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ABSTRACT: Very fast magic-angle spinning (MAS>80 kHz) NMR combined with high field 

magnets has enabled the acquisition of proton-detected spectra in fully protonated solid samples 

with sufficient resolution and sensitivity. One of the primary challenges in structure 

determination of protein is to observe long-range 1H-1H contacts. Here we use band-selective 

spin-lock pulses to obtain selective 1H-1H contacts (e.g. HN-HN) on the order of 5-6 Å in fully 

protonated proteins at 111 kHz MAS.  This approach is a major advancement in structural 

characterization of proteins given that magnetization can be selectively transferred between 

protons that are 5-6 Å apart despite the presence of other protons at shorter distance. The 

observed contacts are similar to those previously observed only in perdeuterated proteins with 

selective protonation.  Simulations and experiments show the proposed method has superior 

performance compared to the currently used methods. The method is demonstrated on GB1 and a 

β-barrel membrane protein, AlkL. 
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Solid-state nuclear magnetic resonance (NMR) spectroscopy with magic-angle spinning (MAS) 

has emerged as a powerful technique for characterizing the structure and dynamics of complex 

biomolecules that are particularly challenging to other spectroscopic techniques such as X-ray or 

cryo-electron microscopy. A growing panel of such structural investigations is now reported 

using solid-state NMR spectroscopy, ranging from amyloid fibrils, membrane proteins, bone 

matrix and capsids (to cite only a few recent examples).1-6 Conventionally, this technique 

exploits the detection of carbon signals, which offer high site-specific resolution. However, the 

direct detection of proton signals is eight-fold more sensitive. Until recently, the acquisition of 

resolved proton-detected spectra of proteins was feasible only when the network of strong 

proton-proton homonuclear dipolar couplings is weakened by replacement of a substantial 

fraction of the proton nuclei with deuterons.7-12 At MAS frequency above 45 kHz, it is possible to 

use deuterated samples with 100% protonation of exchangeable sites for structural 

characterization.10,13-15 

The availability of small diameter rotors has enabled faster spinning, decreased the protein 

sample quantity to few nanomoles16 and most importantly yields resolved proton spectra of fully 

protonated samples.6,17-19 Recently, we showed that at MAS frequencies of 100 kHz and above, 

narrow proton lines enabled unambiguous assignment of resonances in fully protonated proteins 

and subsequent de novo structure determination.19,20 

Typically, backbone dihedral-angle restraints combined with short and long distance restraints 

are required to initiate a structure calculation. While backbone dihedral angles are easily 

accessible via backbone chemical shifts, obtaining long-range distance restraints in fully 

protonated solids at fast MAS still remains a challenge. However, significant progress has been 
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made to characterize small molecules and bones structure using proton-only multidimensional 

experiments.21 First-order recoupling sequences, such as radio frequency driven recoupling 

(RFDR) of 1H nuclei, are effective in providing distance restraints in perdeuterated and 

selectively reprotonated proteins.9,10,22 Recently, 1H recoupling using MIRROR was also 

proposed to enhance spin diffusion in such samples.23 At slow MAS, distance restraints in fully-

protonated systems have been obtained through second-order recoupling sequences such as 

DARR/MIRROR,24-26 and PAR/PAIN.27-29 The efficiency of the latter methods, however, 

decreases with increasing MAS frequency. As a result at 111 kHz MAS, RFDR was used to 

obtain 1H-1H distance restraints in fully protonated proteins.20 At such fast MAS frequency, 

RFDR recoupling of protons leads to rapid decay of signal, requires high RF amplitude pulses 

(>200 kHz) and provides a limited set of long-range 1H-1H contacts.  

Here, we introduce a new experimental method to observe selective proton-proton contacts in 

fully protonated proteins at fast MAS frequencies by using low-amplitude spin-lock pulses. The 

experiment, referred to as “Band-Selective Spectral Spin Diffusion” (BASS-SD), can be used to 

selectively detect HN-HN, Hα- Hα or Hmethyl-Hmethyl proximities up to a distance of 5-6 Å despite the 

presence of other protons at shorter distances in fully protonated proteins. The observed 

correlations are analogous to those observed in perdeuterated proteins with partial 

protonation.16,22 This is experimentally demonstrated on two uniformly 13C,15N-labelled protein 

samples: a model protein and a membrane protein.  

For spinning samples, the rate of spin diffusion ( , Eq.1) between two spins depends on the 

Fourier components of the dipolar coupling ( ), the MAS frequency ( ) and indirectly 

(through the zero-quantum (ZQ) lineshape) on the isotropic chemical-shift difference ( ) 

between the two spins.30,31  

k12

  ωij
(±n )

 ωr

  Δωiso
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k12 = ω ij
(+n)

n=−2

+2

∑ ω ij
(−n)J(nω r + Δω iso )  Eq. 1 

Spin diffusion occurs when the difference in chemical shift is smaller than the ZQ dipolar line 

width.31 Spin-diffusion can be made band selective if the chemical-shift difference between the 

spins in one part of the spectrum is reduced to be smaller than the ZQ line width while, at the 

same time, ensuring that the chemical-shift difference to the other spins, resonating outside the 

selected region, is actively maintained. This condition can be achieved in the rotating frame by 

employing highly offset-dependent spin-lock pulses. During the spin-lock period, the chemical-

shift difference between the protons located in a particular spectral region (e.g. amide protons) 

can be minimized by carefully adjusting the RF amplitude while the other protons (e.g aliphatic) 

are in a tilted frame (defined by amplitude of spin-lock pulse and chemical-shift offset).  This 

results in polarization exchange exclusively between protons located within the bandwidth of the 

spin-lock pulse. (e.g. amide protons).  

The polarization exchange during the BASS-SD scheme was numerically simulated as a 

function of different parameters using GAMMA.32 Figure 1a) shows the topology of an eight-

spin system used for simulation of polarization buildup on seven spins when only one of the spin 

is initially polarized (2HN). The spin system comprises four aliphatic and four amide protons 

(HN) where the amide/aliphatic proton distinction is made based on the chemical shifts. The 

isotropic chemical shifts and distances of the seven protons relative to the source spin (2HN) are 

provided in Figure 1 and are representative of spin-systems typically encountered in protein 

samples. The spin-lock offset was set to 8 ppm (center of the amide proton chemical shift range) 

and the effect of proton relaxation was neglected. All other simulation parameters are reported in 

supporting information (SI). The simulated 2D plots (Figure 1b-h), as a function of the spin-lock 

RF field and duration indicate that for spin-lock RF field of 5-10 kHz, the amide-amide proton 
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polarization transfer is more efficient in comparison to the amide-aliphatic proton transfer, 

despite the generally longer distances amongst the amide protons. This is a consequence of the 

difference in scaled chemical shifts being larger than the ZQ line widths in the rotating frame. A 

comparison of the two geminal Hα plots (Figure 1f, g) shows that despite the stronger dipolar 

couplings for 4Hα, the polarization transfer efficiency decreases with increasing chemical-shift 

offset between the source and destination spins. Even when the distances between the amide 

protons were artificially doubled while the distances between the source amide proton and the 

aliphatic proton were kept the same, polarization transfer exclusively occurs only within the 

amide protons (Figure S1).  
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Figure 1. a) Simulated spin system: the source spin (2HN), the three closest amide protons (white 

spheres) and the four closest aliphatic protons (green spheres). b-h) Polarization build up as a 

function of spin-lock field strength and time for different spins: amide protons: 7HN b), 5HN c), 

1HN d), the aliphatic spin: α-proton 6Hα e), geminal α-protons 3Hα1 f) 4Hα2 g) and 8Hali h) 

The efficiency of BASS-SD was experimentally verified on a microcrystalline sample of fully-

protonated immunoglobulin beta 1 binding domain of protein G (GB1).33 The BASS-SD mixing 

was incorporated into the 3D (H)NHH (Figure 2a) and the better resolved 3D (H)N(H)(H)NH 

experiments.10,15 Overlay of 2D (H)NH and the 2D (H)N(H)H-BASS-SD spectra (Figure 2b) 

shows polarization transfer occurs exclusively amongst the amide protons and negligible 

magnetization flows from the amide protons to other aliphatic protons.  
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Figure 2 a) pulse sequence for the 3D (H)NHH experiment b) Overlay of 2D (H)NH (Blue) and 

2D (H)N(H)H-BASS-SD (Red) spectra.  c-d) HN-HN restraints from 3D (H)N(H)(H)NH spectra 

of fully protonated U-[13C,15N]-GB1 at 111.11 kHz MAS with c) BASS-SD (red, 5 ms) and d) 

RFDR ( black, 1 ms) mixing.  Observed HN-HN correlations across the e) β-sheet and f) α-helix 

motifs are mapped on the X-ray structure of GB1 (PDB code: 2QMT34). Cyan and grey spheres 
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denote amide and other protons, respectively, while the dark gray and blues sticks represent the 

backbone atoms. 2D 15N-15N positive projections from the 3D spectra are shown in g) for BASS-

SD and h) RFDR, i) 15N- filtered 1D proton intensity comparison after RFDR and BASS-SD 

mixing for different experiments.  

Figure 2c) depicts 2D 1H-15N strips extracted from a 3D (H)N(H)(H)NH BASS-SD spectrum 

(1H RF amplitude  ~ 5.5 kHz). The observed HN-HN correlations for residues located in the β-

sheets (10K, 52F and 54V) and α-helix (26A, 28K and 35N) are mapped on to the X-ray 

structure (Figure 2e-f). The HN of 52F, 54V and 56E residues on the β4 strand show 

unambiguous correlations to amide protons of residues in the β1 strand. The amide protons of 

26A and 28K show correlations to other amide protons only within the α-helix. It is well known 

that lack of helix-sheet amide restraints creates problems in the orientation of the α-helix relative 

to the β-strands.10,16 Therefore, in most cases structure determination requires additional side-

chain restraints. We used BASS mixing to observe selective Hα-Hα or Hmethyl-Hmethyl contacts in 

GB1 by fine-tuning the carrier offset frequency and the 1H RF amplitude to suit their well-

defined chemical shift ranges (Figure 3).  

In contrast to BASS-SD proton mixing, a similar 3D spectrum acquired with 1 ms of RFDR 

mixing (Figure 2d, 1H RF amplitude ~ 200 kHz) shows correlations only within the α-helix. The 

2D 15N-15N projection from the 3D (H)N(H)(H)NH spectra (Figure 2g-h) shows significantly 

more number of peaks with BASS-SD mixing in comparison to RFDR. Figure 2i) shows that the 

envelope of the detected proton signal is approximately 3-4 times higher with BASS-SD in 

comparison to RFDR mixing. The higher sensitivity of the BASS-SD mixing compensates for 

the loss in sensitivity imposed by two additional cross-polarization steps required to record the 

better resolved 3D (H)N(H)(H)NH experiment. Even for well behaved samples such as GB1, the 
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observed proton linewidth (0.1-0.3 ppm) at 111 kHz MAS are at the limit of proton resolution 

that can be used to unambiguously assign 3D restrain spectra with two proton dimensions.20 

Therefore, distance restraint spectra involving two heteronuclear dimensions will be absolutely 

necessary for obtaining unambiguous contacts in fully protonated proteins.  The lower sensitivity 

of RFDR results from the fact that the majority of polarization is transferred to (unobserved) 

aliphatic and aromatic protons.  
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The chemical shift overlap of methyl and alpha protons with other aliphatic protons makes the 

implementation of the BASS-SD mixing scheme for Hα or methyl protons more challenging. The 

1H RF-amplitude and the offset of the spin lock pulse were fine tuned to ensure polarization 

exchange only between protons located within ~0-2 ppm for the methyl and ~3-6 ppm for the 

alpha protons (Table S2). The offset was chosen corresponding to the center of the chemical 

shifts range of the protons to be recoupled. The 1H RF amplitude and the duration of the spin-

lock pulse were optimized experimentally through a series of 15N/13C edited two-dimensional 

(H)N(H)H/(H)C(H)H spectra (measurement time was 5-10 minutes per spectrum) to have 

maximum cross-peaks. Figure 3a) shows 2D 1H-13C cross-sections (red contours) extracted from 

a 3D (H)C(H)(H)CH-BASS-SD spectrum for the methyl groups. Several long-range methyl-

methyl correlations are observed and are depicted on the X-ray structure (Figure 3b-c). Such 

methyl-methyl distance restraints are critical in determining the correct fold of a protein, and 

have previously been observed only with perdeuterated proteins having selectively labeled 

methyl groups.16,35 In contrast, RFDR mixing again yields fewer contacts in comparison to 

BASS-SD (black strips in Figure 3a). The residues with two methyl groups such as valine, 

Figure 3 a) Cross-sections from a 3D (H)C(H)(H)CH spectrum with 5 ms of BASS-SD (in red) 

and 1 ms of RFDR (in black) mixing show the methyl-methyl contacts in U-[13C,15N]-GB1. b,c) 

Correlations observed in the BASS-SD cross-sections in (a) are reported on the X-ray structure of 

GB1 (PDB code: 2QMT). The yellow spheres represent the methyl protons. All other protons are 

shown as grey spheres.  d) Hα- Hα contacts observed from a 3D (H)CHH spectrum. e) The green 

spheres represent the α protons while all other protons are shown as grey spheres. 
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leucine and isoleucine result in the strongest contact between the pro-S and pro-R methyl groups 

(e.g. L5 and L7 in Figure 3a). A 3D (H)NHH-BASS-SD experiment was recorded to observe 

selective Hα-Hα contacts. The two-proton dimensions increase the ambiguity in peak 

assignments. Therefore, previously, reported proton chemical shifts in combination with X-ray 

structure were used to assign the observed correlation in Figure 3d. The observed correlations 

are mapped on to the X-ray structure (Figure 3e) and provide complementary restraints to those 

obtained from the HN-HN experiment. 
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The broad applicability of BASS-SD 1H-1H mixing is also demonstrated on a sample of the outer 

membrane protein AlkL from Pseudomonas putida (218 residues) embedded in lipid bilayers.36 

AlkL is involved in transport of hydrophobic molecules and comprises eight TM β-strands as 

predicted by sequence homology (Figure 4a). U-[13C,15N]- AlkL sample is challenging for solid-

state NMR due to less effective packing of the protein in the rotor, lower sample homogeneity 

and shorter coherence lifetimes. Figure 4b shows the 2D 15N-15N projection obtained from the 

3D (H)N(H)(H)NH-BASS-SD spectrum. Representative strips (Figure 4c) extracted from the 

3D spectrum show a number of distinct correlations, besides the ones expected from sequential 

HN-HN contacts. The detailed interpretation of cross-peaks is currently impeded by the 

incomplete assignment; however, we anticipate the HN-HN distance restrains to be crucial for 

determination of relative orientation of β-strands and thus the overall β-barrel fold of the protein. 

Also in the case of AlkL, the observed sensitivity of experiments with BASS-SD mixing was 

higher than RFDR (Figure S3), thus fully corroborating the results obtained for microcrystalline 

GB1. 

Figure 4 HN-HN contacts from 3D (H)N(H)(H)NH-BASS-SD spectrum of U-[13C,15N]-AlkL 

protein recorded at MAS frequency of 111.11 kHz and on a 1000 MHz spectrometer. a) Sequence 

homology prediction of secondary structure of AlkL b) 2D 15N-15N projection of the 3D spectrum 

shows high density of cross-peaks. c) ω1(15N)-ω3(HN) strips from 3D contain a number of 

additional correlations (highlighted in yellow) in addition to identified sequential peaks. The 

underlined labels denote auto-correlation signals. 
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To conclude, we have proposed a new methodology to access selective long-range HN-HN, H𝛼-

H𝛼 and Hmethyl-Hmethyl contacts in fully-protonated solid proteins with high sensitivity. The 

selective correlations observed with the BASS-SD scheme are analogous to those previously 

accessible only in perdeuterated proteins with protonation at selective sites. BASS-SD is 

different from the presently used approach of recoupling the entire proton bath with broadband 

recoupling sequences (e.g. RFDR). Compared to RFDR, BASS-SD has better performance in 

terms of sensitivity, density of cross peaks and has lower RF requirement, making it particularly 

suitable for protein structure determination. BASS-SD has allowed us to obtain restraints in the 

membrane protein AlkL, which were otherwise not possible with RFDR. With increase in static 

magnetic field the proton resolution and the selectivity of the BASS-SD scheme would only 

become better.  We envisage this method to be widely used in structure determination of fully 

protonated proteins at fast-MAS. The small sample volume and use of fully protonated protein 

should widen the range of biomolecules that can be studied by solid-state NMR spectroscopy. 

We will explicitly discuss the theoretical foundation of spin dynamics during BASS-SD mixing 

in the near future.   
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