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Abstract

The recent breakthroughs in NMR probe technologies resulted in the development of MAS NMR 

probes with rotation frequencies exceeding 100 kHz. Herein, we explore dramatic increases in 

sensitivity and resolution observed at MAS frequencies of 110–111 kHz in a novel 0.7 mm HCND 

probe that enable structural analysis of fully protonated biological systems. Proton-detected 2D 

and 3D correlation spectroscopy under such conditions requires only 0.1 – 0.5 mg of sample and a 

fraction of time compared to conventional 13C-detected experiments. We discuss the performance 

of several proton- and heteronuclear- (13C-,15N-) based correlation experiments in terms of 

sensitivity and resolution, using a model microcrystalline fMLF tripeptide. We demonstrate the 

applications of ultrafast MAS to a large, fully protonated protein assembly of the 231-residue 

HIV-1 CA capsid protein. Resonance assignments of protons and heteronuclei, as well as 1H-15N 

dipolar and 1HN CSA tensors are readily obtained from the high sensitivity and resolution proton-

detected 3D experiments. The approach demonstrated here is expected to enable the determination 

of atomic-resolution structures of large protein assemblies, inaccessible by current methodologies.
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1. Introduction

Since the advent of magic angle spinning as a primary method for averaging anisotropic spin 

interactions in solid-state NMR spectroscopy [1; 2; 3], there has been a sustained effort in 

the field to push the upper limit of accessible MAS frequencies. A major motivation for the 

development of faster MAS spinners and achieve rotation frequencies that exceed the 

magnitude of 1H-1H homonuclear dipolar interaction is to enable high-resolution 1H-based 

spectroscopy, for maximum detection sensitivity. Early seminal work of Samoson resulted in 

the development of MAS probes capable of spinning at 40 kHz [4; 5], and several groups 

demonstrated that 1H-detected experiments are feasible above 30 kHz, even in fully 

protonated samples [6; 7; 8]. Extensive deuteration yields further resolution and sensitivity 

benefits [7; 9; 10; 11]. These reports spurred further developments by Samoson and by 

instrument manufacturers, and reports of 1H-detected spectroscopy of large biomolecules at 

MAS frequencies of 60–62 kHz, in samples which are deuterated and fully back-protonated 

at exchangeable sites [7; 12; 13; 14; 15], amino acid-specifically protonated [16], or even 

fully protonated [8]. Using MAS probes spinning at frequencies of up to 111 kHz [8; 17] 

showed early promise to revolutionize the field of biological solid-state NMR. Nishiyama, 

Ishii, and others observed that at these rotation frequencies proton linewidths narrow 

considerably (to 100–150 Hz in fully protonated samples) with the added benefit of greatly 

enhanced spectral sensitivity [18]. At MAS frequencies of 100 kHz and above, 1H-1H 

correlation experiments are accessible in organic solids [19]. Under these conditions, 

deuteration still remains beneficial [20; 21], with 1H line widths down to 20 Hz in 

extensively deuterated samples, yielding spectra similar to those observed for small proteins 

in solution [22]. In fully protonated samples, unprecedented high sensitivity and resolution 
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was observed in 1H-detected experiments at 110–111 kHz, permitting multidimensional 

spectroscopy of protein assemblies, in a fraction of time (hours vs. days/weeks) and with a 

fraction of amounts (0.1 – 0.3 mg) normally required for conventional experiments 

conducted at MAS frequencies of 10–60 kHz [23; 24]. These results set the stage for further 

exploration of the ‘ultrafast’ MAS conditions for applications to structural biology.

In this study, we examined the performance and benefits of 2D and 3D correlation 

spectroscopy at MAS frequencies of 110–111 kHz in applications to fully protonated 

biological solids: the microcrystalline U-13C,15N-labeled fMLF tripeptide, a frequently used 

MAS NMR standard, and tubular assemblies of the 231-residue U-13C,15N-labeled HIV-1 

capsid (CA) protein. 1H linewidths in both systems were found to be of the order of 100 – 

170 Hz. For microcrystalline fMLF, 1H-13C, and 13C-13C, and 1H-1H single- and multiple-

quantum correlation experiments afford excellent sensitivity and resolution, and permitted 

resonance assignments for aliphatic, amide, aromatic and formyl protons. In the tubular 

assemblies of U-13C,15N-labeled HIV-1 CA, the resolution of the 2D and 3D spectra 

permitted ready resonance assignments of heteronuclei (13C and 15N) and protons are 

readily accomplished; to our knowledge this is the only example of 1H assignments in a 

fully protonated protein of this size from MAS NMR experiments. Most gratifyingly, 
1H-15N dipolar and 1H chemical shift anisotropy (CSA) tensors, which are indispensable 

probes of structure and dynamics, are readily measured using RN-symmetry recoupling [25; 

26; 27; 28; 29] implemented in proton-detected 3D experiments. Our overall results 

demonstrate the promise of proton-based spectroscopy at MAS frequencies of 110–111 kHz 

for structural and dynamics analysis of large biological assemblies.

2. Materials and Methods

2.1. Materials and Sample Preparation

U-13C,15N-fMLF tripeptide was purchased from CortecNet and used without further 

recrystallization. For MAS NMR experiments conducted at 19.96 T, U-13C,15N-fMLF was 

used; for experiments at 11.74 T, U-13C,15N-fMLF was mixed with the natural abundance 

fMLF in a 1:5 ratio. 0.5 mg of material were packed into 0.7 mm rotors and used for MAS 

NMR experiments.

HIV-1 CA protein was expressed and purified as reported previously [30; 31]. In brief, 

uniformly 13C, 15N-enriched CA was expressed in modified M9 media, containing 15NH4Cl 

and U-13C6-glucose as sole nitrogen and carbon sources, respectively. Expression was 

induced with 0.8 mM IPTG at 18–23 °C for 16 h. Cells were harvested by centrifugation, 

resuspended in 25 mM sodium phosphate buffer (pH 7.0) and opened by sonication. The 

lysate was centrifuged at 26,892 × g at 4 °C for 1 h, the pH of the supernatant was adjusted 

to 5.8 with acetic acid, and the conductivity reduced by dilution to below 2.5 ms/cm. After a 

second centrifugation step at 26,892 × g at 4 °C for 1 h, the final supernatant was loaded 

onto a cation exchange column and protein was eluted with a 0–1 M NaCl gradient in a 

buffer containing 25 mM sodium phosphate (pH 5.8), 1 mM DTT, and 0.02% NaN3. 

Concentrated protein fractions were further purified over a size-exclusion column 

equilibrated 25 mM sodium phosphate buffer (pH 7.0), 1 mM DTT, and 0.02% NaN3.
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Tubular assemblies of CA were prepared by incubation of 26 mg/ml protein solution in 25 

mM phosphate buffer (pH 5.5), containing 2.4 M NaCl, at 37 °C for one hour and 4 °C 

overnight [31]. The morphology was characterized by transmission electron microscopy 

(TEM). TEM analysis was performed with a Zeiss Libra 120 transmission electron 

microscope operating at 120 kV. Assemblies were stained with uranyl acetate (0.5–1% w/v), 

deposited onto 400 mesh, formval/carbon-coated glow discharged copper grids, and dried 

for 45 min in the air. NMR sample was prepared by centrifugation of the tubular assemblies 

for 15 min at 10,000 × g. The pellet was transferred to the 0.7 mm MAS rotor; the amount of 

hydrated material used in the experiments was estimated to be 0.2–0.3 mg. This estimate is 

based on the nominal volume that the 0.7 mm probe can hold and extrapolated from our 

weight-based measurements when packing 1.3 and 1.9 mm probes.

2.2. Solid-State NMR Spectroscopy

MAS NMR experiments were conducted on a 19.96 T Bruker Avance III standard bore 

spectrometer. A 0.7 mm Bruker HDCN MAS probe was employed. The MAS frequency was 

set to 110 or 111 kHz and controlled to within ±5 Hz using a Bruker MAS III controller. 

Additionally, J-based HSQC and TQSQ spectra of fMLF were acquired on a 11.74 T Bruker 

Avance NEO wide bore spectrometer. A 0.7 mm Bruker HCN MAS probe was employed. 

The actual sample temperature was calibrated for the different MAS frequencies by 

recording the temperature dependence of the 79Br T1 relaxation time in KBr [32]; the 

nitrogen gas flow for bearing and drive settings were kept at the same values for the samples 

under investigation. The typical 90° pulse lengths were 1.00 μs (1H), 1.6–2.00 μs (13C, 

depending on the experiment), and 2.73 μs (15N). The 1H-13C and 1H-15N CP employed a 

linear amplitude ramp of 90–110% on 1H, and the center of the ramp matched to Hartmann-

Hahn conditions at the first spinning sideband, with contact times of 1.1–1.5 and 1.5–1.8 ms, 

respectively. CP was performed as double quantum CP with a 13C spinlock rf-field between 

2/3 and ¾*ωr and ¼ to 1/3*ωr or as zero quantum CP employing the +1 condition (1.667 – 

or 1.75*ωr) for 1H.

All experiments on fMLF were conducted at the temperature of 26 °C. For 2D 13C-13C 

RFDR spectrum, the RFDR mixing time was 1.45 ms, the radiofrequency (rf) power for the 

RFDR pulses was 125 kHz; the spectrum was acquired with one scan. 13C-1H ((H)CH) 

HETCOR spectra were acquired with 4 scans, and the contact time of the last CP step was 

either 200 μs or 1 ms. WALTZ-16 decoupling (rf field strength 10 kHz) was applied on the 
13C and 15N channels during the acquisition. The 13C-1H J-based HSQC spectra were 

collected with 16 scans and 256 t1 points; the recycle delay was 2 s. The 13C-1H triple 

quantum – single quantum (TQ-SQ) and double quantum – single quantum (DQ-SQ) 

correlation experiments employed the SPC53 sequence [33] for excitation and reconversion 

of the double quantum coherence; the triple quantum coherence was selected by cycling the 

phases of the pulses by 60°. The 1H rf power was 370 kHz. The DQ and TQ efficiencies 

depend on the spin system. For the fMLF sample these were found to be of the order of 

20%. For the 2D 1H-1H RFDR spectrum, the RFDR mixing time was 0.27 ms, and the rf 

power for the RFDR recoupling pulse was 166.5 kHz using fpRFDR conditions. The 

spectrum was acquired with 16 scans for the DQSQ experiment and 24 scans for the TQSQ 

experiment, and 256 t1 points; the recycle delay was 3 s.
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For CA assemblies, the sample temperature was 26 °C. The recycle delay in all experiments 

was 2 s. The 2D (H)CH and (H)NH [9] HETCOR spectra were acquired with 32/64 scans 

and 440/128 t1 points, respectively. The 3D (H)CANH experiment was conducted as 

reported in [8]. 36 and 64 points were collected in t2 (15N) and t1 (13C) dimensions 

respectively, and 64 transients were added; the total experiment time was 3.4 days.

1H-15N dipolar tensors were measured using the PARS pulse sequence [34] incorporated 

into the (H)NH HETCOR experiment. 72 and 16 points were collected in t2 (15N) and t1 

(PARS) dimensions respectively, and 56 transients were added; the total experiment time 

was 1.6 days.

1H CSA tensors were measured using an R188
7-symmetry recoupling sequence incorporated 

into the (H)NH HETCOR experiment. 72 and 24 points were collected in t2 (15N) and t1 

(RN) dimensions respectively, and 48 transients were added; the total experiment time was 

2.1 days.

fMLF data sets were processed in TopSpin with no apodization (13C-13C RFDR and (H)CH 

HETCOR), or Lorentzian-to-Gaussian apodization (HSQC, TQ-SQ, and DQ-SQ). Spectra of 

tubular assemblies of HIV-1 CA were processed in NMRPipe with linear prediction in the 

indirect dimension(s) to twice the number of data points, followed by sinebell apodization 

(30-degree for 2D data sets, 60-degree for the 3D (H)CANH spectrum).

2.3. Simulations of 1H-15N Dipolar and 1H CSA Lineshapes

Numerical simulations of 1H-15N dipolar and 1H CSA lineshapes were performed with the 

SIMPSON software package [35], version 1.1.2. 320 REPULSION angles {α,β} and 13 γ 
angles were used to calculate a powder average for all simulations. All experimental and 

processing parameters (i.e., Larmor frequency, MAS frequency, RF field strength, number of 

t1 points, finite pulse lengths, zero-filling, line broadening, etc.) were taken into account in 

the simulation for the fitting of 1H-15N dipolar parameters and 1H CSA. The lineshapes 

were extracted automatically using a series of home-written C++ programs and shell scripts, 

and were inspected manually to ensure the correctness of the assignments.

3. Results and Discussion

3.1. 13C and 1H-Detected Correlation Spectroscopy at 110 kHz: fMLF Tripeptide
13C-13C RFDR, 13C-1H J-HSQC, and 13C-1H (H)CH HETCOR spectra of U-13C,15N-fMLF 

are shown in Figure 1, exhibiting 13C and 1H line widths are of the order of 100–150 Hz, 

consistent with sample’s polycrystallinity. The sensitivity in the dipolar-based RFDR and 

(H)CH HETCOR experiments acquired at 19.96 T is remarkably high, which permitted the 

spectra to be recorded with 1 and 4 transients, respectively, thus in a short time and with a 

fraction of amount normally required for obtaining the equivalent data sets with larger-

diameter MAS rotors (1.3 – 3.2 mm). The signal-to-noise ratios (SNRs) for the first FID is 

15 for the RFDR spectrum, and 56 (or 88) - for the (H)CH HETCOR spectra, acquired with 

a back-CP contact time of 200 μs (or 1 ms). The SNR for the first FID of the J-HSQC data 

set acquired at 11.74 T with 16 scans was 14. The remarkably high resolution in the proton 

Struppe et al. Page 5

Solid State Nucl Magn Reson. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dimension, readily permitted completion of 1H resonance assignments using J-HSQC and 

(H)CH HETCOR data sets, as illustrated in Figure 1b–d.

Table 1 summarized 13C and 1H chemical shifts of fMLF, and the 13C shifts agree with the 

previously reported values [36].

The (H)CH HETCOR spectra contained both one-bond and long-range correlations, which 

could be distinguished from the data sets acquired with the contact times of 200 μs and 1 ms 

(Figure 1c–d). Long-range correlations between the backbone Cα and C′ carbon atoms and 

HN and Hα protons within the same amino acids and between neighboring residues were 

particularly informative for corroborating the resonance assignments.

We also examined the performance of 1H-1H dipolar-based experiments, RFDR, as well as 

of spectra containing double- and triple-quantum filtered to single-quantum (DQ-SQ and 

TQ-SQ) correlations. The multiple-quantum filtered experiments are beneficial for 

resolution enhancement and spectral editing [37]. Exemplary 2D spectra are shown in Figure 

2a–c. The resolution of the RFDR spectra is high, except for the region containing aliphatic 

sidechain protons, rendering assignments of the 1H resonances straightforward. The DQ-SQ 

and TQ-SQ spectra are somewhat more crowded, yet many of the cross peaks were assigned 

based on chemical shifts available from (H)CH HETCOR, J-HSQC, and RFDR data sets. It 

is important to note that all prior reports on 1H-1H correlation experiments on unlabeled 

material at ultrafast MAS focused on small molecules with many fewer protons (crystalline 

amino acids). The high resolution observed for fMLF was very encouraging and prompted 

us to investigate larger systems. Taken together, our results suggest that the approach and the 

suite of experiments discussed here, as well as their higher-dimensional versions, that help to 

alleviate spectral congestion, such as 3D SQ-DQ(TQ)-SQ correlation experiments [38], will 

be particularly valuable for molecules that cannot be isotopically labeled, e.g., natural 

products, pharmaceuticals, and proton-containing solid materials.

3.2. 1H-Based Correlation Spectroscopy of HIV-1 CA Capsid Protein Assemblies

Mature HIV-1 virions contain conical capsids assembled from ~1,500 copes of a 231-residue 

CA capsid protein [39; 40]. Capsid cores enclose the RNA genome and several proteins, 

essential for virus replication. Capsid cores are pleomorphic, exhibiting varied curvature and 

appearance. They are made up from a hexagonal lattice comprising ca. 216 CA hexamers, 

which is closed into the ovoid shape by incorporating 12 pentamers [41]. In vitro, CA can 

form tubular assemblies, whose morphology closely mimics the hexagonal lattice of the CA 

cores [31; 41]. The structure of CA tubes has been characterized by various methods [41], 

illuminating details of the capsid architecture and its relationship to viral function. Our team 

has extensively studied structure and dynamics of these assemblies by heteronuclear- based 

MAS NMR spectroscopy at frequencies of 10–20 kHz [31; 42; 43; 44]. The samples 

employed possessed high conformational homogeneity and yielded excellent-resolution 

spectra, but, alas, at these spinning speeds 1H chemical shifts have not been accessible.

With the 0.7 mm ultrafast MAS HDCN probe, we have explored 2D and 3D 1H-detected 

heteronuclear correlation experiments for fully protonated tubular assemblies of the U-13C,
15N-CA protein. 1H-detected spectra acquired at the MAS frequency of 111 kHz are 
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illustrated in Figure 3: 2D (H)CH HETCOR, 2D (H)NH HETCOR, and representative 

planes from a 3D (H)CANH experiment are shown, demonstrating exceptional sensitivity 

and resolution. The SNR of the first FID in the (H)CH and (H)NH HETCOR data sets is 30 

(32 scans) and 40 (64 scans); in the (H)CANH spectrum the SNR is 6 (64 scans). The SNR 

of the (H)CH and (H)NH HETCOR 2D with respect to the most and least intense peaks is 88 

and 7, and 32 and 6; in the (H)CANH spectrum the SNR of the four planes shown in Figure 

3f is 10, 11, 11, and 10. The 1H line widths range from 120 to 170 Hz. Given this excellent 

resolution, even in the 2D spectra many individual cross peaks are non-overlapped (Figure 

3). Overall, 285 resolved peaks are present in the 2D (H)CH (aliphatic and aromatic regions) 

and 85 in the (H)NH (amide region) spectra, respectively. In the (H)CH data set, given the 

well-resolved peaks in the aromatic region, assignments of sidechain carbon and protons for 

four Trp (out of 5 total), three Tyr (out of 5 total), and one His (out of 5 total) were obtained, 

on the basis of 13C chemical shifts assigned in our previous heteronuclear-based studies [30; 

31; 42].

In the 3D (H)CANH spectrum, 131 resolved peaks were identified. A number of peaks were 

not resolved. Several stretches of residues were missing in the spectrum. These are the N- 

and C- terminal residues (1-20 and 217-231) the CypA binding loop (85-95), and the NTD-

CTD flexible linker region (residues 142-149). These residues exhibit motions spanning 

timescales slower than nanoseconds and as slow as milliseconds [42; 44; 46], and the 

absence of the corresponding resonances in the spectra is not surprising. We note that these 

peaks are present in the 13C-detected experiments conducted at MAS frequencies of 10–20 

kHz, because these were performed at temperatures of 4–15 °C, while the lowest 

temperature attainable in the current study with the 0.7 mm probe was 26 °C.

In another study, we have acquired additional 3D 1H-detected ultrafast MAS experiments, 

(H)CONH, (H)N(CO)CAHA, (H)NCAHA, (H)(CO)CA(CO)NH, (H)CCH, and (H)CHH. 

On the basis of these experiments and our prior 13C and 15N chemical shift assignments [31; 

43], we have assigned the majority of 1H, 13C, and 15N chemical shifts; this work will be 

reported elsewhere.

3.3. 1H-Based Measurements of 1H-15N Dipolar and 1H CSA Tensors in HIV-1 CA Capsid 
Protein Assemblies

Encouraged by the high resolution and sensitivity in the 2D and 3D correlation experiments 

of CA assemblies at 111 kHz, we explored whether 1H-15N dipolar and 1H CSA tensors 

could be extracted. HIV-1 capsids are highly dynamic entities [41; 42; 44; 46; 47], with 

motions occurring over many orders of magnitudes (nano to milliseconds and slower). 

Functionally, dynamic processes play important roles in capsid’s assembly, uncoating, and 

interactions with host factors [44]. We have recently interrogated nano- to microsecond 

timescale dynamics in HIV-1 CA assemblies using 1H-15N dipolar tensors [42]. RN-

symmetry based experiments and their improved versions developed by our group for 

accurate measurements of heteronuclear dipolar and 1H CSA tensors at MAS frequencies of 

40 kHz and below have been applied to organic and biological systems, including proteins 

and protein assemblies [27; 28; 29; 34; 42; 48]. In these reports, we have presented in-depth 

analysis of the performance of the RN-symmetry based experiments and validated their 
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applications in protein assemblies, including the HIV-1 CA assemblies, using various means, 

such as empirical correlations between 1H CSA and hydrogen bond length using 

electrostatic models [29], quantum chemical (DFT) calculations of CSA tensors [49], as well 

as a combined MD/DFT approach [44]. Others have demonstrated that 1H CSA tensors can 

be recorded in small molecules at the MAS frequency of 65 kHz [50], albeit no validation 

was reported on the measured CSAs from quantum chemical calculations. Indeed, 1H CSA 

tensors, are another sensitive probe of dynamics, which also report on hydrogen bonding 

interactions [29; 49]. To extract dynamics information from CSA tensors, quantum 

mechanical Density Functional Theory (DFT) calculations as well as combined MD/DFT 

calculations can be employed, as we have demonstrated recently [44].

Representative 1H-15N dipolar and 1H CSA lineshapes are shown for four residues in the CA 

assemblies in Figure 4: G89 (in the Cyclophilin A (CypA) binding loop), S109 (in a short 

loop connecting helices 5 and 6), Q155 (at the end of loop connecting helices 310 and 8), 

and L190 (in helix 10). The lineshapes were recorded in 3D 1H-detected experiments, where 

a dipolar/CSA dimension was combined with two isotropic 15N-1H chemical shift 

dimensions. The sensitivity in these experiments is remarkably high: it took only 1.6 and 2.1 

days to record dipolar and CSA tensors, respectively. In comparison, it typically takes 4–7 

days to collect the corresponding data sets by heteronuclear-based spectroscopy with 1.9 – 

3.2 mm probes.

As demonstrated by us previously [31; 44], G89 is remarkably dynamic on timescales of 

nano- to microseconds, exhibiting essentially isotropic 1H-15N and 1H-13C dipolar 

lineshapes. In contrast, S109, Q155, and L190 are rigid. The dipolar coupling constants 

obtained from the fits of the experimental lineshapes (Figure 4) are in excellent agreement 

with the values reported by us previously [31], including the isotropic lineshape observed for 

G89. This validates the PARS experiment under ultrafast MAS conditions. Remarkably, the 
1H CSA tensor for G89 is also averaged by motion, while the 1H CSA tensors for S109, 

Q155, and L190 suggest a rigid backbone. Theoretical validation of these experimental 1H 

CSA values requires a hybrid quantum mechanics/molecular mechanics/molecular dynamics 

approach, as we have demonstrated recently [44], and this work will be reported elsewhere.

4. Conclusions

At MAS frequencies of 110–111 kHz dramatic sensitivity and resolution enhancements 

permit structure and dynamics characterization of fully protonated biological solids, 

requiring only nanomoles of material and a few hours of measuring times. The 2D 1H- and 
13C-detected correlation experiments established on fMLF will be particularly useful for 

analysis of small organic and biological molecules at natural abundance, such as natural 

products. The 3D experiments for resonance assignments and measurements of dipolar and 

CSA tensors demonstrated for HIV-1 CA protein assemblies can be extended to complexes 

with host factors and, more broadly, for analysis of a wide range of complex systems. Thus, 

the approach presented here opens new avenues for tackling questions in structural biology 

of large assemblies.
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Highlights

• Large sensitivity and resolution enhancements observed in NMR experiments 

at MAS of 110–111 kHz enable structural analysis of fully protonated 

biological systems

• Resonance assignments of protons, heteronuclei and extraction of site-specific 
1H-15N dipolar and 1H CSA tensors for HIV-1 capsid CA protein assemblies 

using proton-detected 2D and 3D correlation experiments at 111 kHz
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Figure 1. 
2D 13C- and 1H-detected correlation spectra of f-MLF: a) 13C-13C RFDR spectrum, 

acquired with 1 scan and 1024 t1 points (total experiment time 0.7 hours); b) 13C-1H HSQC 

spectrum, acquired with 16 scans and 256 t1 points (total experiment time 2.27 hours); and 

c) (H)CH HETCOR spectrum, acquired with 4 scans and 1024 t1 points (total experiment 

time 2.84 hours). RFDR and (H)CH HETCOR spectra were acquired at 19.96 T (850 MHz), 

J-HSQC spectrum – at 11.74 T (500 MHz), using a 0.7 mm probe, with the MAS frequency 

of 111 kHz.
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Figure 2. 
2D 1H-1H correlation spectra of f-MLF: a) RFDR; b) double quantum – single quantum, and 

c) triple quantum – single quantum spectra. All spectra were recorded at 11.74 T (500 MHz) 

using a 0.7 mm probe, and a MAS frequency of 111 kHz.
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Figure 3. 
a) All-atom model of the mature HIV-1 capsid core, determined by an integrated cryo-EM, 

cryo-ET, solution NMR, and MD approach (PDBID: 3J3Y [41]). b) 3D structure of an 

HIV-1 CA monomer (PDBID: 3NTE [45]). c) Transmission electron microscopy (TEM) 

image of the NMR sample of tubular assemblies of U-13C,15N CA (NL4-3 variant). d–f) 2D 

(H)CH HETCOR (d) and (H)NH HETCOR (e) spectra, and representative 13C planes of a 

3D (H)CANH 1H-detected spectrum (f) of tubular assemblies of U-13C,15N CA, recorded at 

19.96 T (850 MHz) and a MAS frequency of 110 kHz.
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Figure 4. 
Representative 1H CSA (top) and 1H-15N dipolar (bottom) lineshapes for G89, S109, Q155, 

and L190 in tubular assemblies of HIV-1 CA protein, extracted from RN-symmetry based 

3D experiments. The spectra were recorded at 19.96 T (850 MHz) using a 0.7 mm probe, 

and a MAS frequency of 110 kHz. Features outside of ±1.5 kHz range are spectral noise.
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