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Abstract

Internuclear distances represent one of the main structural parameters in molecular structure 

determination using solid-state NMR spectroscopy, complementing chemical shifts and 

orientational restraints. Although a large number of magic-angle-spinning (MAS) NMR 

techniques have been available for distance measurements, traditional 13C and 15N NMR 

experiments are inherently limited to distances of a few angstroms due to the low gyromagnetic 

ratios of these nuclei. Recent development of fast MAS triple-resonance 19F and 1H NMR 

probes has stimulated the design of MAS NMR experiments that measure distances in the 1–2 

nm range with high sensitivity. This review describes the principles and applications of these 

multiplexed multidimensional correlation distance NMR experiments, with an emphasis on 19F- 

and 1H-based distance experiments. Representative applications of these long-distance NMR 

methods to biological macromolecules as well as small molecules are reviewed.
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1. Introduction

Structural studies of biomolecules using nuclear magnetic resonance (NMR) spectroscopy 

provide chemical shifts, orientation restraints, and inter-atomic distance restraints. Whereas 

chemical shifts reveal the chemical structure of functional groups and the three-dimensional 

structure in terms of bond torsion angles, distance restraints define the relative positions 

of atoms in space. In high-resolution magic-angle-spinning (MAS) solid-state NMR 

spectroscopy1, distances between two atomic nuclei are measured through nuclear spin 

dipole-dipole coupling, ω12 ∝ γ1γ2/r3 . This dipolar coupling scales inversely with the 

cube of the distance r, and is proportional to the nuclear gyromagnetic ratio, γ, which 

determines the size of the magnetic dipole moment of the nucleus. Distance information is 

either encoded qualitatively in peak intensities in multidimensional correlation MAS NMR 

spectra2–4, or measured quantitatively using dipolar recoupling experiments under MAS5. 

However, in biological molecules, some of the most common spin-1/2 nuclei such as 13C 

and 15N have relatively small γ, which makes it difficult to measure weak dipolar couplings 

for the structurally informative, long, distances within the relaxation time of the nuclear 

spins. The most common distance range that is measurable in 13C and 15N solid-state 

NMR experiments is less than 7–8 Å (Fig. 1A, B). A recent computational study found 

that, with distance restraints of < 7 Å, 9–15 distances per amino acid residue are required 

to obtain an accurate structural model of single-domain proteins6. Thus, for a moderately 

sized, 100-residue protein, over 1500 short-range distances would be required to determine 

an accurate structure. For multi-domain proteins or oligomeric proteins, even this large 

number of short-range distance restraints are insufficient to produce accurate structures, and 

additional data from other techniques such as cryoEM are required to define the relative 

positions and orientations of different domains. Therefore, long-range distance restraints 

are critical for determining the structures of multi-domain proteins and protein-protein 

complexes. Long-range distances also provide information about protein conformational 

changes in response to ligand binding, pH changes, and ion concentration changes, which 

are common in biology.

A number of approaches have been developed in the last decade to extend the distance 

reach of solid-state NMR spectroscopy. One approach is to measure paramagnetic relaxation 

enhancements and pseudocontact shifts caused by stable radicals or paramagnetic metal 

ions. This paramagnetic NMR approach can be exploited to provide information about 

distances above ~2 nm, where the uncertainty in the position of the flexible paramagnetic 

tag is small compared to the distance of interest. Paramagnetic NMR has been reviewed 

recently7–9 and will not be discussed in the current review. Instead, this review focuses 

on the recent development of 19F and 1H solid-state NMR techniques for measuring long 

distances. 1H and 19F are the two highest-γ spin-1/2 nuclei among stable isotopes and can 

be readily exploited in MAS NMR experiments to measure distances to ~2 nm. We review 

multidimensional 19F NMR techniques and 1H-detected NMR techniques that are tailored to 

high magnetic fields and fast MAS conditions for distance measurement. We also review 13C 

and 15N NMR techniques that provide long distances through 1H-mediated polarization 

transfer. We survey recent applications of these 19F, 1H, 13C and 15N long-distance 

techniques to membrane proteins, amyloid fibrils, and many biomolecular complexes. For 
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19F NMR distance measurements, we also review some earlier applications to biomolecular 

systems to provide a more historical perspective.

2. Heteronuclear 19F-Based Distance Measurements

2.1 Long-Range 19F Heteronuclear Distance NMR Techniques

Rotational-echo double-resonance (REDOR) is one of the most robust heteronuclear dipolar 

recoupling techniques in MAS solid-state NMR10,11. By applying two 180° pulses per 

rotation period to the observed and dephasing nuclei, one reintroduces distance-dependent 

dipolar couplings (Fig. 2A). This dipolar recoupling interferes with the formation of a 

spin echo, whose T2-normalized intensity can be written as S/S0, where S and S0 denote 

the intensities of the dephased and control spectra, respectively. Since the invention of 

REDOR, a large number of heteronuclear and homonuclear dipolar recoupling sequences 

have been proposed and demonstrated in MAS NMR12–14. However, REDOR remains 

arguably the most widely used distance-measuring technique due to its simplicity and lack 

of scaling factors for the recoupled dipolar interaction. As a pulsed technique, REDOR has 

a relatively large recoupling bandwidth unless quadrupolar nuclei with large spectral widths 

are involved. Pulse imperfections in long REDOR pulse trains can be compensated for 

experimentally and taken into account in numerical simulations15–17. The simplicity of the 

REDOR pulse sequence also allows density operator propagation to be readily calculated for 

multi-spin systems18,19. These features make REDOR the method of choice for measuring 

heteronuclear distances.

The feasibility of long-distance measurement by solid-state NMR is determined by two 

factors: the buildup time for the dipolar coupling of interest and the nuclear spin relaxation 

time. Fig. 1B shows the dipolar coupling constant as a function of distances for common 

heteronuclear spin-1/2 pairs in solid-state NMR. Using 30 Hz as the lower bound of readily 

measurable dipolar couplings, heteronuclear distances involving 15N cannot be measured 

beyond ~7 Å, whereas distances involving 19F and 1H can be measured to ~15 Å. The 

signal-to-noise ratio of the cross-polarization (CP) spectra (SNRCP) that is required to 

measure REDOR distances with sufficient precision depends on the T2 relaxation time of 

the observed spin and the desired precision of the S/S0 values. Based on the propagated 

uncertainty ε of the S/S0 value, it can be shown that SNRCP = 1
ε 1 + S

S0
2
et/T2. Therefore, 

the higher the desired precision (small ε), the larger the required CP sensitivity. The shorter 

the T2, the larger the required CP sensitivity (Fig. 1C, D).

To increase the dipolar coupling strength for a given distance, Schaefer and coworkers have 

long exploited the high-γ 19F spin. An early example was the measurement of 13C-19F 

distances in the 143 kDa α2β2 tetrameric enzyme, tryptophan synthase. 13C-labeling of Tyr 

and 4-19F labeling (4F) of Phe20 allowed the authors to monitor four Tyr-Phe pairs in the 

β subunit that have 13C-19F distances of less than 8 Å. Binding of the ligand, Ser, caused 

only minor changes to 13C-19F REDOR dephasing, with an estimated distance change 

of less than 1 Å, indicating that ligand binding did not perturb the conformation of an 

indole tunnel in the enzyme. This pioneering work was conducted on a 4.7 Tesla NMR 

spectrometer (with a 19F Larmor frequency of 188 MHz) using a quadruple-resonance (1H, 
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19F, 13C and 15N tuned) MAS probe, and the sample was spun at 5 kHz. Both 13C-observed 
19F-dephased REDOR spectra and the reverse 19F-observed 13C-dephased REDOR spectra 

were measured.

In the 25 years since this study, increases in magnetic field strengths and MAS probes 

have led to significant advances in the 19F REDOR NMR methodology. 19F REDOR and 

Transferred-Echo Double Resonance (TEDOR) experiments have now been demonstrated 

for MAS frequencies of 20–40 kHz and at a magnetic field of 14.1 Tesla, corresponding 

to a 19F Larmor frequency of 564 MHz21–24. The 1D REDOR pulse sequence has been 

extended to two dimensions, in order to extract many dipolar couplings from a single pair of 

2D spectra, thus massively speeding up distance measurement and structure determination.

The first 2D-resolved 19F REDOR experiment was reported by Rienstra and coworkers21. 

Using a 3.2 mm MAS probe simultaneously tuned to 1H, 19F, 13C, and 15N, the authors 

resolved the 15N and 13C chemical shifts in 2D NcaCX spectra while encoding the 15N-19F 

dipolar couplings by REDOR (Fig. 2B). In this so-called FRESH experiment, the 15N 

REDOR 180° pulse is moved to define the t1 period of a constant-time 15N chemical 

shift period while retaining 15N-19F REDOR dipolar recoupling. The experiment was 

demonstrated on 13C, 15N-labeled GB1 containing a single fluorine at 5F-W43. Some of 

the strongest cross-peaks in the REDOR difference (ΔS) spectra correspond to distances 

of 4.7–7.7 Å, and weaker cross-peaks corresponding to distances of 9–12 Å were also 

observed. The protein had a relatively low 19F incorporation level of ~40%, which reduced 

the spectral sensitivity. Nevertheless, the eleven measured distances were found to be in 

good agreement with the high-resolution structure of this model protein.

Since the FRESH technique requires a quadruple-resonance HFCN probe, which is not 

widely available, Hong and coworkers introduced a triple-resonance 2D 13C-13C resolved 
13C-19F REDOR technique in 201822. The 13C-19F REDOR mixing period is inserted before 

the 13C t1 evolution time, thus encoding the C-F distances of carbons whose chemical shifts 

are manifested in the indirect dimension of the 2D spectrum (Fig. 2C). In this work, 13C-13C 

correlation was implemented using radiofrequency-driven recoupling (RFDR)25, although 

many other polarization transfer sequences can also be used. Compared to the 15N-19F 

FRESH experiment, this 2D CC-resolved 13C-19F REDOR method has an intrinsically 

longer distance reach due to the 2.5-fold larger γ of 13C than 15N. The 13C-19F REDOR 

period features a selective Gaussian 13C 180° pulse to remove the 13C-13C J-coupling and 

allow mixing times of ~10 ms to be used to measure long 13C-19F distances. These authors 

used 5F-W43 labeled GB1 and triply 3F-Tyr labeled GB1 to demonstrate this 2D CC 

resolved 13C-19F REDOR technique. Compared to the FRESH study, the authors increased 

the fluorine incorporation level to >95% by increasing the glyphosate concentration and 

optimizing the timing of the glyphosate addition26. With these improvements, the authors 

observed significant dipolar dephasing for many residues within 10 ms of REDOR mixing, 

and extracted 35 13C-19F distances of 5–10 Å from the 2D 13C-19F REDOR spectra. 

The authors also investigated the effects of the 19F chemical shift anisotropy (CSA) on 

REDOR dephasing using numerical simulations. At MAS frequencies that are smaller 

than the 19F CSA, additional oscillations are observed in the REDOR dephasing that are 

absent in the universal REDOR curve10,11,27 obtained under vanishing CSA. The large 
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19F CSA also reduces the amplitude of REDOR dephasing to the first minimum. Fast 

MAS ameliorates these deleterious effects, restoring a nearly universal REDOR curve. 

Experimental parameters such as the radiofrequency (rf) field strength (ω1) and the MAS 

rate (ωr) are readily accounted for in the simulations.

An even longer distance ruler than 15N-19F and 13C-19F REDOR is 1H-19F REDOR, 

which exploits the two highest-γ nuclei among stable isotopes. Hong and coworkers first 

demonstrated this approach in 200428 by detecting the 1H-19F REDOR dephasing of amide 

protons through their directly-bonded nitrogens. In this proof-of-concept study, a slow MAS 

frequency of 3.3 kHz was used, therefore 1H-1H homonuclear decoupling was essential for 

prolonging the proton T2 relaxation time. The experiment was demonstrated on the model 

peptide formyl-MLF29,30, which incorporated 4F-Phe and 15N-labeled Leu. The authors 

measured an HN-F distance of 7.7 Å using REDOR mixing times up to ~6 ms. Because the 
1H-19F dipolar couplings are scaled down by the homonuclear decoupling sequence, and the 

imperfection of homonuclear decoupling shortens 1H T2, the advantage of using the high-γ 
1H spin for distance measurement is diminished. Thus, this slow-MAS 1H-19F REDOR 

approach increased the distance reach by a modest margin compared to 13C-19F REDOR.

The bottleneck of 1H homonuclear decoupling was decisively removed by the recent 

technological development of fast-MAS probes and the ensuing high-sensitivity 1H-detected 

MAS NMR without complex 1H homonuclear decoupling sequences. Combining the 

2D-resolved REDOR approach with 1H detection, Hong and coworkers introduced a 
1H-detected 1H-19F REDOR technique to measure many nanometer-range distances with 

high sensitivity23. The experiment inserts the 1H-19F REDOR period into a 2D 15N-1H 

heteronuclear correlation (HETCOR) pulse sequence. Amide protons that are close to the 

fluorine manifest intensities in the 2D REDOR difference (ΔS=S0-S) spectra (Fig. 2D). By 

combining the high-γ 1H and 19F spins, this 2D REDOR experiment significantly extends 

the distance reach compared to a 1H-detected 1H-13C REDOR experiment31. The authors 

demonstrated this experiment on perdeuterated and 13C,15N (CDN)-labeled GB1 that was 

back-exchanged with protons. A single fluorine at 5F-W43 served as the dephasing nucleus. 

The average 1H coherence lifetime was 4.2 ms at 30 kHz MAS and nearly doubled to 7.2 

ms at 40 kHz MAS, underscoring the importance of fast MAS for measuring long distances. 

Amide protons that are within ~0.8 nm of the fluorine showed rapid dipolar dephasing to 

zero within 8 ms, while amide protons that are further than 1.3 nm from the fluorine still 

exhibited sizeable REDOR dephasing of S/S0 ~0.8 within 10 ms. 1H detection yielded high 

spectral sensitivity, with signal-to-noise ratios of 100–200 : 1 in the 2D control (S0) spectra. 

Therefore, this 1H-detected 2D 1H-19F REDOR technique allows rapid and multiplexed 

measurement of many nanometer-long distances. The main requirement of this technique is 

that the sample needs to be structurally sufficiently homogeneous to yield well-resolved 2D 
15N-1H correlation spectra. The technique can in principle be extended to three dimensions 

to further resolve the signals. Such an extension will require quadruple-resonance HFCN 

probes.

Shcherbakov et al. Page 5

Chem Rev. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2 Applications of 19F Heteronuclear Distance Measurements to Biomolecules

2.2.1 Antimicrobial Peptides—The rapid spread of antibiotic-resistant bacteria has 

stimulated considerable efforts in understanding the mechanisms of action of antimicrobial 

compounds. Solid-state NMR spectroscopy is well suited for providing molecular insights 

into the structures and dynamics of these compounds. Many cationic antimicrobial peptides 

are produced by the innate immune system of animals32,33 and are thought to operate 

by disrupting the membranes of microorganisms, but their detailed mechanisms of action 

were poorly understood. Schaefer and coworkers applied 19F REDOR NMR to investigate 

an antimicrobial peptide called K3, (KIAGKIA)3 (Fig. 3A)34,35. 13C-19F REDOR data 

of mixed 13C and 19F labeled peptides showed that the peptide forms parallel α-helical 

dimers in the membrane. By incorporating acyl-chain fluorinated DPPC and DPPG lipids, 

the authors measured the distances of the lipid tail from site-specifically labeled peptide 

carbonyls and from the lipid headgroups using 19F-13C and 19F-31P REDOR, respectively. 

These data indicate that the α-helical peptide is in close contact with the lipid tail. Moreover, 

the lipid tail – lipid headgroup 19F-31P distances decreased markedly from 9.9 Å in the 

peptide-free membrane to 7.6 Å in the peptide-bound membrane, indicating that the peptide 

increased membrane disorder (Fig. 3B, C). Based on these distance results, the authors 

proposed a toroidal-pore model for the mechanism of membrane permeabilization by this 

peptide.

Hong and coworkers employed 19F REDOR NMR to determine the oligomeric structure 

of protegrin-1 (PG-1), a β-hairpin antimicrobial peptide36. 19F Centerband-Only Detection 

of Exchange (CODEX) data showed that PG-1 forms dimers in 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) bilayers. To determine whether these dimers are packed 

in a parallel or antiparallel fashion, and whether the dimer interface consists of the same 

strand or different strands of the β-hairpin, these authors incorporated 13C and 19F labels 

at the two ends of the C-terminal β-strand of the hairpin. The measured intermolecular 
13C-19F REDOR dephasing indicates a 13C-19F distance of ~10 Å. This supports a parallel 

packing model in which the C-terminal strands of two β-hairpins face each other, while 

ruling out antiparallel models. Therefore, 13C-19F distance measurement was instrumental 

for constraining the oligomeric structure of the PG-1 dimers in lipid membranes.

19F REDOR was also used to elucidate the binding site of a glycopeptide antibiotic in 

the cell walls of intact whole cells of Staphyloccus aureus37. Fluorinated oritavancin is a 

vancomycin analog that is effective against vancomysin-resistant enterococci. Schaefer and 

coworkers used 15N-13C TEDOR to suppress natural abundance 13C signals and selectively 

detect only the signals of D-Ala 13C that are adjacent to 15N-labeled Gly in the cell wall 

peptidoglycan. The selected D-Ala 13C signal was then subject to 19F REDOR dephasing 

to measure the distance from oritavancin. The observed distance of 7.4 Å with a Gaussian 

distribution of 1.6 Å helped to constrain a molecular model of the peptidoglycan stems in 

complex with the drug.

13C-19F REDOR was used to investigate the self-assembly and sterol interaction of the 

antifungal compound, amphotericin B (AmB), in lipid bilayers. Murata and coworkers 

mixed 13C-labeled AmB with fluorinated AmB and conducted 13C-19F REDOR experiments 
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to measure AmB-AmB separations in POPC bilayers38. The data show that the AmB-AmB 

separations are longer in ergosterol-containing POPC membranes compared to cholesterol-

containing membranes. This result suggests that AmB forms a complex with ergosterol 

in lipid bilayers while self-aggregating and phase-separating from cholesterol in cholesterol-

containing membranes. By combining fluorinated AmB with skip 13C-labeled ergosterol 

and C26, C27-labeled ergosterol39, the authors further measured AmB-ergosterol 13C-19F 

distances. The resulting distance distributions indicate heterogeneous AmB-ergosterol 

interactions, with both head-to-head and head-to-tail interactions possible.

2.2.2 Membrane Proteins—13C-19F REDOR has been fruitfully applied to α-helical 

membrane proteins to elucidate their structure and dynamics in lipid bilayers4,40. The 

influenza A M2 protein (AM2) is an acid-activated proton channel that is responsible 

for viral uncoating after endocytosis41,42. Proton selectivity and gating of this protein 

are accomplished by two residues, His37 and Trp41, respectively. Hong and coworkers 

measured the sidechain conformations and separations between these two functional 

residues using 13C-labeled His37 and 5F-Trp41 and 13C-19F REDOR43. The REDOR 

dephasing is slower at high pH than at low pH, indicating that the imidazole ring and 

the indole ring approach each other more closely in the acidic open state of the channel 

compared to the neutral closed state of the channel. These results led to the model that 

cation-π interactions at low pH between His37 and Trp41 may be partially responsible for 

the orders of magnitude smaller proton flux (~1000 s−1) of the channel compared to the 

measured microscopic histidine proton exchange rates of ~105 s−1 44.

Long-range heteronuclear 19F distances have also been used to probe the oligomeric 

structures of membrane proteins. Intermolecular distances in these systems are often 

too long to measure using low-γ nuclei such as 13C and 15N. Using 13C-19F REDOR 

experiments of mixed 13C and 19F labeled proteins, Hong and coworkers measured 

interhelical contacts that helped to constrain the high-resolution structures of the influenza 

BM2 proton channel45 and the SARS-CoV-2 envelope (E) cationic channel46. For the 

tetrameric BM2, they incorporated 4F-Phe at the native Phe5 and Phe20, and mixed it with 
13C-labeled protein at a 1:1 ratio. REDOR dephasing of the 13C signals by 19F yielded 

distances of 4–8 Å. Moreover, the interhelical distances are longer for the low-pH open state 

of the channel than for the high-pH closed state, indicating that the four-helix bundle is 

more loosely packed in the open state (Fig. 4A–C). The final high-resolution structures of 

the closed and open BM2 channel show that the four-helix bundle activates in a scissor-like 

fashion, with the helices becoming more tilted and more separated from each other in the 

open state.

The same 13C-19F REDOR strategy was also used to determine the pentameric structure 

of the SARS-CoV-2 E protein. Solution NMR studies of detergent-bound E since the 

first SARS epidemic in 2003 yielded inconsistent information about the helical bundle 

structure, partly due to the scarcity of interhelical distance restraints47,48. Hong and 

coworkers measured interhelical distances using mixed 13C and 19F labeled proteins and 2D 

CC-resolved 13C-19F REDOR46. These experiments were carried out on the transmembrane 

peptide of E (ETM) bound to lipid bilayers that mimic the membrane of the endoplasmic 

reticulum Golgi intermediate compartment (ERGIC). Because ETM contains three native 

Shcherbakov et al. Page 7

Chem Rev. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and regularly spaced Phe residues (F20, F23 and F26), the authors also measured 2D 
13C-19F HETCOR spectra to assign the 19F signals. These data yielded 35 interhelical 

C-F distances, which helped to constrain the high-resolution structure of ETM in lipid 

bilayers (Fig. 4D–F). The authors also probed the binding site of fluorinated amantadine 

using 13C-19F REDOR, and found that the drug binds the N-terminus of the channel, 

in the same location as hexamethylene amiloride. The de novo structure determination 

of this SARS-CoV-2 membrane protein, carried out during the first six months of the 

COVID-19 pandemic, demonstrates the power of 19F-based MAS NMR spectroscopy for 

protein structure determination.

In another study, 13C-19F REDOR was used to investigate the three-dimensional fold and 

topology of the HIV-1 fusion protein, gp4149. Despite considerable efforts, the structure of 

the transmembrane domain (TMD) and a membrane-proximal external region (MPER) of 

gp41 has been controversial in the literature. One discrepancy pertains to whether the MPER 

is kinked from the TMD or forms a continuous helix. Hong and coworkers incorporated 
13C-labeled residues into the TMD and fluorinated Trp678 into the MPER, and measured 
13C-19F distances using REDOR. The continuous helix model would predict longer 13C-19F 

distances (11–13 Å) than the kinked helix model (9–10 Å). The authors found significant 

dipolar dephasing for I686 and L684 Cα, which correspond to distances of 9–10 Å from 

the Trp678 sidechain49. Thus, these REDOR data indicate that the MPER-TMD adopts a 

helix-turn-helix topology in lipid bilayers. Combined with 19F CODEX data (see section 

3.4.3 below), these results led to a trimeric umbrella-like fold, which differs from structures 

found in micelles and bicelles50,51, suggesting the influence of the membrane environment 

on gp41 assembly.

2.2.3 Nucleic Acids—Nucleic acids are much less studied than proteins by NMR due to 

challenges associated with their low sequence complexity and the resulting spectral overlap. 
31P-19F REDOR52 is an effective probe of nucleic acid structures because of the presence 

of the high-γ 31P in the nucleic acid backbone and the feasibility of fluorination reactions 

of aromatic substrates. Drobny and coworkers pioneered the approach of incorporating 

phosphorothioate (pS) and fluorinated nucleotides such as 2’-deoxy-5-fluorouridine and 

2’-deoxy-2’-fluorouridine to measure nanometer 31P-19F distances in DNA and RNAs53. 

The substitution of a single non-bridging oxygen atom by a sulfur shifts the 31P chemical 

shift downfield by ~55 ppm, thus giving a well-resolved reporter of the nucleotide without 

perturbing the backbone conformation54.

Using this 31P-19F REDOR technique, Drobny and coworkers investigated the minor groove 

width of a DNA oligonucleotide duplex upon binding by a peptide antibiotic, distamycin55. 

The DNA duplex contains a 2’F-adenine in one chain and a phosphorothioate tag 3.5 

residues away from the fluorinated base pair in the other chain. 31P-19F REDOR data 

showed that the minor groove width is 9.4 Å in the absence of the drug. However, addition 

of distamycin to a 1 : 1 ratio caused a major distance decrease to 7.0 Å, whereas addition 

of the drug to a 2:1 ratio caused a major distance increase to 13.6 Å. Thus, these 31P-19F 

REDOR data revealed a striking structural change of the DNA upon drug binding.
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The same approach of phosphorothioate tagging and nucleotide fluorination was also 

applied to study structural changes of the RNA, HIV TAR, upon binding to the viral 

regulatory protein tat56. By installing 31P and 19F labels at A27 and U23, respectively, 

Drobny and coworkers measured 31P-19F distances, and found that tat binding dramatically 

shortened the distance from 10.3 Å to 6.6 Å (Fig. 5). Thus, 31P-19F REDOR yields insights 

into the impact of the protein on the conformation of the HIV TAR.

Additional studies of protein-nucleic acid complexes explored the flexibility of orthogonal 
13C, 15N-labeling of the protein and fluorination of the oligonucleotide. For example, 

Drobny and coworkers investigated the interactions between the tat protein and TAR RNA 

using a 13C, 15N-Arg labeled peptide and 5-19F-uracil labeled RNA57. REDOR dephasing of 

the 13C and 15N signals by 19F yielded distances of 5.6 and 6.6 Å for the Arg Cζ and CO 

and 15N-19F distances of 4.3 – 6.7 Å. These distances constrained the position of R52 with 

respect to U23 of the RNA, in good agreement with a solution NMR structure of the tat-TAR 

complex.

Stivers, Schaefer and coworkers used 31P-19F REDOR to investigate nucleotide binding by 

a DNA repair enzyme, uracil DNA glycosylase (UDG)58. They introduced a difluorophenyl 

nucleotide, an analog of uracil, into a DNA duplex, and measured its binding to UDG. 

These 31P-19F distances can vary from 6 Å to 18 Å, depending on the conformation of 

uracil. The measured distances indicate a 50 : 50 mixture of B-form DNA and an out-flipped 

state for the nucleotide. Together with chemical shift and biochemical data, these results led 

to the conclusion that the difluorophenyl nucleotide forms a metastable intermediate with 

the enzyme, but the lack of hydrogen bonding precluded the formation of a catalytically 

productive Michaelis complex.

2.2.4 Biological Assemblies and Protein-Ligand Complexes—19F REDOR 

NMR has been extensively used to study protein-ligand complexes. An early application of 
31P-19F REDOR was to the enzyme 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase 

bound to two ligands, shikimate 3-phosphate (S3P) and glyphosate (Glp)59. EPSP catalyzes 

an intermediate step in the biosynthesis of aromatic amino acids via the shikimate pathway. 

The protein contains only two Trp residues, which were biosynthetically labeled as 6F-Trp, 

while both ligands contain native 31P atoms, whose chemical shifts are resolved by 12 ppm. 

Schaefer and coworkers measured 31P-19F distances between each Trp and the ligands. The 

measured distances of 8.5 Å to 16 Å indicate that the C-shaped apo-enzyme clamps down 

on the ligands to form a globular ternary complex. This study demonstrated how nanometer 

distances can give insight into the structure of large protein-ligand complexes.

19F REDOR has proven to be useful for constraining the oligomeric structures of large 

membrane receptors. The dimeric bacterial chemotaxis receptor forms clusters in lipid 

membranes whose structures were not known. Thompson and coworkers tested two 

structural models, a linear array ‘hedgerow’ model and a clustered ‘trimer-of-dimers’ model, 

using 13C-19F REDOR60. 4F-Phe and 13C-labeled residues were introduced into the protein. 

The 13C-19F REDOR data yielded inter-dimer distances that are longer than predicted by 

both models, thus providing constraints to the protein structure.
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19F REDOR has been applied to study cholesterol interaction with influenza AM261. 

Employing isooctyl tail-fluorinated cholesterol and site-specifically 13C-labeled peptides, 

Hong and coworkers measured 13C-19F REDOR spectra. The data show that cholesterol 

binds AM2 in the presence of an amphipathic helix (AH), but does not bind the 

transmembrane (TM) helix in the absence of the AH. In AH-containing peptides, the 

REDOR S/S0 values decayed to a minimum of 0.5, indicating an unexpected protein : 

cholesterol binding stoichiometry of 2 : 1. Simulations of the REDOR data yielded distances 

of 7.0 to 9.3 Å, which provided crucial constraints to the structural model of the AM2-

cholesterol complex in the membrane.

Intermolecular 13C-19F REDOR was also applied to understand the interaction between 

cholesterol and the HIV-1 fusion protein, gp4162. A gp41 peptide, MPER-TMD, was 

fluorinated at two aromatic residues, 4F-F673 and 5F-W680, and was combined with 

biosynthetic 13C-labeled cholesterol in a virus-mimetic lipid bilayer. The latter was obtained 

from a mutant yeast strain that replaced ergosterol synthesis enzymes with cholesterol 

synthesis enzymes63,64. 13C-19F REDOR data indicate that the cholesterol C9 and C17 

atoms approach the F673 sidechain with a distance of 7.0 Å. Moreover, a cholesterol 

recognition motif (CRAC) is not necessary for this complexation. By comparing protein 
13C-detected and cholesterol 19F-detected REDOR data, these authors found that three 

cholesterol molecules bind each gp41 trimer at the protein/cholesterol molar ratio of 1:7 

used in these samples.

When no structure information is available, REDOR based on site-specific isotopic labeling 

is inefficient for studying protein-ligand binding. Instead, the 2D multiplexed 1H-19F 

REDOR technique is much more efficient for structure determination. This approach 

was recently demonstrated by Hong, Henzler-Wildman, and coworkers for structure 

determination of the bacterial transporter, EmrE65. EmrE confers multidrug resistance to 

bacteria, but has eluded high-resolution structure determination for decades due to its 

conformational plasticity. Using 2D 1H-15N resolved 1H-19F REDOR experiments of CDN-

labeled protein bound to a fluorinated ligand, tetraphenylphosphonium (TPP+), the authors 

measured 214 protein-ligand distances from 5.8 Å to 12 Å. These distances constrained a 

2.1 Å structure of the dimeric protein in dimyristoyl-phosphatidylcholine (DMPC) bilayers 

(Fig. 6A–C). Moreover, the 1H-19F distances showed that TPP lies closer to one subunit of 

the protein than the other, thus explaining the asymmetric proton dissociation constant of the 

proton-binding residue, Glu14.

In some cases, the ligand conformation when bound to its protein target is unknown and can 

be defined using 19F REDOR NMR. Bryostatin 1 is a protein kinase C (PKC) modulator 

that has shown promise in oncology, neurology, and infectious diseases. Cegelski, Schaefer 

and coworkers investigated the structure of a bryostatin analog, bound to the PKC receptor 

in lipid membranes by measuring 13C-19F, 13C-2H, and 2H-19F REDOR spectra of a triply 
13C, 2H, and 19F labeled analog67. The measured distance distributions (Fig. 6D, E)66 show 

a long-distance component of 10–13.5 Å that coexists with a minor component of a ~6 

Å distance. The latter cannot arise from intramolecular dephasing and must be attributed 

to intermolecular PKC dimers. MD simulations based on these distance restraints led to a 
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model of the membrane-bound PKC-bryolog complex, and suggested that design of future 

PKC modulators should consider the conformational flexibility of the ligand.

2.3 19F-Based Heteronuclear Correlation NMR Experiments

While 19F REDOR NMR provides important long-range distance constraints, in systems 

containing multiple fluorines, 19F resonance assignment becomes necessary. This 

assignment can be achieved by correlating 19F chemical shifts with 13C or other nuclei 

in 2D or 3D HETCOR spectra. Polenova and coworkers recently demonstrated a 2D 19F-13C 

HETCOR experiment using 19F-13C cross polarization (CP) for polarization transfer and 

dynamic nuclear polarization (DNP) for sensitivity enhancement (Fig. 7A)68. Since no DNP 

probe that simultaneously tunes 1H, 19F, and X was available at the time of this study, 

these authors tuned the 1H channel of an HXY probe to 19F. Even in the absence of 1H 

decoupling, by using a MAS rate of 24 kHz and high-power 19F and 13C pulses, the authors 

obtained sufficiently resolved spectra. Absolute 19F sensitivity enhancement factors of 12–

29 were obtained. The authors demonstrated this DNP 2D 19F-13C HETCOR experiment on 

5F-Trp labeled HIV-1 capsid tube assembly. The observed 19F-13C correlations correspond 

to distances of 8–11 Å, including both intramolecular and intermolecular contacts.

13C-19F HETCOR spectra can also be obtained using REDOR as the polarization transfer 

building block. Hong and coworkers showed that TEDOR transfer from 13C to 19F for 

detection has higher efficiency and sensitivity compared to out-and-back sequences and 

compared to 13C-detected TEDOR24. Applied to the influenza BM2 TM peptide, they 

observed cross peaks between 13C-labeled Ile14 and 5F-Trp23, which can only arise from 

antiparallel packed BM2 tetramers (Fig. 7B).

In addition to 13C-19F HETCOR, 1H-19F HETCOR experiments were introduced recently. 

By combining 1H-19F CP with 1H-1H or 19F-19F RFDR recoupling, Su and coworkers 

conducted 3D 19F-1H-1H (FHH) and 19F-19F-1H (FFH) correlation experiments under 60 

kHz MAS (Fig. 7C)69. Since both 1H and 19F are 100% abundant, these experiments 

do not require isotopic enrichment and are thus well suited to studies of pharmaceutical 

compounds. These authors demonstrated these experiments on aprepitant in its crystalline 

form and as a nanoparticulate formulation, EMEND. They obtained high spectral sensitivity 

and resolution by 1H detection under 65 kHz MAS. These 19F-1H HETCOR spectra showed 

that the structure of the active pharmaceutical ingredients (API) is similar between the 

crystalline form and the drug formulation. Moreover, the 3D FHH spectra show correlations 

between the aromatic fluorine and one of the CF3 groups, giving information about the 

conformation of the API.

2.4 19F Heteronuclear NMR for Pharmaceutical Sciences

Over 30% of pharmaceutical compounds contain fluorines70, making 19F NMR well 

suited for molecular structural characterization. Considerable efforts in the pharmaceutical 

industry center on the improvement of drug delivery strategies and product stability, where 

understanding the physiochemical properties of API’s and excipients is crucial for drug 

formulation. 19F NMR is a sensitive technique for understanding the interactions of API’s 

with excipients, and for probing the local structure in amorphous solid drug products. In 
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crystalline pharmaceuticals, characterizing the packing of the drug product is important for 

maintaining product quality profiles.

Fast MAS 19F-1H HETCOR experiments were recently applied to posaconazole (POSA), 

the API in an antifungal drug. Su and coworkers detected intermolecular 1H-19F correlation 

signals under 60 kHz MAS, consistent with the presence of both “head-to-head” and “head-

to-tail” packing in the crystalline lattice71. The authors also studied an amorphous form of 

POSA using 19F-1H HETCOR, 13C-19F CP, and 13C-19F REDOR72. The 13C-19F REDOR 

data indicate intermolecular distances of 3–5 Å for “head-to-tail” contacts. Interestingly, 

one 13C-19F distance increased from 3.3 Å to 6.2 Å between the crystalline and amorphous 

forms, suggesting that the amorphous form of the drug lacks the head-to-head packing. 
19F NMR was also used to probe the interactions between POSA and an excipient, 

hypromellose acetate succinate (HPMCAS), to understand the structural basis of the stability 

of amorphous solid dispersions (ASD)73. Using a symmetry-based sequence, SR41
2, for 

13C-19F dipolar recoupling, Su and coworkers measured an intermolecular distance of 6.0 

Å in the ASD, indicating head-to-tail packing. 13C-19F REDOR data of fluorinated POSA 

and a 13C-carboxyl group in HPMCAS showed a distance of 4.3 Å, suggesting the possible 

interactions that stabilize the ASD. These studies demonstrate the power of 19F solid-state 

NMR for giving molecular insights into the structures of pharmaceutical compounds.

3. Homonuclear 19F-19F Distance Techniques

Complementary to heteronuclear 19F NMR, homonuclear 19F-19F dipolar NMR is an 

effective approach for measuring nanometer distances when multiple fluorines are present 

in a system. Due to the high gyromagnetic ratio of 19F, 19F-19F dipolar couplings are 

14-fold stronger than 13C-13C dipolar couplings for the same distance. This enables 19F-19F 

distances up to ~2 nm to be measured, either qualitatively as cross peaks in 2D spectra 

or more quantitatively as buildup rates or decay rates. Homonuclear 19F-19F distances can 

be measured using two NMR approaches: isotropic spin exchange and anisotropic spin 

exchange.

3.1 Principle of Isotropic 19F Spin Exchange

When multiple fluorines are spectrally resolved, 2D 19F-19F correlation experiments 

allow the extraction of qualitative distance information from cross-peak intensities. 

Conventional spin diffusion experiments such as proton-driven spin diffusion (PDSD) 

and combined Rn
v-driven spin diffusion (CORD)74 have been applied to 19F-19F distance 

measurements75,76 Under relatively fast MAS rates of 20 kHz or higher, this 19F isotropic 

spin exchange is more efficient with 1H irradiation (CORD and DARR) than without 

(PDSD). Because 19F labels are usually sparse in a biomolecular system, these 19F-19F cross 

peak intensities largely encode direct distances. This differs from 13C-13C spin exchange in 

uniformly 13C-labeled proteins, where cross peaks reflect relayed polarization transfer and 

dipolar truncation effects77, thus limiting the accuracy of the distance extraction. If multiple 
19F spins happen to be in close proximity, for example for a multi-fluorinated aromatic ring, 

then care should be taken to account for dipolar truncation effects in interpreting the 19F-19F 

cross peak intensities75,78.
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The first analytical treatment for quantifying 19F-19F distances from isotropic spin exchange 

was shown by Hong and coworkers75. They calibrated spin exchange rates (ksd) using 

structurally known model compounds for 19F spectra measured under 25–35 kHz MAS at 

a moderately high magnetic field of 14.1 T. For spin exchange in the weak-coupling limit, 

the product of ksd with the square of isotropic shift difference (kSD Δδiso
2) depends on the 

distance as 1/r6:

kSDΔδiso2 = 0.5πf0ωd
2 = c

r6

Here f0 is a phenomenological constant in the overlap integral between the normalized 

single-quantum lineshapes of the two spins; Δδiso is the isotropic chemical shift difference; 

and ωd is the dipolar coupling. By measuring cross-peak intensity buildup rates of model 

compounds with known F-F distances (Fig. 8A), one can obtain the constant c. 2D spectra 

of model compounds containing both aromatic fluorines and aliphatic CF3 show that CF3-F 

polarization transfer was more efficient than F-F polarization transfer, reflecting the stronger 

dipolar coupling of three closely spaced fluorines in the trifluoromethyl group than a single 

F to a remote fluorine (Fig. 8B).

The effectiveness of this isotropic 19F spin exchange for distance measurement in proteins 

was demonstrated by Hong and coworkers on the microcrystalline protein GB175 and by 

Polenova and coworkers on the HIV-1 capsid protein tubular assemblies76. Fast MAS rates 

of 25–60 kHz and high magnetic fields of 14.1 T and 19.96 T were used for these studies, 

to obtain high spectral sensitivity and resolution. 3F-Tyr labeled GB1 and 5F-Trp labeled 

HIV-1 CA proteins were produced by adding glyphosate to the bacterial culture prior to 

protein expression. For GB1, inter-Tyr cross peaks for distances of 0.5 nm to 1.6 nm were 

observed using 19F CORD spin diffusion with mixing times up to ~300 ms under 25 kHz 

MAS (Fig. 8C). The measured cross peak buildup time constants follow the 1/r6 dependence 

after correcting for chemical shift differences. Thus, 19F spin exchange can be analyzed 

to give semi-quantitative distances. For the HIV capsid protein, inter-Trp cross peaks for 

distances up to 2 nm were observed, using PDSD spin diffusion with mixing times up to 1 s 

under 35 kHz MAS.

3.2. Applications of 19F Isotropic Spin Exchange to Structural Biology

3.2.1 HIV-1 Capsid Protein—Polenova and coworkers applied the 2D 19F correlation 

NMR approach to measure long distances in the HIV-1 capsid protein tubular assemblies76. 

The 25.6 kDa CA oligomerizes into hexameric subunits (Fig. 8D) arranged in a hexagonal 

lattice. 2D 19F-19F correlation spectra of 5F-Trp labeled CA measured at 19.96 T show 

narrow 19F linewidths of 0.3–1.0 ppm even without 1H decoupling for MAS frequencies of 

35 to 60 kHz. With 1 s 19F spin diffusion at 35 kHz MAS, multiple 19F-19F correlations 

were observed, among which the W23-W80 cross peak corresponds to the longest distance 

of 23 Å (Fig. 8D). Applying DNP68, these authors showed that the 19F spectral sensitivity 

can be enhanced up to 100-fold. This was achieved in CA samples containing 22 mM of 

the biradical AMUPol and spun at 24 kHz MAS. Polarization transfer from the unpaired 

electrons of the biradical to 19F and the subsequent transfer among 19F spins are efficient, 
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as shown by the similar sensitivity enhancements for 19F and 1H. Because the 19F spin 

density is low, the 19F DNP buildup times are much longer (9.5–14.4 s) than the 1H 

buildup times (0.9–4.3 s). The 19F buildup times also show little dependence on the biradical 

concentration, consistent with a lack of relayed polarization transfer. This DNP condition 

was also used to obtain high-sensitivity 2D 19F-13C HETCOR spectra in the absence of 1H 

decoupling.

3.2.2 Protein-Lipid Interactions—Homonuclear 19F NMR, like its heteronuclear 

analog, is well suited to characterize small-molecule interactions in biological membranes. 

Hong and coworkers recently applied 2D 19F-19F isotropic spin exchange to investigate 

cholesterol clustering in lipid membranes79. An isooctyl tail fluorinated cholesterol, F7-

cholesterol, contains two CF3 groups and a CF moiety. Interestingly, the 19F spectra resolve 

two CF3 peaks (−76 ppm and −78 ppm) at high cholesterol concentrations but only one 

CF3 peak (−76 ppm) at low concentrations. 19F CODEX experiments (see section 3.4.4 

below) indicate that the −76 ppm peak results from cholesterol dimers whereas the −78 ppm 

peak arises from cholesterol tetramers. 2D 19F-19F correlation spectra measured with 40 ms 

CORD revealed cross peaks between these two CF3 signals, indicating tail-to-tail contacts 

between cholesterol dimers and tetramers. This study represents the first observation of 

oligomeric cholesterol assemblies in phospholipid bilayers.

Fluorinated cholesterol also allowed the study of cholesterol binding to the HIV fusion 

protein, gp41, using 2D 19F-19F correlation NMR62. By combining F7-cholesterol with 

4F-Phe and 5F-Trp labeled gp41, cholesterol-gp41 contacts were observed as cross peaks 

in 2D 19F correlation spectra. These spectra were measured using 500 ms CORD mixing 

under 10 kHz MAS on a 9.4 T magnet. The MPER-cholesterol cross peaks indicate that 

the cholesterol tail lies within 2 nm of the surface-bound MPER helix. Together with 
13C-19F REDOR data, these led to the proposal that three cholesterol molecules bind each 

gp41 trimer, and suggest that the MPER-TMD helix-turn-helix structure might sequester 

cholesterol for function.

3.3 Principle of Anisotropic 19F Spin Exchange

Multiple 19F spins of the same residue in a homo-oligomeric assembly have the same 

isotropic chemical shift, but usually have different anisotropic chemical shifts due to the 

different orientations of the 19F chemical shift tensors. Distances between these 19F spins 

can be measured using the Centerband-Only Detection of Exchange (CODEX) technique, 

originally developed by Schmidt-Rohr and coworkers for studying slow motion.80,81 The 
19F spin diffusion CODEX experiment82,83 encodes anisotropic spin exchange between 

orientationally inequivalent 19F spins through a stimulated spin echo. Rotor-synchronized 

180° pulses are applied to recouple the 19F CSA under MAS (Fig. 9A). Two trains of 180° 

pulses before and after a mixing period (tm) create a stimulated echo. If spin diffusion 

between fluorines with different chemical shift tensor orientations occurs during tm, then 

it changes the 19F CSA, thus preventing the complete refocusing of the stimulated echo. 

The echo intensity decrease thus provides information about the distance-dependent dipolar 

coupling. The CODEX experiment is conducted in pairs, with the control spectrum (S0) 

correcting for T1 relaxation effects for the exchange spectrum (S) through the intensity ratio, 
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S/S0 (Fig. 9B). At sufficiently long mixing times, the magnetization is equally distributed 

among n orientationally distinct spins, giving an equilibrium intensity of 1/n. Therefore, the 

equilibrium CODEX intensity reflects the oligomeric number, whereas the rate of CODEX 

intensity decay encodes the internuclear 19F-19F distance (Fig. 9C).

The 19F CODEX decay curves can be quantified using an exchange-matrix formalism 

to extract distances82. The principle of this formalism is the same as the isotropic spin 

exchange analysis, but takes into account the multi-spin nature of the problem. As before, 

the only adjustable parameter in this distance extraction is the overlap integral between the 

lineshapes of the two spins, which depends on the 19F CSA and MAS frequency. The value 

of this overlap integral can be calibrated using structurally known model compounds, and 

was found to vary between 15 and 40 μs for MAS frequencies below 35 kHz and at magnetic 

field strengths of 9.4 T and 14.1 T75,82. At these MAS rates, anisotropic spin exchange is 

more efficient in the absence of 1H irradiation (i.e. PDSD) than in the presence (e.g. DARR), 

in contrast to isotropic spin exchange. This indicates that 1H-19F recoupling broadens the 

spectral lineshapes, thus reducing the overlap integral. To ensure that this 19F CODEX 

technique detects spin diffusion instead of millisecond timescale motion, the experiments 

must be conducted at low temperature where molecular motions are frozen. For membrane 

proteins, 19F CODEX is typically conducted well below the phase transition temperature of 

the lipid membrane.

3.4 Application of 19F CODEX to Biomolecules

3.4.1 Influenza M2 Proton Channels—19F spin diffusion CODEX has been 

extensively applied to the tetrameric M2 channels of influenza A and B viruses41,42. These 

studies incorporated fluorines into native Phe and Trp residues as 4F-Phe and 5F-Trp. All 

studies found that the 19F CODEX echo intensities decayed to 0.25, thus directly showing 

the tetrameric nature of these peptides in lipid bilayers (Fig. 9C).

In addition to confirming the tetrameric nature of the peptides, 19F CODEX has provided 

mechanistic insights into the conformation of the gating Trp residue in M2 channels. Both 

influenza AM2 and BM2 contain an HxxxW motif, which is essential for the proton 

selectivity and channel gating. 5F-Trp incorporated into the M2 peptides was used to probe 

the structural dynamics of this functional motif. 19F CODEX experiments of 5F-Trp41 

in AM284 yielded a nearest-neighbor 19F-19F distance of ~11 Å in DMPC bilayers. This 

distance constrained the Trp41 sidechain to the t90 rotamer (χ1 ~ 180°, χ2 ~ 90°). 

Together with a His37 Nδ1–Trp Cγ distance of 3.8 Å85, these F-F distances implied a 

His37 sidechain conformation of t-160, which points the imidazole ring to the pore. These 

interhelical Trp41 distances in DMPC bilayers were relatively insensitive to pH. Subsequent 

experiments on AM2 bound to a virus-mimetic membrane refined these interhelical F-F 

distances to 11.3 Å and 12.4 Å at high and low pH, respectively43. These values indicate 

that the Trp41 χ2 angle differs by 15–20° between high pH and low pH. Moreover, C-H 

dipolar couplings measured at high temperature indicate that the Trp41 sidechain undergoes 

larger-amplitude torsional fluctuations at low pH than at high pH. This implies periodic 

close contacts between the cationic His37 imidazolium and the Trp41 indole at low pH. 

Thus, these data support a dynamic gating model for the HxxxW motif of the M2 channel.
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Influenza BM2 is a functional analogue of AM2 but exhibits little sequence homology. 

Although the amantadine class of antiviral drugs inhibit AM2, they are ineffective against 

BM2. 19F CODEX of BM2’s TM peptide was measured using 4F-Phe586. The CODEX 

decay curves were found to be bimodal, centered at 7 Å and 15 Å, suggesting a rectangular 

geometry for the four-spin cluster. The long-distance component indicates a wide N-terminal 

pore, which is consistent with the lack of binding of amantadine to the BM2 channel. 

Further studies of BM2 at different pH found that the gating residue, Trp23, has pH-

dependent interhelical distances (Fig. 9C)87. The distances increased from 9.4 Å at pH 7.5 

to 10.5 Å at pH 4.5. This channel pore widening was attributed to electrostatic repulsion 

between the cationic His19 at low pH. Thus, 19F CODEX data revealed subtle structural 

differences between AM2 and BM2 proton channels.

3.4.2 Antimicrobial Peptides and Cell-Penetrating Peptides—Antimicrobial 

peptides (AMPs) and cell-penetrating peptides (CPPs) modulate the physical properties of 

lipid membranes, to cause membrane permeation for host defense and to transport cargo 

into the cell. Both AMPs and CPPs are cationic and Arg-rich peptides, and share common 

features in many proposed mechanisms of action32,33. 19F CODEX NMR has been useful 

for determining the oligomeric structure of these membrane-active peptides.

The first application of 19F CODEX to AMP was to study the β-hairpin peptide PG-183. 

Hong and coworkers introduced 4F-Phe at a native Phe12 in the C-terminal strand, and 

measured an equilibrium CODEX intensity (S/S0) of 0.56. This result indicates that PG-1 

oligomerizes into at least dimers, with two C-terminal strands in close proximity. Additional 
13C-15N, 1H-13C and 13C-19F REDOR experiments revealed that the two peptides are 

aligned in parallel36. Interestingly, when 4F-phenylglycine (Phg) was introduced at residue 

7 in the N-terminal strand, the 19F CODEX data also showed intensity decays, with an 

equilibrium value of 0.45, indicating that the N-terminal strand is also dimerized90. Thus, 

the β-hairpins assemble into a larger oligomer like a β-barrel in the membrane. Simulations 

of the CODEX decays yielded 19F-19F distances of 9.0 Å for Phg7 at the N-N interface and 

6.5 Å for Phe12 at the C-C interface. These distances and other biochemical data led to a 

structural model of a transmembrane β-barrel across the 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE) / 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) 

membrane. Additional 13C-31P REDOR data of Arg-labeled PG-1 indicate that the POPE/

POPG membranes exhibit significant defects where some of the lipid headgroups are 

inserted into the membrane interior to form salt bridges with the guanidinium sidechains 

of Arg residues91. These results indicate that PG-1 forms a toroidal pore to disrupt the 

bacterial membrane.

19F CODEX was used to investigate the concentration-dependent self-assembly of the 

antibiotic peptide, alamethicin. This 19-residue peptaibol, rich in α-aminoisobutyric acid 

(Aib) residues, forms α-helical bundles of varying sizes. At high concentrations alamethicin 

can form ion-conducting TM pores. Bechinger and coworkers incorporated a CF3 group 

into alamethicin and conducted the 19F CODEX experiment under 15 kHz MAS on a 

500 MHz spectrometer. The CODEX equilibrium value of the POPC-bound alamethicin 

showed a sensitive dependence on the peptide/lipid (P/L) molar ratio. At a P/L of 1:13, 

an equilibrium value of 0.186 was obtained, while at a lower P/L of 1:30, the equilibrium 
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value increased to ~0.5. Therefore, alamethicin associates into pentamers and dimers at high 

and low concentrations, respectively88 (Fig. 9D). This study also determined the overlap 

integral of CF3 groups, yielding a 10-fold higher value of 450 μs compared to the values for 

CF groups, consistent with the faster isotropic spin exchange observed between CF3 and F 

groups75.

The same authors applied 19F CODEX to a 10-residue analog of alamethicin, trichogen, 

to understand its membrane-bound structure and assembly. Trichogin adopts a membrane-

surface topology at low concentrations89 but induces ion leakage from liposomes in a 

concentration-dependent manner. 19F CODEX experiments on POPC-bound trichogin found 

a tetramer with F-F distances of 9–9.5 Å at a high P/L of 1:8. In comparison, EPR data 

showed dimer formation at a lower P/L of 1:20 (Fig. 9E). Oriented membrane 15N chemical 

shifts indicate that most dimers and tetramers are oriented parallel to the membrane surface, 

but at high concentrations (P/L = 1:8), a small population with non-parallel orientation is 

also present, indicating that the tetramers are disordered.

Human defensins are cationic disulfide-bonded AMPs that are an essential component of the 

innate immune system. 19F CODEX experiments were used to investigate the oligomeric 

structure of the human neutrophil peptide 1 (HNP-1) in DMPC/DMPG bilayers92. A 

4F-Phg4 labeled peptide yielded a CODEX equilibrium value of 0.66, indicating that the 

protein is partly dimerized. Several structural models of this basket-shaped HNP-1 dimer 

in the membrane are possible, differing in their membrane insertion depths, orientation in 

the membrane, and the positions of the four Arg sidechains from the membrane surface. 

Combining 13C-31P REDOR of 13C-labeled Arg and lipid phosphate headgroups and 

membrane topology information obtained from lipid-protein 1H spin diffusion data, Hong 

and coworkers found that HNP-1 adopts a dimer pore structure in which the polar top of 

the peptide faces an aqueous pore whereas the hydrophobic bottom faces the lipids. Among 

the four Arg residues, R25 forms a hydrogen-bonded guanidinium-phosphate complex to 

stabilize the structure.

While cationic AMPs disrupt microbial membranes for their action, cationic CPPs preserve 

the membrane integrity while carrying biological cargos into the cell. Understanding the 

mechanism of this membrane crossing is of both fundamental interest and practical interest 

in utilizing these peptides as drug-delivery agents. 19F CODEX data of a CPP, penetratin, in 

DMPC/DMPG bilayers showed a trimeric assembly of three β-strands93. The measured F-F 

distance of 6 Å and 10 Å support antiparallel packing of these β-strands.

3.4.3 Viral Fusion Proteins—The TM domain of viral fusion proteins is important 

for fusing the viral and cell membranes, but its structural details are not well understood 

because of the hydrophobic nature of these peptides. 19F CODEX of HIV-1 and 

parainfluenza virus 5 (PIV5) fusion proteins have provided information about the oligomeric 

structure of these α-helical peptides. Biophysical studies of gp41 in different membrane-

mimetic environments had previously led to discrepant structural models in the literature. 

Using 19F CODEX, Hong and coworkers showed that the gp41 MPER-TMD peptide forms 

trimeric helical bundles in virus-mimetic lipid bilayers (Fig. 9F)49. The intermolecular F-F 

distances between 5F-Trp residues in the MPER (W680 and W678) and between 4F-F699 
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in the TMD range from 11 to 12 Å. These CODEX data, together with membrane insertion 

data and REDOR distances, constrained a helix-turn-helix structure for each protomer of the 

trimer. In this assembly, the MPER helix lies on the membrane surface whereas the TMD 

spans the membrane.

19F CODEX experiments were also applied to the TM peptide of the PIV5 fusion protein F 

to determine its membrane-bound structure94. By placing 4F-Phe residues at three positions 

of the helix (L493F, L500F, and L504F) and measuring the CODEX decays, Hong and 

coworkers found interhelical distances of 8.2 to 10.5 Å. Together with crosslinking data, 

these distances constrained the interhelical packing of the helical bundle, and suggest that 

the leucine-rich central segment of this TM peptide is the trimerization core of the protein.

3.4.4 Cholesterol Clusters in Lipid Membranes—19F CODEX experiments are 

instrumental for proving the existence of small cholesterol clusters in lipid bilayers. Using 

isooctyl-tail fluorinated cholesterol, F7-cholesterol, and a 2D extension of the 19F CODEX 

experiment, Hong and coworkers found that cholesterol associates into dimers and tetramers 

in lipid bilayers79. Due to the presence of two CF3 groups and a CF group with different 

chemical shifts, 2D CODEX was necessary to distinguish intermolecular anisotropic spin 

exchange from intramolecular isotropic exchange. The latter is manifested as cross peaks 

between CF3 and CF peaks, whereas the former is manifested as decay of the diagonal 

intensities between the 2D CODEX S0 and S spectra. 19F spectra measured on a 17% 

and 44% cholesterol membrane showed two CF3 chemical shifts. The major component’s 

diagonal peak exhibited an equilibrium S/S0 value of 0.23 in the 2D CODEX spectra, 

whereas the minor component, present only at high cholesterol concentration, showed an 

equilibrium value of 0.12. Since each cholesterol contains two CF3 groups, these values 

indicate cholesterol dimers and tetramers, respectively. Together with 13C CODEX data 

and MD simulations, these results led to experimentally constrained structures of small 

cholesterol clusters, and suggest that dimers are the basic structural unit of cholesterol in 

lipid bilayers under a wide range of biologically relevant conditions.

3.5. 19F-19F Distance Measurements in Oriented Membranes

While MAS experiments account for the majority of distance measurement techniques 

in solid-state NMR, static 19F NMR has also been explored for distance measurement. 

Ulrich and coworkers incorporated two fluorine labels into membrane peptides and used a 

Carr-Purcell-Meiboom-Gill (CPMG) experiment to measure well resolved 19F-19F dipolar 

splittings in static 19F spectra of the oriented peptide95. By placing two rigid 4F-Phg 

labels in the antimicrobial peptide PGLa and aligning it in DMPC bilayers, they obtained 

distance-dependent 19F −19F dipolar splittings. When the two 4F-Phg labels are separated 

by four and seven residues, they observed splittings of 363 Hz and 79 Hz, respectively, 

which correspond to F-F distances of 6.6 and 11.0 Å. Thus, if high membrane orientational 

order can be achieved, this static 19F NMR is a simple and effective approach for measuring 

distances.
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3.6 19F-19F Homonuclear Dipolar Recoupling Techniques

At MAS frequencies above ~40 kHz, spin diffusion is no longer effective for polarization 

transfer, thus calling for homonuclear recoupling approaches for measuring 19F-19F 

distances. RFDR is one of the simplest homonuclear dipolar recoupling sequences25,96, 

with only one 180° pulse per rotor period, and has been well explored for 19F NMR. 

McDermott and coworkers first demonstrated this 19F RFDR approach under 12–13 kHz 

MAS on a 400 MHz spectrometer (9.4 T)97. Fluorinated small molecules were synthesized 

with known distances and geometries to study the effects of internuclear distances and CSA 

tensor orientations on 19F spin exchange. They measured significant 19F spin exchange for 

distances up to ~12 Å using mixing times up to 35 ms. The CSA tensor orientation had 

significant effects on the magnetization exchange. But a distance precision of 1 Å was still 

achievable for shorter distances and 2 Å for longer distances.

Schmidt-Rohr and coworkers employed 2D 19F-19F RFDR experiments under fast MAS 

to investigate the perfluorinated polymer nafion98. Using 30 kHz MAS at 9.4 T, these 

authors obtained high-sensitivity 2D 19F-19F RFDR spectra of the polymer, from which they 

assigned the O, S and C-bonded CF3, CF2, and CF groups. The study was simplified by 

the lack of hydrogens in the polymer, which allowed the 1H channel to be tuned to fluorine 

without the need for 1H pulses. Fast MAS is highly beneficial for suppressing the CSA 

spinning sidebands.

Hong and coworkers investigated the effects of MAS frequencies, rf pulse duty cycle, 19F 

CSA tensor orientations, and multi-spin effects on 19F RFDR spin exchange99. Under 25 

kHz MAS, RFDR polarization transfer rates were found to be two orders of magnitude 

faster compared to 19F spin diffusion. The RFDR buildup time constants were several 

milliseconds for distances of 3 – 10 Å, whereas the corresponding spin diffusion buildup 

time constants are several hundreds of milliseconds. However, relaxation during the RFDR 

mixing period is also faster compared to T1 relaxation during the spin diffusion mixing 

period. Therefore the relative rates of cross-peak buildup and relaxation decay should 

be examined to ascertain which technique has higher overall sensitivity. Under very fast 

MAS, relaxation during RFDR is sufficiently slowed down that RFDR outperforms spin 

diffusion for 19F-19F distance measurement. At MAS frequencies of 20–40 kHz, the 19F 

180° pulse occupies 15–30% of the rotation period using typical rf field strengths. Under 

these conditions, cross-peak buildup rates depend on both the 19F CSA tensor orientation 

and the inter-fluorine distance. Above 40 kHz MAS, numerical simulations showed that the 

cross-peak buildup rates have a much smaller dependence on the CSA tensor orientation, 

thus allowing distances to be extracted more accurately. Fast MAS also reduced the 19F 

relaxation loss in the absence of 1H decoupling. These advantages allow 19F-19F distances 

up to ~1 nm to be measured with a precision better than 0.5 Å. Numerical simulations 

indicate that δ-pulse RFDR at MAS frequencies of ~25 kHz encodes both distance and 

tensor orientation, whereas finite-pulse RFDR (fpRFDR)100 at the MAS frequency of 60 

kHz yields primarily distances, thus simplifying the analysis. These conclusions were 

similarly reached by Polenova and coworkers, who examined the effects of multi-spin 
19F-19F dipolar coupling and phase cycling on the performance of 19F RFDR under 60 

– 111 kHz MAS101 102. Using fluorinated aromatic compounds with defined distances, 
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these authors found that fpRFDR efficiently transfers polarization without requiring large 

chemical shift differences. Application of this 19F RFDR experiment to the HIV-1 capsid 

protein76 at 40 and 60 kHz MAS yielded cross peaks for fluorines separated by 9–23 Å, 

demonstrating the efficiency of 19F RFDR spin exchange for distance measurement.

4. 1H-1H Distance Measurements Under Fast MAS

As the most abundant as well as the highest-γ stable spin-1/2 nucleus in organic and 

biological molecules, 1H has long been the most sensitive nuclear spin for NMR. Its 

high γ also makes 1H-1H dipolar coupling a potential long-distances probe. However, 
1H NMR of solids have long been hampered by the severe line broadening caused by 

the extensive 1H-1H dipolar network. In the last decade, two technological advances have 

largely overcome this barrier to distance measurement. The first advance is to reduce the 

proton density of biomolecules by perdeuteration followed by back-exchange in protonated 

solvents103,104, and the second advance is to spin samples at very fast MAS frequencies of 

~100 kHz105–107. These advances have led to the introduction of pulse sequences tailored 

to 1H-1H distance measurements, which are often implemented with high-sensitivity 1H 

detection in high-dimensional correlation experiments.

4.1. 1H-1H Distance Measurement Techniques

The simplest approach for measuring qualitative 1H-1H distances in solid-state NMR 

is Proton Spin Diffusion (PSD), as no rf pulses are applied during the mixing time 

(Fig. 10A). However, the spin diffusion mechanism is rapidly attenuated with increasing 

MAS frequencies. Thus, 1H-1H recoupling is necessary under the fast MAS condition 

where most high-resolution 1H spectra are measured. Recently, several 1H homonuclear 

recoupling techniques tailored to fast MAS have been examined or introduced for distance 

measurements108–111. These include fpRFDR, DREAM, SERP, AM-MIRROR, and BASS-

SD.

The RFDR experiment25,100 (Fig. 10B), uses rotor-synchronized 180° pulses to induce 

longitudinal magnetization transfer. With only one pulse per rotor period, this experiment 

has a relatively modest rf demand, and can be implemented even at fast MAS frequencies 

of ~100 kHz. Under fast MAS, the finite-pulse RFDR recoupling mechanism dominates100. 
1H-1H distance measurements were first demonstrated by Zilm and Rienstra on model 

proteins ubiquitin104 and GB1112 that were CDN-labelled and back-exchange with H2O 

to install amide protons. Correlation with 15N and 13C chemical shifts in 2D and 3D 

experiments resolved the resonances. In the initial demonstrations of this approach, MAS 

rates of 20 kHz and 39 kHz were used for ubiquitin and GB1, respectively. For GB1, 

517 1H-1H distance restraints up to 5.5 Å were measured and allowed de novo structure 

calculation, giving good agreement with the crystal structure112. Differences mainly lie 

in the sidechains, for which few constraints were available since only exchangeable HN 

and HO protons were measured in the perdeuterated protein. Reif, Linser and coworkers 

proposed 3D and 4D 15N-resolved 1H-1H RFDR experiments and demonstrated them 

on perdeuterated and 25% back-exchanged α-spectrin SH3113,114. The sparse 1H system 

allowed the measurement of distances up to 13 Å between amide HN and sidechain methyl 
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protons even at a moderate MAS frequency of 20 and 24 kHz. When the perdeuterated 

protein was 100% back-exchanged with protons, then spinning to 55 kHz was necessary 

to give well-resolved 1H spectra. When even faster MAS rates of 100 kHz are used for 

protonated proteins, RFDR still performs well, giving 1H-1H distance restraints of up to 5.5 

Å in GB1 and in a bacteriophage coat protein,115.

Although RFDR is simple to implement, its efficiency decreases with increasing MAS 

rates. Moreover, at ultrafast MAS, high RF field strengths close to 100 kHz become 

necessary to fit the 180° pulse into each rotor period. Meier and coworkers employed 

the DREAM (Dipolar Recoupling Enhanced by Amplitude Modulation) experiment (Fig. 

10C)116, originally developed for 13C NMR, to bypass these limitations. DREAM recouples 

homonuclear dipolar interactions using an adiabatic pulse whose field strength is centered 

at the Homonuclear Rotary Resonance (HORROR) condition of ω1=ωr/2. Because of 

its double-quantum nature, the sign of DREAM cross-peaks alternates between positive 

and negative, depending on whether a 1H-1H correlation results from direct or relayed 

dipolar transfer. The DREAM recoupling method was incorporated into a 4D 1H-13C 

resolved HSQC-DREAM-HSQC experiment to measure 1H-1H correlations in methyl 

labelled ubiquitin. This DREAM experiment was first employed at 55 kHz MAS117 and 

subsequently at 100 kHz MAS118. In the latter study, distances up to 7 Å were measured 

using mixing times of 8 ms.

BASS-SD (Band Selective Spectral Spin-Diffusion)119 is a selective zero-quantum 

recoupling experiment in which a weak spin-lock pulse is applied to achieve selective 

polarization transfer only within the HN band, the Hα band, or the methyl proton band (Fig. 

10D). Using protonated GB1, Agarwal and coworkers showed that BASS-SD selectively 

transferred magnetization between like protons that are 6 Å apart under 111 kHz MAS. 

Compared to RFDR, the BASS-SD yields higher signal sensitivity and less rf demand. 

However, the distance constraints are more qualitative, and the method is limited to short 

mixing times due to T1ρ relaxation.

Other selective 1H-1H recoupling techniques for fast MAS were recently introduced by 

Agarwal and coworkers. The SERP (Selective Recoupling of Protons) experiment124 uses 

phase-modulated pulses to generate double-quantum dipolar Hamiltonians, and is sensitive 

to 1H-1H distances up to 5 Å in fully protonated molecules (Fig. 10E). Quantitative dipolar 

oscillations are observed for short distances of ~3 Å120, as shown on thymol at 68 kHz 

MAS125. SPR (Selective Phase-optimized Recoupling) is similar to SERP and was recently 

introduced for MAS rates higher than 150 kHz122. 1H-1H correlations for distances over 11 

Å were observed in the model compound pioglitazone hydrochloride.

The reverse AM-MIRROR (Amplitude Modulated Mixed Rotational and Rotary Resonance) 

experiment was introduced by Ernst and coworkers to achieve chemical-shift compensated 

broadband 1H spin diffusion under fast MAS126. Here the 1H channel has the same simple 

pair of 90° pulses as in PSD, but additionally a weak adiabatic pulse is applied on the 

heteronuclear channel (Fig. 10F). Compared to BASS-SD, AM-MIRROR avoids severe 

signal loss during the spin-lock pulse. The method was demonstrated on ubiquitin, and long 

distances of up to 10 Å were measured with a mixing time of 20 ms under 100 kHz MAS. 
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Since the AM-MIRROR recoupling field strength is independent of the MAS frequency, the 

technique does not require high rf amplitudes under fast MAS.

4.2. Applications of Long-Range 1H Distance Measurements to Structural Biology

These 1H-1H distance techniques have been increasingly applied to large, heterogeneous, 

and insoluble biomolecules under fast MAS frequencies of 60–150 kHz127. These 

systems include viral proteins, macromolecular assemblies, amyloid fibrils, membrane-

bound proteins, and drug formulations128–133. Here, we highlight a few studies where 

high-sensitivity 1H-detected measurements of 1H-1H distances provided crucial structural 

restraints for these biomolecules.

4.2.1 Viral Proteins—Pintacuda and co-workers solved the de novo structure of the 

14 kDa Acinetobacter phage 205 coat protein (AP205CP) using 1H-detected NMR (Fig. 

11A)115. AP205CP is a dimeric protein that constitutes the basic subunit of the icosahedral 

capsid of the phage. Even with full protonation, sedimented microcrystals of AP205CP 

yielded narrow 1H linewidths of 0.15–0.20 ppm when spun under 100 kHz on a 1 

GHz NMR spectrometer. The presence of sidechain protons in addition to amide HN 

allowed the measurement of 1H-1H correlations using 3D hNHH and hCHH experiments 

and RFDR mixing. In total, the authors obtained 410 intramolecular distances and 104 

intermolecular distances up to 5.5 Å, which constrained the structure of this dimeric protein. 

The same approach was also applied to other viral proteins, including the hepatitis B 

virus nucleocapsid core and envelope proteins134,135, and the hepatitis C virus nonstructural 

protein 4B bound to lipid bilayers136.

Using 1H-detected fast MAS NMR, Griffin and coworkers determined the structure 

of the S31N mutant of the influenza AM218–60 protein in diphytanoylphosphocholine 

bilayers137. To obtain interhelical distance constraints, the authors conducted 15N-13C 

TEDOR experiments on mixed 15N and 13C labeled samples as well as 1H-1H RFDR 

experiments under 60 kHz MAS. The latter involved 1H exchanged, 15N labeled and ILV-

methyl 13C-labeled proteins. A 4D HCHHCH experiment with 8 ms fpRFDR and a 3D 

hNHH experiment with 3.3 ms fpRFDR were conducted to give methyl-methyl and HN-HN 

distance restraints. The authors obtained nine inter-helical contacts, which constrained the 

sidechain conformations of the functionally important His37 and Trp41 residues in this 

proton channel.

Lange and co-workers investigated the oligomeric structure of gp17.1138,139, a protein 

component of the extensive tail tubes from the SPP1 virus140. To probe the dimerization 

interface, the authors mixed 1H-exchanged 2H, 15N-gp17.1 with equal amounts of 

isoleucine methyl-labeled (Ile-1Hδ−13Cδ)-(2H, 12C)-gp17.1. The latter was obtained from α-

ketobutyrate-4-13C-3,3-d2 precursors141. 1H-detected 3D HNhH spectra with 10 ms RFDR 

mixing provided seven unambiguous interchain contacts between methyl and amide HN 

protons (Fig. 11B). This result was subsequently corroborated by mutagenesis data, where 

deletion of the identified residues prevented oligomerization. Here the extensive deuteration 

and site-specific labeling of the protein obviated the need for very fast MAS, and 40 kHz 

MAS and a 900 MHz magnet sufficed to give well-resolved hNH and hCH spectra.
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4.2.2 Membrane Proteins—For large membrane proteins, sparse 1H labeling is an 

effective approach for distance measurements, by reducing both spectral congestion and 
1H linewidths. Weingarth and coworkers introduced amino-acid specific 1H labeling into 

a perdeuterated protein to measure long-range interactions between non-exchangeable 

aliphatic protons142. This proton cloud strategy consists of adding 13C, 15N-labeled and 

protonated amino acids to E. coli minimal media prepared in D2O (Fig. 12A). This strategy 

was first demonstrated on Val, Leu-labeled ubiquitin under 60 kHz MAS on an 800 MHz 

spectrometer. Distances up to 6 Å between Val and Leu sidechain protons were observed 

with 75 ms 1H spin diffusion (Fig. 12A). Since proton clouds do not require re-protonation 

at exchangeable sites, which can be difficult to achieve for membrane-bound proteins, this 

approach is particularly useful for studying membrane proteins. This was demonstrated on 

BamA, a 52 kDa β-barrel assembly (Fig 12B)142.

Oschkinat and coworkers determined the structure of the 14-stranded 34 kDa β-barrel 

formed by the outer membrane protein G (OmpG)143. Using 3D hNHH and hNhhNH 

experiments with 2 ms RFDR mixing under 60 kHz MAS, the authors measured 102 HN- 

HN distances. The protein was CDN-labeled followed by 1H exchange and was bound to E. 
coli lipid extracts (Fig. 12C). These HN-HN distances helped to restrain a high-resolution 

structure of the protein using the ARIA145 and CNS146 software.

Andreas and coworkers determined the structures of another β-barrel membrane protein, 

AlkL, using fully protonated samples and 1H-detected NMR. The 8-stranded protein is a 

member of the OmpW family and imports hydrophobic molecules such as alkanes and 

terpenoids across the outer membrane of Gram-negative bacteria. These authors investigated 

the AlkL structure in both DMPC bilayers and octyl glucoside micelles using solid-state and 

solution NMR, respectively144 (Fig. 12D). For the bilayer-bound protein, 1H-1H distance 

restraints were measured using 4D HNNH experiments with fpRFDR and BASS-SD mixing 

schemes. These experiments yielded 769 1H-1H restraints, many of which constrain the 

packing of the β-strands in the membrane. Full protonation of the protein is crucial for 

obtaining sidechain distances. The bilayer-bound structure shows a narrow TM pore that 

suggests that substrates are not transported in a straight path. Instead, the presence of several 

openings near the membrane surface suggests a dynamic lateral release model. This was 

supported by MD simulations and NMR relaxation data and chemical shift perturbations in 

the presence of the substrate octane and carvone.

Structural and mechanistic studies of membrane proteins can benefit from NMR spectral 

editing. Exchanging solvent-exposed NH groups with D2O is a straightforward approach 

to render these residues invisible while keeping solvent-inaccessible residues in the TM 

domain visible from 1H-detected experiments. This approach is especially well suited for 

examining the membrane topology of and water cavities in membrane proteins147,148. 

Conversely, water-exposed residues can be selectively detected by water magnetization 

transfer experiments in protonated solvents149. The water magnetization can be selected 

using a 1H T2 filter, then transferred to the protein104,150. Water contact with proteins has 

been studied under 55–60 kHz MAS for the anion channel hVDAC151, AlkL144, GlpG 

protease152, and the potassium channel KcsA153. In the case of KcsA, residue-specific 

correlations between the protein and ordered water molecules were detected in a 2D HhN 
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experiment with 1.2 ms PSD. Weingarth and coworkers showed that these ordered water 

molecules play an important role in regulating channel gating154. Well-resolved 1H chemical 

shifts are also informative for identifying structurally and functionally relevant hydrogen 

bonds in KcsA154, the influenza M2 proton channel155,156, human carbonic anhydrase II157, 

nucleic acids158, and amyloid fibrils159.

4.2.3 Amyloid Fibrils—Fast MAS 1H-detected NMR spectroscopy has also been used 

to investigate amyloid protein structure. Loquet, Habenstein and co-workers identified 

key molecular properties that modulate the aggregation of functional amyloids160. The 

authors determined the structure of the fungal amyloid protein, HELLF, based on 1H-1H 

distance restraints measured under 110 kHz MAS on a 1 GHz NMR spectrometer. The 

fibrils displayed a single molecular conformation featuring a rigid β-solenoid fold with 

a 1H linewidth of 150–200 Hz. A total of 143 long-range intramolecular 1H-1H contacts 

were obtained from 3D hCHH, HhCH, and HhNH experiments with RFDR mixing. 

Intermolecular 1H contacts were obtained using an HhNH experiment on an equimolar 

mixture of unlabeled and protonated HELLF mixed with perdeuterated and 1H-exchanged 
15N-labeled HELLF (Fig. 13A). Interestingly, although HELLF shares a similar structure 

to the HET-s protein161 and co-exists in the same fungus, Podospora anserina, these two 

prions do not cross-aggregate. After generating several HELLF mutants that exhibited the 

same three-dimensional fold but very different cross-aggregation propensities, the authors 

concluded that the overall protein fold is insufficient to induce prion strains but that crucial 

sidechain positions may be important for determining the cross-seeding propensity and prion 

specificity.

4.2.4 Protein-Ligand Complexes—The high spectral resolution provided by fast 

MAS and high magnetic fields brings new opportunities to investigate large enzymatic 

complexes. Recent studies have investigated the mechanisms162, substrate-binding163–165, 

and dynamics166 of enzymes such as ATPases, peptidoglycan-crosslinking enzymes, and 

aminopeptidases. Linser and co-workers studied the structure and function of human 

carbonic anhydrase II (hCAII), a 29 kDa enzyme responsible for hydrating CO2 to 

bicarbonate167. Using fully protonated 15N, 13C-labeled hCAII and 111 kHz MAS on an 800 

MHz NMR, they conducted time-shared 3D Hh(N/C)H experiments with 1.53 ms 1H RFDR 

mixing. These experiments yielded important 1H-1H sidechain restraints (Fig. 13B). In 

particular, the tautomeric structures and protonation states of the zinc-coordinating histidine 

residues, H94, H96 and H119, were observed in the 1H-detected spectra. 15N spin-lock 

relaxation dispersion experiments additionally showed that the active site is dynamic and is 

modulated by a water hydrogen-bonding network157.

Fast MAS 1H-detected NMR experiments have contributed to the studies of lipid-protein 

interactions. Although 1H spin diffusion slows at fast MAS, NOE-mediated transfer 

from the lipid acyl chains to the protein remains appreciable104. Therefore, lipid-protein 

correlations can be measured with 1H detection, as shown in an HhNH experiment for 

AlkL in phosphocholine membranes at 55 kHz MAS151. This 1H-detected lipid-protein 

correlation technique was advantageous for investigating the mode of action of membrane-

active antibiotics168. Complementarily, chemical shift perturbations in 1H-detected spectra 

Shcherbakov et al. Page 24

Chem Rev. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allowed the identification of the binding sites of antibiotics148,169. For dynamic species 

such as phospholipids and disordered domains in membrane proteins, 1H-detected 2D 
13C-1H INEPT correlation spectra obtained at moderate MAS frequencies also provide 

useful structural information170. Finally, fast MAS allowed the investigations of protein-

nucleic acid interactions through chemical shift perturbations in 1H-detected correlation 

spectra171,172 and through 31P-detected NHHP experiments173.

4.2.5 Integrative Approaches—The complexity of biomolecular machineries compels 

the integration of solid-state NMR spectroscopy with complementary techniques such as 

X-ray crystallography and cryo-EM139,164,165,176. Schanda and co-workers demonstrated an 

integrative NMR and cryo-EM approach for determining the three-dimensional structure of 

large biomolecular assemblies174. The central idea is to use secondary structure information 

from NMR and 1H-1H distance restraints from backbone amides and methyl groups to 

iteratively refine low-resolution cryoEM maps to high resolution. Using this integrative 

approach, these authors determined the structure and supramolecular assembly of TET2, a 

468 kDa homo-dodecametric aminopeptidase, to better than 1 Å precision and accuracy. 

Intramolecular 1H-1H distance restraints of TET2 subunits were measured using time-shared 

3D h(N/C)hh(N/C)H experiments with 5 ms 1H RFDR mixing (Fig. 13C) under 55 kHz 

MAS. The resulting structure provided information about important loop regions of the 

protein that was not accessible from X-ray crystallography and that was important for 

understanding the enzyme activity.

4.2.6 Small Molecules and Material Sciences—Ultrafast MAS has not only been 

applied to biomolecular studies but has also opened new avenues of research in chemical, 

materials, and pharmaceutical sciences. Enhanced 1H spectral resolution enables the 

characterization of pharmaceutical compounds71,177,178 and organic compounds at natural 

abundance71,130,179. Su and coworkers employed 1H-1H RFDR experiments at 110 kHz 

MAS to investigate intermolecular interactions between active pharmaceutical ingredients 

and polymeric excipients180. These studies aid in the formulation of better amorphous solid 

dispersions to improve therapeutic efficacy. In materials science, fast MAS 1H NMR is 

a powerful approach for characterizing heterogeneous catalysts and for tracking protons 

during chemical reactions. Wiegand and coworkers used 110 kHz MAS and 2D 1H spin 

diffusion experiments to characterize the hydrogenation products of Frustrated Lewis Pairs 

compounds181. Wimperis and coworkers used 75 kHz MAS to explore the 1H environment 

in silica and epoxy-silica materials and evaluate the hydration and structural integrity of 

the in situ immobilized biocatalysts with hCA II182. In biomaterials, Ramamoorthy and 

co-workers applied 110 kHz MAS to gain insight into bone structure183. These authors 

powdered bovine cortical bone samples into 0.75 mm rotors to investigate the molecular 

interactions between collagen and water molecules. Fast MAS rendered collagen backbone 

HN signals visible and resolved the sidechain 1H signals. 2D 1H fpRFDR experiments were 

used to show that water interactions with collagen backbone HN differ qualitatively from 

water interactions with sidechain protons.

NMR crystallography benefitted from fast MAS, as 1H-1H dipolar couplings and 
1H chemical shift anisotropy can now be measured in natural abundance organic 

Shcherbakov et al. Page 25

Chem Rev. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compounds184,185. Polenova and co-workers characterized the structure of posaconazole, 

an antifungal agent175. 1H-1H distance contacts were obtained from 3D 1H-1H-1H DQSQ-

RFDR experiments with 0.09–1.0 ms mixing. These spectra were measured under 111 

kHz MAS on a 700 MHz NMR spectrometer (Fig. 13D). This approach yielded intra- and 

intermolecular 1H restraints up to 6 Å, which defined the supramolecular packing of the 

compound.

5. 13C and 15N NMR for Long-Distance Measurements

5.1 13C-13C Spin Diffusion Experiments
13C spin diffusion NMR has long been the mainstay for measuring long-range distance 

restraints for structure characterization. These experiments are typically run in a 2D 

manner beginning with 1H-13C CP, followed by 13C t1 evolution, then storage of the 13C 

magnetization along the z-axis to allow 13C spin diffusion. This period can last hundreds 

of milliseconds to detect long-range correlations. Finally, the 13C magnetization is returned 

to the transverse plane for detection. What distinguishes different spin diffusion techniques 

is the type of 1H irradiation pulses during the 13C mixing period. In the simplest 13C spin 

diffusion experiment, PDSD186, no 1H irradiation is applied during the mixing period. This 

PDSD experiment is easy to set up, requires no optimization, and allows mixing times as 

long as several seconds to be used due to the lack of rf pulses.

However, even at moderate MAS frequencies of ~20 kHz, 13C spin diffusion by PDSD 

is no longer efficient because of the diminishing zero-quantum overlap integral between 

the two carbons187. Therefore, many improved mixing sequences have been developed to 

increase the efficiency of 13C magnetization transfer. 1H irradiation at an rf field strength 

(ω1H) that matches the MAS frequency ωr with certain ratios can broaden the overlap 

integral, thus speeding up spin diffusion. The Dipolar-Assisted Rotary Resonance (DARR) 

technique uses the matching condition, ω1H = ωr, to give broadband and efficient spin 

diffusion188,189. The phase-alternated recoupling irradiation scheme (PARIS) alternates the 

phase of 1H irradiation between +x and −x every half a rotor period or two rotor periods. 

Unlike DARR, the PARIS 1H rf field strength does not need to fulfill any matching 

condition190. Therefore, weaker rf fields can be used, which are advantageous for fast 

MAS conditions where 1H irradiation for hundreds of milliseconds can cause significant 

sample heating. At MAS frequencies of 30 kHz, PARIS was shown to have higher 13C 

magnetization transfer efficiency than DARR and PDSD. PARIS is also less sensitive to 

rf field inhomogeneity, thus a larger proportion of the sample in the rotor experiences 

optimal 1H-13C recoupling. PARIS allows efficient aliphatic-aliphatic transfer but is not 

sufficiently broadband to promote spin diffusion from aliphatic carbons to aromatic or 

carbonyl carbons. PARIS-xy addresses this problem by using an orthogonal rf phase cycle 

during the recoupling period191. The second-order Hamiltonian among analogous nuclei 

generated by heteronuclear assistance irradiation (SHANGHAI) is another variant of these 

experiments. This experiment uses a super-cycled dipolar recoupling scheme to achieve 

efficient polarization transfer over large isotropic chemical shift differences and at high 

magnetic fields192.
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Combined R2n
v driven (CORD) spin diffusion is a broadband 1H-13C recoupling technique 

that promotes efficient spin diffusion over a range of MAS frequencies74. In the CORD 

experiment, ω1H is equal to ωr for one third of the mixing time but half the MAS 

frequency for two thirds of the time. Therefore, this experiment requires less rf power 

than DARR. Demonstrated on uniformly 13C,15N-labeled amino acids and the dynein 

light chain protein with mixing times up to 500 ms, the CORD experiment was found to 

be more broadband than PARIS-xy, while providing greater transfer efficiencies than the 

SHANGHAI experiment.

5.2 Applications of 13C Spin Diffusion to Proteins

Since 13C spin diffusion is an essential element in almost all biological solid-state NMR 

experiments, we only highlight a small number of its applications. Among amyloid proteins, 

the α-synuclein fibril that makes up the Lewy bodies and neurites in Parkinson’s disease 

has been structurally determined using solid-state NMR193. This structure was challenging 

to solve because the protein is larger (14.5 kDa) than some of the well-studied amyloid 

peptides such as Aβ, and the amino acid sequence has low complexity. Using DARR mixing 

times of 50 ms to 500 ms on samples labeled with either 1,3-13C glycerol or 2-13C glycerol, 

Rienstra and coworkers measured 180 unambiguous and 80 ambiguous long-range 13C-13C 

distances. These correlations helped to constrain the novel Greek key motif for the fibril 

core. Of great utility in assigning these long-range correlations was a 3D 15N-13C-13C 

experiment with 500 ms DARR mixing. The 15N dimension provided spectral resolution to 

assign the many long-range contacts. These in vitro α-synuclein fibrils are pathogenic to 

neuronal cells, suggesting that they are relevant to the in vivo fibrils in Parkinson’s disease.

The amyloid fibril formed by the peptide hormone glucagon presents a second case where 
13C spin diffusion was instrumental for structure determination. Glucagon functions in blood 

glucose homeostasis by raising the blood sugar level and is prescribed for treating severe 

hypoglycemia. However, at pharmaceutically relevant concentrations, glucagon aggregates 

rapidly from solution. Thus, it has to be formulated as a lyophilized powder, to be mixed 

with a diluent solution immediately before administration. Hong and coworkers solved the 

high-resolution structure of glucagon fibrils (Fig. 14A)194. All spectra show peak doubling 

in a 1:1 intensity ratio, indicating that the cross-β fibrils contain two coexisting β-strand 

conformations. 13C CORD spin diffusion experiments with mixing times up to 500 ms gave 

numerous cross peaks between the N- and C-termini. These cross peaks disappear when the 

isotopically labeled monomers are diluted with unlabeled monomers. Therefore, these N- to 

C-contacts are intermolecular, indicating that the β-strands pack in an antiparallel fashion 

along the fibril axis. Additional 1H-assisted 13C-13C correlation spectra (PULSAR) confirm 

this result (Fig. 14A).

The HIV-1 capsid that surrounds the viral RNA is made up of ~1,000 copies of the capsid 

protein. Polenova and coworkers determined a high-resolution structure of the CA in tubular 

assemblies by combining secondary structure information and distance restraints from 

solid-state NMR with low-resolution cryoEM maps and molecular dynamics simulations195. 

Using CORD mixing times of 25, 50, 200, and 500 ms on samples prepared with either 

1,6-13C-glucose or 2-13C-glucose, they obtained 414 unambiguous inter-residue contacts. 
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Among these, 166 were medium-range and 219 were long-range in terms of amino acid 

sequence. These contacts were crucial for determining the high-resolution structure of the 

CA tubes.

5.3 Third-Spin Assisted Recoupling Experiments

Third-spin-assisted recoupling (TSAR) experiments196,197 were developed by Griffin 

and coworkers to measure long-range distance restraints between low-γ nuclei. These 

experiments consist of spin lock of both 1H and the heteronuclei at rf fields that avoid 

the Hartman-Hahn matching condition and rotary resonance conditions, while fulfilling 

zero- or double-quantum matching conditions. This class of experiments relies on second-

order cross-terms between 1H-A and 1H-B dipolar couplings in the average Hamiltonian to 

achieve polarization transfer. Therefore, they differ from first-order recoupling experiments 

such as RFDR96 or TEDOR198,199, which rely on direct 13C-13C and 15N-13C dipolar 

couplings for polarization transfer. While the first-order average Hamiltonian for TSAR 

experiments averages to zero, the second-order average Hamiltonian contains trilinear terms 

of the form HzA±B±, which drive polarization transfer.

The homonuclear TSAR experiment is superior to first-order homonuclear recoupling 

experiments by avoiding dipolar truncation, a phenomenon that masks the structurally 

informative long-range weak couplings by short-range strong couplings. Moreover, at 

high magnetic fields and high MAS frequencies, 13C-13C and 15N-15N spin diffusion in 

PDSD and DARR experiments becomes increasingly inefficient. In comparison, TSAR 

experiments continue to perform well under these high-field and fast MAS conditions. The 

first homonuclear TSAR experiment, called PAR (Proton Assisted Recoupling)197, has been 

conducted at 20–65 kHz MAS at magnetic fields higher than 20 T200. PAR is also able 

to provide long-range 15N-15N correlations in proteins201 despite the weakness of 15N-15N 

dipolar couplings. Sequential 15N-15N cross peaks help resonance assignment, particularly 

when combined with a 15N-13C SPECIFICCP block to produce a 3D 15N-15N-13C correlation 

spectrum202. Medium-range 15N-15N correlations obtained using the PAR experiment 

can help to identify α-helical secondary structure due to the relatively short distances 

between amide nitrogens in α-helices. Long-range 15N-15N contacts can help to identify the 

registry of antiparallel β-sheets. The first heteronuclear TSAR experiment is proton-assisted 

insensitive nuclei cross polarization (PAINCP)196,203, which has also been widely applied for 

structure determination.

Improved variants of the PAR and PAINCP experiments have also been introduced. 

One variant combines 13C-13C PAR and 15N-13C PAINCP in one experiment by using 

simultaneous 1H-13C and 1H-15N CP at the beginning of the experiment204,205. Measuring 

these two spectra simultaneously gives nearly the same signal-to-noise ratio as measuring 

them in separate experiments. A careful choice of phase-cycling allows for the heteronuclear 
13C-15N cross peaks obtained from PAINCP to be negative, while the homonuclear 13C-13C 

cross peaks obtained from PAR to be positive. Furthermore, a z-filter during t1 evolution 

on the 13C channel allows the acquisition of indirect 13C and 15N dimensions with different 

spectral widths, which is important to fine tune these experiments given the very different 

chemical shift dispersion between 13C and 15N nuclei.
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Recently, Hong and coworkers introduced pulsed variants of the TSAR experiments by 

replacing the continuous-wave (CW) spin lock on the low-γ channels with pulsed spin-lock. 

The homonuclear version of these Pulsed TSAR (P-TSAR) experiments is called pulsed 

proton assisted recoupling (PULSAR)206 while the heteronuclear version is called proton 

enhanced rotor-echo short pulse irradiation cross-polarization (PERSPIRATIONCP)207. These 

experiments reduce the rf duty cycle by 80–90% while producing similar polarization 

transfer as CW-TSAR experiments. When rf heating and probe hardware are the limiting 

factors in mixing times, these P-TSAR experiments allow for longer mixing times and thus 

longer-range contacts to be measured. P-TSAR experiments can be described with a simple 

analytical model206 and are insensitive to rf field strengths. Therefore, they are simpler to 

optimize than the CW-TSAR experiments208.

5.4 Applications of TSAR Experiments to Structural Biology

5.4.1 Amyloid Proteins—The peptide GNNQQNY is a fragment of the yeast prion 

protein Sup35p. Solid-state NMR spectra of this amyloid peptide show the presence of 

three conformers209, whose sidechains are in molecular contact with each other based on 

PAR and PAINCP spectra of mixed labeled samples measured with 10–14 ms mixing. These 

intermolecular contacts are attributed to distances of up to 7 Å, and indicate that each 

conformer makes up a parallel in-register β-sheet, and the different β-sheets associate via 

sidechain steric zippers. By mapping out which residues interact with each other, these 

authors identified the smallest building blocks that satisfy all the observed intermolecular 

correlations.

Tycko and coworkers determined a structure of Aβ40 fibrils seeded from plaques obtained 

the brains of Alzheimer’s disease patients210. Seeding allows isotopically enriched Aβ 
monomers to be used to replicate the brain Aβ conformation. Using a 13C PAR experiment 

with 13 ms mixing, these authors measured many medium- and long-range 13C-13C 

correlations, which helped to constrain the three-dimensional structure of these AD brain-

derived Aβ fibrils.

The 42-residue Aβ42 peptide is more toxic than Aβ40 and is more difficult to study because 

of its rapid fibrilization kinetics. Griffin, Riek, Meier, Böckmann and coworkers determined 

the structure of Aβ42 fibrils using 13C-13C PAR and 15N-13C PAINCP experiments in 

addition to other correlation experiments211,212 (Fig. 14B). A 30 ms 15N-13C PAINCP 

experiment gave cross peaks with a distance upper limit of ~12 Å, while 13C PAR 

experiments with 10 and 15 ms mixing gave cross peaks with distance upper limits of 8.5 

Å and 10 Å, respectively. The numerous long-range correlations constrained the structure 

of the fibril, showing a dimer of Aβ42 each adopting a S-shaped fold. Intermolecular 

contacts between the two molecules were obtained by comparing the 20 ms 13C PAR spectra 

measured on fully 13C-labeled peptide and 30% 13C-labeled monomers diluted in 70% 

unlabeled monomers. Intermolecular cross peaks decreased significantly in intensity upon 

dilution, whereas intramolecular cross peaks retained the same intensities. These distance 

restraints led to a high-resolution structure with a heavy-atom RMSD of 1.07 Å.

Determining the intermolecular packing and registry of β-strands is essential for amyloid 

protein structure determination. Mixed 13C and 15N labeled samples can be used to obtain 
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this information by comparing an intermolecular PAINCP experiment with an intramolecular 
SPECIFICCP-based N-Cα correlation experiment. If the same cross peaks are observed, then 

this is strong evidence that the fibrils have a parallel in-register packing. This approach was 

used to show that Aβ40 fibrils bearing the E22Δ Osaka mutation213, Aβ42 fibrils212, and 

human β-endorphin amyloids214 all have parallel-in-register packing along the fibril axis.

The peptide Ac-IHVHLQI-CONH2 self assembles into amyloid fibrils that coordinate Zn2+ 

to catalyze ester hydrolysis215. Hong and coworkers determined the structure of these Zn2+-

bound amyloid fibrils using solid-state NMR216. A 2D 13C PAR experiment with 15 ms 

mixing yielded intermolecular contacts between V3 and I7 sidechains and between I1 and 

L5 sidechains, indicating that the hydrophobic faces of the β-sheets pack in an antiparallel 

fashion. In the final high-resolution structure, these intermolecular contacts correspond to 

distances of 8–10 Å.

Receptor-interacting protein kinases 1 (RIPK1) and 3 (RIPK3) are involved in 

neurodegenerative diseases, cancer, and immune defense. Amyloid fibrils made of RIPK1 

and RIPK3 are important for signaling during necroptosis. McDermott and coworkers 

investigated the hetero-amyloid formed by alternating layers of RIPK1 and RIPK3217. 

TSAR experiments were used to determine the structure of the monomers as well as the 

packing of the monomers within the fibrils. 13C PAR experiments with 12 and 15 ms mixing 

provided intermolecular contacts that established the parallel and alternating stacking of the 

monomers along the fibril axis. A 6 ms PAINCP experiment helped to define the monomer 

bend and the registry of inter-residue contacts (Fig. 14C).

5.4.2 Nucleic Acids and Carbohydrates—Unambiguous assignment of Watson-

Crick base pairs is a prerequisite for determining the three-dimensional structure of RNAs. 

Methods that directly probe the NH-N hydrogen bond are ideal for identifying such 

interactions, but have not been commonly used due to the difficulty of measuring 15N-15N 

correlations. 15N-15N PAR offers a promising avenue for measuring inter-nucleotide 

correlations because of the presence of a proton between two 15N nuclei. Wang and 

coworkers identified G-C Watson-Crick base pairs in the dimerization initiation site of 

HIV-1 (DIS-HIV-1)158. This experiment begins with 1H-13C CP, followed by 13C-15N 
SPECIFICCP to 15N with chemical shifts greater than 140 ppm to select for the nitrogens 

involved in Watson-Crick base pairs. The 15N chemical shift encoding was followed by 7 

ms 15N-15N PAR mixing, after which the 15N magnetization was transferred back to 1H for 

high-sensitivity detection.

The carbohydrate structure and interactions in fungal cell walls are poorly understood. Using 

solid-state NMR, Wang and coworkers investigated the cell walls of intact A. fumigatus 
fungi that were grown in 13C and 15N-enriched media218. Using a 15 ms 13C-13C PAR 

experiment, they identified 23 long-range intermolecular cross peaks, which correspond to 

distances of 5–10 Å. This experiment helped to identify which carbohydrates are in close 

proximity to each other. Most of the contacts were seen between chitin and α-1,3-glucans, 

while some contacts occur between chitin-α-1,3-glucan complexes and β-glucans. Using 

a DNP sensitivity-enhanced 15N-15N PAR experiment, these authors observed correlations 
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between the three allomorphs of chitin. These results indicate that the three allomorphs 

coexist within each microfibril rather than being separated into different domains.

5.5 CHHC and NHHC Distance Techniques

Due to the high proton density and strong 1H-1H dipolar couplings in biological molecules, 
1H spin diffusion is highly efficient, and is not hampered by high magnetic fields and fast 

MAS frequencies in the same way that 13C spin diffusion is. Thus, 1H spin diffusion is 

attractive for distance measurements at moderate MAS frequencies. Baldus and coworkers 

introduced a CHHC technique for distance measurements using 1H spin diffusion219. The 

experiment begins with 1H-13C CP and 13C t1 evolution to encode the 13C chemical shift. 

The 13C polarization is then transferred back to 1H via a short CP step, after which 1H 

spin diffusion is allowed to occur during a mixing period. Finally, a short CP back to 13C 

allows detection. This experiment takes advantage of the spectral resolution afforded by 13C 

while probing proton-proton distances. This experiment can be flexibly adapted to different 

heteronuclei to yield, for example, the NHHC experiment. When two different low-γ nuclei 

are used, the detection nucleus is typically the one with the higher γ in order to maximize 

the experimental sensitivity.

5.6 Application of the XHHY Experiments to Structural Biology

5.6.1. Membrane Proteins and Protein Assemblies—Anabaena sensory rhodopsin 

(ASR) is a microbial retinal-binding photoreceptor, and forms trimers of heptahelical 

monomers in lipid bilayers. Using 1,3 13C-labeled protein and a 2D CHHC experiment with 

0.25 ms mixing, Ladizhansky and coworkers measured 14 interhelical 1H-1H distances with 

an upper bound of 5 Å in DMPC/DMPA membrane-bound protein220 (Fig. 15A). Combined 

with interhelical 13C-13C correlations obtained from PDSD spectra, they determined the 

three-dimensional structure of this seven-TM helix protein to a backbone RMSD of 0.8 Å.

NHHC experiments can be readily applied to oligomeric membrane proteins to measure 

intermolecular distance restraints. Mixing 13C-labeled monomers with 15N-labeled 

monomers ensures that all 13C-15N cross peaks are intermolecular. This approach was 

used to determine the structure of the TM domain of the SARS-CoV-2 envelope protein46. 

The protein forms a cation-selective channel that is important for the virus’s pathogenicity. 

By mixing 13C-labeled and 15N-labeled monomers at a 1:1 ratio and conducting NHHC 

experiments with mixing times of 0.5 ms and 1.0 ms, Hong and coworkers obtained 52 

inter-helical contacts (Fig. 15B). Using a distance upper bound of 9.0 Å and 11.5 Å for 

the 0.5 and 1.0 ms mixing times, they calculated the structure of the five-helix bundle. The 

resulting closed-state structure shows a tight and narrow pore, stabilized by methyl-rich Ile, 

Val and Leu residues at the helix-helix interface and by three regularly spaced Phe residues.

Molecular assemblies such as molecular motors, bacterial secretion systems, and 

cytoskeletal filaments can be challenging to study structurally because of their large 

sizes and their structural disorder. Although cryoEM is ideal for obtaining the global 

fold of these molecular complexes, it often does not give sufficient resolution. Solid-

state NMR is complementary to cryoEM in providing atomic-level structural information. 

Lange, Sgourakis and coworkers integrated cryoEM with solid-state NMR to obtain a 
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high-resolution structure of the Shigella type-III secretion needle221. Using a 7.7 Å 

resolution cryoEM structure and 996 solid-state NMR distance restraints obtained from 

PDSD experiments with 300 ms to 850 ms mixing, they determined the structure of 

this secretion needle to an RMSD of 0.4 Å. This structure was cross-validated with 96 

unambiguous medium- and long-range 1H-1H restraints obtained from 0.25 ms NHHC and 

CHHC experiments and ambiguous restraints obtained from PDSD experiments. Less than 

5% of these validation restraints were violated in the cross-validation step, supporting the 

accuracy of their high-resolution structure.

5.6.2 Amyloid Proteins—Identifying the mode of intermolecular packing is an 

important step in determining the high-resolution structure of amyloid fibrils. In an 

antiparallel β-sheet, Hα atoms on residues that are aligned along the hydrogen-bonded 

fibril axis are only 2.1 Å from each other. Thus, this intermolecular distance is even 

shorter than intramolecular Hα-Hα contacts. Using a CHHC experiment with a short 1H-1H 

mixing period of 0.2 ms, Tycko and coworkers showed that an antiparallel β-sheet can be 

unambiguously identified by strong 13Cα−13Cα intermolecular cross peaks222. Hong and 

coworkers successfully applied this approach to show that the peptide hormone glucagon 

forms an antiparallel hydrogen-bonded amyloid fibril with a well-defined registry194. 

Antiparallel β-sheets are rare among amyloid proteins, therefore the CHHC approach is 

complementary to the 15N-13C PAINCP experiment for determining the structure of parallel 

hydrogen-bonded β-sheets.

The bacterium Caulobacter Crescentus produces bactofilin filaments made of the BacA 

protein, which are important for the stability and survival of the bacterium. Purified 

BacA polymerizes and forms single filaments, filament bundles, and two-dimensional 

semi-crystalline sheets. Lange and coworkers characterized these bactofilin filaments using 

electron microscopy and solid-state NMR223. They found that the rigid core of the filaments 

spans a conserved DUF583 domain, while the N- and C-termini are mobile. Chemical shifts 

indicate at least 10 β-strands in this domain, with no evidence for α-helical conformation. 

Mass-per-length measurements showed that each monomer spans about 2.7 nm along the 

fibril axis. This is inconsistent with a cross-β architecture, which would consist of integer 

multiples of monomers every 0.48 nm. This suggests a β-helical architecture, similar to that 

of the prion protein HET-s161. Using a homology model based on the crystal structure of the 

Mycobacterium tuberculosis acetyltransferase G1mU224, Lange and coworkers these authors 

proposed that BacA adopts a β-helical structure in which the flat faces of the triangular 

assembly consist of β-strands, as identified from secondary chemical shifts. This model 

is supported by 8 long-range contacts measured in a 0.2 ms NHHC experiment and 12 

long-range contacts measured in a 200 ms 13C-13C PDSD experiment. These long-range 

contacts provided strong evidence for the β-helical structure of these filaments.

Huntington’s disease is a neurodegenerative disease caused by the formation of an extended 

polyQ sequence that is prone to aggregation. Van der Wel and coworkers investigated 

the structure of the amyloid fibrils formed by a huntingtin mutant with a 44-residue 

polyQ domain225. Chemical shifts and torsion angle data indicate a β-sheet conformation. 

Interestingly, peak doubling with a 1:1 intensity ratio was observed, indicating that two 

conformations of Gln coexist in these fibrils. NCACX and NCOCX spectra show that these 
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two forms exist in uniform segments, i.e. individual β-strands are made up of one form 

or the other. 2D 13C-13C PDSD experiments with 250 ms mixing on isotopically diluted 

samples show intermolecular cross peaks between the two conformers, suggesting that these 

fibrils contain a β-hairpin that places the two conformers in an antiparallel orientation 

along the fibril axis. 2D NHHC experiments with 0.25 ms mixing on mixed labeled 

proteins in which one quarter of the monomers were 13C-labeled while three quarters were 
15N-labeled also showed intermolecular contacts between the two forms. Moreover, cross 

peaks involving sidechain 15N are more intense than cross peaks involving backbone 15N. 

This provides evidence for interdigitation of the sidechains to form an intermolecular steric 

zipper.

5.6.3 Nucleic Acids—RNA, DNA, and ribonucleoprotein proteins (RNPs) are 

ubiquitous in biology, but their structures are much less studied than proteins. Carlomagno 

and coworkers applied solid-state NMR to investigate the structure of a 26-residue Box 

C/D RNA from Pyrococcus Furiosus in complex with the L7Ae protein226. Due to the 

short 1H-1H distances associated with base pairs, the NHHC experiment is well suited for 

determining which bases are paired with each other. Using NHHC and CHHC experiments 

with mixing times of 0.1–0.2 ms, they obtained 27 unambiguous inter-nucleotide contacts 

with distances up to 5 Å. These proton-based distance restraints, together with 15N-13C 

distance restraints from TEDOR and 13C-13C restraints from PDSD experiments, helped to 

determine a three-dimensional structure of the RNA, giving a final structural ensemble with 

a heavy-atom RMSD of 0.9 Å.

Primases synthesize single-stranded DNA that can be extended by DNA polymerases. Allain 

and coworkers determined the high-resolution structure of the 115-residue helix bundle 

domain (HBD) of the pRN1 archaeal primase in complex with DNA 5’-CTGTGCTCA-3’ 

and ATP, where the GTG nucleic acids make up the binding motif that interacts with 

the protein227. They found that the binding of two nucleotide triphosphates causes an 

allosteric change in the protein that makes DNA binding sequence-specific. Solid-state 

NMR CHHP and NHHP experiments provided intermolecular distance restraints from Lys 

and Arg residues on the protein to the DNA and ATP. Thus, the XHHY technique can be 

extended to other nuclei such as 31P to obtain important distance restraints for structure 

investigation.

6. Concluding Remarks and Outlook

This review shows the broad range of solid-state NMR techniques that are now available to 

biophysicists, chemists, and materials scientists to measure inter-atomic distances to ~2 nm. 
19F MAS NMR plays a prominent role in these long-distance measurements. It should be 

mentioned that 19F NMR has also been widely used in the solution state to probe structure, 

dynamics, and ligand binding228–231. These nanometer distances are especially valuable for 

revealing the molecular structures of partially disordered biomolecular assemblies, including 

membrane-bound proteins, amyloid proteins, protein-protein complexes, protein-nucleic 

acid complexes, and carbohydrates in cell walls. To harvest the full power of these distance 

NMR techniques, one should combine multinuclear detection, fast MAS, high magnetic 

fields, and multidimensional correlation. The technological barrier for producing ultrahigh 
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magnetic fields has been recently overcome with the commercialization of high-temperature 

superconducting magnets at field strengths above 28 Tesla. Therefore, we envision that 

the next step in the widespread application of these distance NMR experiments is the 

development of more versatile and powerful NMR probes. These probes should be able 

to simultaneously tunable to four or five nuclear spins, including 1H, 19F, 13C, 15N, and 
31P. By illuminating the 1–2 nm distance range, which used to fall in the gap between the 

detection range of traditional NMR experiments and the detection range of other techniques 

such as paramagnetic relaxation enhancement NMR, electron paramagnetic resonance and 

fluorescence spectroscopy, these long-distance solid-state NMR techniques promise to make 

unique and significant contributions to biophysical chemistry.
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of membrane proteins and amyloid proteins important for human health, as well as the 

structure and dynamics of plant cell walls.
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Figure 1. 
Distance rulers in solid-state NMR spectroscopy. (a) Schematic representation of distances 

corresponding to a 30-Hz dipolar coupling between NMR-active nuclei that are commonly 

studied in biological systems. (b) Dipolar coupling strength as a function of internuclear 

distance for common spin pairs. The longest distances measurable for the intermediate 

difficulty regime of 30–150 Hz are marked by dashed lines. These distance upper bounds are 

~7 Å for 1H-15N and 19F-15N spin pairs, ~10 Å for 1H-13C and 19F-13C spin pairs, and ~15 

Å for 1H-1H and 1H-19F spin pairs. (c) Required CP sensitivity as a function of the REDOR 

dephasing value S/S0 and T2-parameterized REDOR mixing time t/T2, if an uncertainty ε of 

0.05 is desired for the measured S/S0 value. (d) Required CP sensitivity as a function of the 

desired uncertainty ε and t/T2 for an S/S0 value of 0.5.
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Figure 2. 
19F-based REDOR pulse sequences for measuring long distances. (A) Standard 1D X-19F 

REDOR, where the X nucleus can be 13C, 31P, 15N, or other nuclei10. For simplicity, the 

version of REDOR with most 180° pulses on the 19F channel is shown, but other variations 

such as alternating 180° pulses on the two channels can also be implemented. (B) 2D 
15N-13C resolved 13C-19F REDOR (FRESH) pulse sequence21. (C) 2D 13C-13C resolved 
13C-19F REDOR pulse sequence22. The 13C polarization transfer is implemented using 

RFDR here, but other polarization transfer schemes such as Dipolar-Assisted Rotational 

Resonance (DARR) can also be used. An optional pre-detection Hahn echo allows the 

measurement of spectra with a clean baseline. (D) 2D 15N-1H resolved 1H-19F REDOR23.
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Figure 3. 
31P-19F REDOR for studying the structure of the antimicrobial peptide K334. (A) Structural 

and mechanistic models of K3 in lipid membranes. The barrel-stave mode shows minimal 

membrane disorder and a small pore. The carpet model shows more membrane disorder but 

no pore. The toroid model shows both membrane disorder and a large pore. (B) 31P-19F 

REDOR dephasing curves between the lipid headgroup 31P and the fluorinated lipid tail. 

Peptide binding shortened the P-F distance from 9.9 Å to 7.6 Å. (C) Comparison of the 

distance distributions between the peptide-free and peptide-bound lipid membranes. K3 

binding increased the distance distribution, indicating increased membrane disorder. These 

data support the toroidal-pore model as the mechanism of membrane disruption by K3.34,35
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Figure 4. 
19F-based heteronuclear distance measurements to determine membrane protein structures. 

(A) Mixed 13C and 19F labeling strategy for measuring interhelical distances in influenza 

BM2 tetramers45. (B) Representative 13C-19F REDOR data of BM2. The interhelical 

distances increase from high pH to low pH, indicating that the four-helix bundle is loosened 

at low pH. (C) BM2 tetramer structures at high and low pH (PDB 6PVR and 6PVT). (D) 
2D 13C-13C resolved 13C-19F REDOR spectra of the SARS-CoV-2 envelope protein TMD 

in lipid bilayers. Control spectrum (S0, black) is overlaid with the difference spectrum (ΔS, 

red) to show which residues are the closest to the fluorinated Phe residues. (E) 2D 13C-19F 

HETCOR spectrum to assign the fluorinated Phe residues that are close to each 13C. (F) 
ETM structure determined in part using these 13C-19F distance restraints. The pentameric 

helical bundle (left) has a highly hydrophobic pore, as shown for two helices on the right for 

clarity46 (PDB 7K3G).
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Figure 5. 
31P-19F REDOR for distance measurements in the tat-TAR complex56. (A) Solution NMR 

model of TAR RNA (PDB 1ANR), showing locations of the pS-tagged A27 and the 

fluorodeoxyuridine at U23. (B) Model of tat-bound TAR RNA (PDB 1ANJ), showing a 

decrease of the 31P-19F distance. The structural model shows that binding of R52 in tat 

changes the RNA conformation. (C) 31P-19F REDOR dephasing indicates that tat binding 

shortened the distance between pS-A27 and fluoro-U2356.
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Figure 6. 
19F NMR for studying ligand binding to proteins. (A) 2D NH-resolved 1H-19F REDOR 

difference (ΔS) spectrum of EmrE in DMPC bilayers65. The difference peaks indicate 

residues in close proximity to the fluorinated ligand, F4-TPP+. (B) Representative 1H-19F 

REDOR dephasing curves and best-fit simulations. (C) Distance-restrained structure of 

TPP-bound EmrE. Key residues in the binding pocket are shown on the right (PDB 7JK8). 

(D) Model of Protein Kinase C (magenta) and a Bryostatin analog (dark blue sticks)66. 

(E) 13C-19F, 13C-2H and 2H-19F REDOR dephasing curves and best-fit simulations of 

the bryostatin analog. The corresponding distance distributions obtained from molecular 

dynamics (MD) simulations are shown below each REDOR data panel66.
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Figure 7. 
2D and 3D 19F-X HETCOR experiments for structure determination. (A) HIV-1 capsid 

protein (CA) structure, showing 5F-Trp residues in yellow in the monomer (PDB 4XFX) 

and red in the capsid tubes68 (PDB 3J4F). DNP sensitivity-enhanced 2D 19F-13C HETCOR 

spectra were measured using 19F-13C CP. Many 13C-19F correlations for distances > 7 Å 

were observed. (B) Clustering of the influenza BM2 tetramers in lipid bilayers is revealed 

by cross peaks between 13C-labeled Ile14 and 5F-Trp23 in 2D 13C-19F HETCOR spectra24. 

(C) 3D 19F-1H-1H experiments for studying the pharmaceutical drug aprepitant69. The 3D 

spectrum is shown on the left, while a 2D plane extracted from the F2 chemical shift of 8.1 

ppm is shown on the right.
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Figure 8. 
19F-19F distance measurement using isotropic spin exchange. (A) Chemical structure of 

sitagliptin and its 2D 19F spin diffusion spectrum measured with 154 ms CORD mixing75. 

(B) Chemical-shift corrected spin-exchange rates as a function of 19F-19F distances75. (C) 

3F-Tyr-labeled GB1 (PDB 2JSV) and its 2D 19F correlation spectrum, measured under 25 

kHz MAS with 306 ms CORD mixing75. (D) 5F-Trp labeled HIV-1 CA monomer (PDB 

4XFX), showing 5-19F-Trp residues as purple sticks. 2D 19F-19F correlation spectrum of the 

tubular assemblies was measured under 35 kHz MAS using 1 s spin diffusion76.
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Figure 9. 
Principles of 19F spin diffusion CODEX and its applications to oligomeric membrane 

peptides and proteins. (A) 19F CODEX pulse sequence and the principle of anisotropic 

spin diffusion between nuclei with different chemical shift tensor orientations83. (B) 

Representative 19F CODEX control (S0) and dephased (S) spectra, shown for 5F-Trp23 

labeled influenza BM2 peptide87. (C) 19F CODEX decay curve of 5F-Trp23 in BM2 shows 

an equilibrium S/S0 value of 0.25, indicating that the peptide assembles into tetramers in 

lipid bilayers. Best-fit simulation gives a nearest-neighbor 19F-19F distance of 10.2 Å87. (D) 

Application of 19F CODEX to alamethicin found that the peptide forms pentameric helical 

bundles at high concentrations88. (E) Application of 19F CODEX to trichogin revealed 

concentration-dependent oligomeric structures89. (F) Application of 19F CODEX to the 

HIV-1 fusion protein, gp41, constrained the trimer structure of the MPER-TMD segment49 

(PDB 6DLN).
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Figure 10. 
Selected pulse sequence elements for measuring 1H-1H distances under fast MAS. (A) 1H 

spin diffusion (PSD). (B) The finite-pulse RFDR (fpRFDR) sequence involves a single 

180° pulse per rotor period100. (C) The DREAM sequence uses an amplitude-modulated 1H 

pulse whose field strength is swept across the HORROR condition, ω1=ωr/2116. (D) The 

BASS-SD sequence involves a 1H spin-lock pulse at a field strength that spans the spectral 

region of interest to cause band-selective polarization transfer119. (E) The SERP and SPR 

sequences comprise a series of rotor-synchronized phase-modulated pulses. SERP is based 

on a C22
1 symmetry scheme where each pulse series block matches the rotation period120,121. 

SPR employs a user-defined CNn symmetry scheme where the block length equals n times 

the rotation period122. (F) Reverse AM-MIRROR123,124 comprises a sawtooth-shaped pulse 

on the X channel whose amplitude is defined by the chemical shift bandwidth of the X 

nucleus.
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Figure 11. 
Long-range 1H-1H distance measurements to determine virus protein structures. (A) 

Solid-state NMR structures of the viral capsid protein AP205CP (PDB 5JZR)115. (B) 

Intermolecular contacts of gp17.1 were measured using 1H-1H distance contacts in tailored 

labelled samples using RFDR mixing138. Reproduced with permission from reference138. 

Copyright 2018 Wiley.
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Figure 12. 
1H-1H distance experiments restrain the structure of membrane proteins. (A) Residue-

specific 1H-labeling (proton clouds) greatly reduces spectral congestion, as demonstrated on 

ubiquitin142. (B) Application of the proton cloud approach to structural studies of BamA142 

(PDB 4K3B). (C) Solid-state NMR structure of the β-barrel OmpG (PDB 5MWV) in E. 
coli lipid extracts143. (D) Solid-state NMR structure of the β-barrel AlkL (PDB 6QWR) 

in DMPC bilayers, determined using distance restraints obtained from 1H-1H RFDR and 

BASS-SD144.

Shcherbakov et al. Page 60

Chem Rev. Author manuscript; available in PMC 2022 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
1H-1H distance restraints obtained under fast MAS for determining the supramolecular 

structures. (A) Structure of the HELLF (209–277) amyloid protein (PDB 6EKA). 1H-1H 

distance restraints helped to define the rigid core160. (B) Solid-state NMR structure of 

the hCAII enzyme (magenta, PDB 6QEB) overlaid with the crystal structure (cyan, PDB 

3HS4). The inhibitor aceazolamide binds the active site of the enzyme167. (C) Structure of 

the TET2 enzyme (PDB 6R8N) obtained from integrated analyses of NMR and cryo-EM 

data174. Representative 3D 1H RFDR spectra and distance restraints are shown. (D) NMR 

crystallography of the antifungal compound Posaconazole175. Representative 2D 1H-1H 

RFDR spectra and measured distance restraints are shown.
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Figure 14. 
TSAR experiments for measuring long-range 13C-13C and 13C-15N distances to determine 

amyloid protein structures. (A) 12.5 ms 13C-13C PULSAR spectra of glucagon helped to 

determine antiparallel packing of this amyloid fibril194,206 (PDB 6NZN). (B) 20 ms 2D 13C 

PAR spectrum helped to determine the Aβ42 fibril structure211 (PDB 5KK3). (C) 6 ms 2D 
15N-13C PAINCP spectrum of RIPK1-RIPK3 necrosome fibrils and the resulting structure217 

(PDB 5V7Z).
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Figure 15. 
CHHC and NHHC distance experiments for studying membrane protein structure. (A) 0.25 

ms 2D CHHC spectrum of Anabaena sensory rhodopsin220 (PDB 2M3G). Unambiguous 

long-range distance restraints are assigned in red while medium-range distance restraints 

are assigned in blue. (B) 0.5 ms (in red) and 1.0 ms (in blue) 2D NHHC spectrum of the 

SARS-CoV-2 envelope protein46. 13C-labeled and 15N-labeled monomers were mixed at a 

1:1 ratio to detect interhelical contacts.
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