 

from 
1
HN (M) to other nuclei can also be greater than 3 (Fig. S5) 

 

Figure 4  Effects of asymmetrical phase transient on the simulated polarization 

transfer of I
Z 

A I
Z 

B  of SPR-56 under 150 kHz MAS. In simulations, normal 90°x is 

replaced by εy90°xε-y, where ε represents the flip angle of asymmetric RF phase 

transient. Simulations were performed on a system with two proton spins (
1
HA, 

1
HB) 

under 600 MHz 
1
H Larmor frequency. The two dashed lines indicate the chemical 



shifts of (
1
HA, 

1
HB). The dashed arrow indicates the shift of optimal transmitter 

frequency due to ε. 

 

Optimal polarization transfer should occur at the position of fA ≈ -fB according to 

the simulations (Fig. 2), i.e., the transmitter frequency should be set in the middle of 

two resonance lines. However, while the SPR-56 experiments under 40 kHz MAS 

follow the simulations well (Figs. S6 and S7), the experiments under 150 kHz MAS 

did not reach optimal polarization at the position of fA ≈ -fB (Figs. 3 and S5). There is 

a deviation of ~ 1 kHz from the simulated condition. The disagreement between 

experiments and simulations under the ultra-fast MAS (150 kHz) is caused by 

asymmetric phase transient of RF pulses. The asymmetrical phase transient of a 90°x 

pulse can be represented by εy90°xε-y, where ε is the flip angle of asymmetric RF 

phase transient. Figure 4 shows the effects of ε on the optimal transmitter frequency 

for polarization transfer from 
1
HA (6.8 ppm) to 

1
HB (9.0 ppm). The optimal transmitter 

frequency is supposed to be at 7.9 ppm without asymmetrical phase transient (i.e. ε = 

0). As the ε increases from 0 to 2.4°, the optimal transmitter frequency is shifted from 

7.9 ppm to ~ 3.5 ppm. Meanwhile, the asymmetrical phase transient would reduce the 

optimal transfer efficiency somewhat. Based on the experimental and simulated 

results (Figs. 3 and 4), the asymmetrical phase transient must exist with ε equal ~ 1° 

under the experimental condition, which shifts the optimal transmitter frequency from 

7.9 ppm to ~ 6.1 ppm. With the ε of ~ 1°, the efficiency of SPR is barely affected even 

under 150 kHz MAS. The result highlights the importance of RF phase transient 

under ultra-fast MAS. It is important to develop recoupling sequences with lower RF 

power like SPR, which would lead to longer RF pulses and less demanding on phase 

switching, to reduce the deleterious effects of phase transient. 

In conclusion, we have developed SPR to selectively recouple 
1
H-

1
H correlations 

in fully protonated samples under ultra-fast MAS conditions. SPR is simple, robust 

and efficient in frequency selective recoupling, which serves as a potential technique 

to obtain useful restraints for structural determination. It can also be used in a 

constant-time way to quantitative measurements of distances
31,35

. Compared to the 

widely-used RFDR, SPR provides sensitivity gains up to 3 for selective 
1
H−

1
H 

correlations (e.g. 
1
HN−

1
HN). Moreover, SPR requires small ratios of RF power with 

respect to MAS frequency, making it perfect to probe long-range 
1
H-

1
H distance 



under ultra-fast MAS up to 150 kHz. 
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