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Abstract

The negative global impact of the AIDS pandemic is well known. In this perspective article, the 

utility of magic angle spinning (MAS) NMR spectroscopy to answer pressing questions related to 

the structure and dynamics of HIV-1 protein assemblies is examined. In the recent years, MAS 

NMR has undergone major technological developments enabling studies of large viral assemblies. 

We discuss some of these evolving methods and technologies and provide a perspective on the 

current state of MAS NMR as applied to the investigations into structure and dynamics of HIV-1 

assemblies of CA capsid protein and of Gag maturation intermediates.
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1. Introduction

Since the discovery of the human immunodeficiency virus (HIV) as the causative agent for 

acquired immunodeficiency syndrome (AIDS) in 1983 [1, 2] three decades of intense 

research have followed. Current estimates reveal that 35 million people are living with HIV, 

a global prevalence rate of 0.8%. In some Sub-Saharan African nations, the HIV prevalence 

rate exceeds 20% [3]. Current treatment options for those infected with HIV are based on 

antiretroviral therapies from several different classes of drugs. While effective, they are 

often limiting due to prohibitive cost, debilitating short- and long-term side effects, and the 

ability to give rise to drug-resistant mutants (www.AIDS.gov). A better understanding of 

important atomic-level structural information of the various macromolecules and 

macromolecular assemblies comprising HIV and the molecular processes that govern the 

virus’ function could lead to enhanced therapies and hopefully an eventual cure.

The three major genes comprising the HIV genome, gag, pol, and env, encode the main 

structural proteins (synthesized as polyproteins) and enzymes [4]. Six additional genes, tat, 

rev, nef, vpr, vif, and vpu, encode regulatory proteins (Tat and Rev) and auxillary proteins 

(Nef, Vpr, Vif, and Vpu). The HIV’s gag gene encodes the precursor Gag polyprotein, 

which contains the major structural proteins of the virus (Figure 1). These include matrix 

(MA), capsid (CA), spacer peptide 1 (SP1), nucleocapsid (NC), spacer peptide 2 (SP2), and 

P6 [5]. Immature, noninfectious viruses contain intact, uncleaved Gag polyprotein, see 

Figure 1. Proteolytic cleavage of the Gag polyprotein into its constituent protein domains 

results in an infectious virion through a process termed viral maturation [6]. Upon 

maturation, a characteristic capsid core is formed which encloses the viral RNA as well as 

complementary viral proteins, as shown in Figure 1 [7]. This Perspective article discusses on 

the recent structural and dynamics characterization of HIV-1 CA capsid protein assemblies, 

by magic angle spinning (MAS) NMR spectroscopy.

The molecular structure of mature HIV-1 capsid has been extensively studied at different 

levels of resolution using various methods, including X-ray crystallography [8–10], cryo-

electron microscopy [7, 11–13], solution NMR spectroscopy [14, 15] and, most recently, 

MAS NMR spectroscopy [16–18] [19]. The HIV-1 capsid is assembled from 1200 copies of 

the 25.6 kDa CA protein, a cleavage product of the Gag polyprotein [7]. The capsid encloses 

two copies of viral RNA and a small complement of proteins for replication [20]. On the 

basis of the early cryo-EM and electron cryo-crystallography studies, an idealized “fullerene 

cone” model [11, 21] was developed to describe the structural organization of the mature 

capsid. In this model, 250 hexameric CA subunits are organized in a hexagonal lattice, with 

12 pentameric CA subunits incorporated to close up the structure [7, 11, 21]. This model 

incorporated atomic-resolution NMR and X-ray structures of the individual N- and C-

terminal CA domains (NTD and CTD, respectively), which were docked into the electron 

densities [8, 9, 14, 22–24]. Subsequently, high-resolution structures of capsid subunits were 

obtained by examining disulfide-stabilized CA hexamers and pentamers using X-ray 

crystallography, yielding more detailed structural information for the CA model [10, 13]. 

Most recently, a pseudoatomic capsid structure has been solved using a hybrid approach 

combining cryo-EM, solution NMR spectroscopy, and molecular dynamics simulations, as 

illustrated in Figure 2 [7].
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MAS NMR spectroscopy is an emerging technique for structural investigations of HIV 

protein assemblies. It is complementary to other structural biology techniques in that it is 

well suited for both structural and dynamic analysis of native-like protein assemblies, and 

possibly intact viral particles in the future, at atomic resolution. In contrast, solution NMR 

studies are limited to solubilized monomers or dimers of CA and other Gag maturation 

intermediates [25–28]. Higher order oligomers, such as cross-linked hexamers and 

pentamers (as well as smaller constructs) can be characterized with X-ray crystallography 

but the native-like assemblies are not amenable to X-ray analysis as they do not crystallize 

[9, 29, 30]. Cryo-electron microscopy (cryo-EM) is currently limited in resolution (~ 5Å), 

even though recent advances in instrumentation and data acquisition and analysis may push 

the resolution limits [31]. Furthermore, both X-ray crystallographic and cryo-EM 

microscopic structural analyses typically require non-physiological cryogenic temperatures, 

nor do they provide direct insights into internal dynamics of the HIV-1 protein assemblies, 

which have been found to be important for their biological function [7, 17, 25]. In contrast, 

MAS NMR experiments can be conducted at physiological or close to physiological 

temperatures [16–19, 25]. Using MAS NMR, many important features of CA and other 

HIV-1 proteins can be understood at atomic resolution, including the structure of the CA 

molecule in the assembled state, the interhexamer CTD-CTD contacts as well hexamer-

forming NTD-NTD and CTD-NTD contacts. Tubular CA assemblies in particular appear to 

exhibit the same hexameric lattice and to mimic the curvature and intermolecular contacts as 

the native HIV-1 capsid core. Furthermore, MAS NMR experiments yield detailed insights 

into conformational dynamics on multiple timescales in HIV-1 protein assemblies, as we 

and others have demonstrated [17–19, 25]. Finally, interactions of HIV-1 protein assemblies 

with small molecules can be readily probed by MAS NMR, as has been demonstrated in 

other protein assemblies [32, 33].

Below, we discuss the recent methodological advances that have enabled atomic-resolution 

analysis of viral assemblies and provide a perspective on the current body of MAS NMR 

investigations into assemblies of HIV-1 CA protein and Gag maturation intermediate CA-

SP1.

2. Sample Preparation and MAS NMR Methods for Structural Analysis of 

HIV-1 Protein Assemblies

2.1 Preparation of HIV-1 Protein Assemblies for MAS NMR

CA and CA-SP1 assembly conditions compatible with MAS NMR have been developed by 

us and by others [16–19, 25]. These conditions yield morphologically homogeneous 

assemblies of desired morphologies that exhibit high-resolution NMR spectra and are stable 

under magic angle spinning for extended periods of time [16–19]. Notably, the preparation 

of morphologically homogeneous assemblies typically requires high concentrations of NaCl, 

of the order of 1 – 2 M in the sample [17]. As we have demonstrated, the use of EFree or 

low-E probes enables multidimensional MAS NMR spectroscopy in these samples, with 

high-quality data readily attainable [17]. The typical 13C line widths in the HIV-1 CA and 

CA-SP1 assemblies of tubular morphologies are 40 – 100 Hz at the magnetic field strengths 

of 20.0–21.1 T, in fully protonated samples acquired at MAS frequencies of 14 – 20 kHz. It 
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is important to corroborate the morphology of the samples prepared for the NMR 

experiments, and transmission electron microscopy (TEM) is used by us and by others for 

this purpose [16–19, 25].

It is interesting to note that there is some variability in the morphology of tubular assemblies 

of CA and CA-SP1 maturation intermediate, depending on the primary sequence and the 

preparation method. Tubular assemblies of CA and CA-SP1 have the same overall 

morphology, with diameters ~ 40–50 nm [17]. In another study, dark field transmission 

(tilted-beam) TEM has been used to determine the mass-per-length values of CA tubes, and 

indicates the presence of tubes formed from a single layer of CA, as well as multiwalled 

tubes [18]. Many studies utilize the A92E mutant of CA, which yields more homogeneous, 

single-walled tubes [15].

2.2 Through Space Correlations

Dipolar-based correlation experiments are extensively used in MAS NMR to obtain 

resonance assignments and distance restrains for protein structure determination. We have 

reviewed some recent methodological advances for through space correlation spectroscopy 

[34]. Here, we highlight methods that we found to be particularly useful in structural studies 

of HIV-1 CA protein assemblies.

Under moderate MAS conditions (10 – 30 kHz), conventional dipolar-based two-and three-

dimensional DARR [35, 36], as well as NCA, NCO, NCACX, and NCOCX experiments 

[37] work efficiently for resonance assignments in HIV-1 CA protein assemblies, and 

yielded spectra with remarkably high resolution, including in samples containing 1 – 2 M 

NaCl [16, 17].

Under fast MAS conditions (40 – 110 kHz), the above experiments are no longer suitable, 

and our group has used the R2n
v-symmetry based sequences [38–40] for 13C-13C correlation 

spectroscopy [41]. We have recently found that the combined supercycled R2n
v-symmetry 

sequences, CORD, exhibit superior performance compared to the individual R2n
v- blocks 

and deliver fully broadbanded excitation and high polarization transfer efficiencies at the 

MAS frequencies of 40 kHz [42]. It is worth nothing that R2n
v and CORD experiments 

work well at moderate MAS frequencies, and the CORD sequence in particular yields strong 

aromatic correlations, which are typically weak or missing in the DARR and PDSD 

experiments [42].

2.3 Recoupling of Anisotropic Spin Interactions

Dipolar and CSA tensors contain valuable information on structure and dynamics. Their 

accurate site-specific measurement in macromolecules under MAS has been rather 

challenging, and multiple groups in the field have turned their attention to this problem, as 

discussed in recent reviews [34, 43, 44].

Our group has explored Levitt’s R-symmetry based sequences for the recoupling of 

heteronuclear (1H-13C/1H-15N) dipolar and CSA interactions in the context of 2D and 3D 

experiments, permitting site-resolved recording of dipolar [45] or CSA [46, 47] lineshapes 

in an indirect dimension. These RNn
v-symmetry schemes work at both moderate and fast 
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MAS frequencies. Since RNn
v-symmetry sequences can efficiently suppress the 

homonuclear dipolar couplings and are selective for the first-order heteronuclear dipolar 

couplings, they are suitable for examining fully protonated samples.

We have employed RNn
v-symmetry based dipolar recoupling experiments to characterize 

the backbone dynamics of HIV-1 CA protein assemblies using U-13C, 15N-Tyr enriched 

samples, and discovered that the hinge region between the N-terminal domain and C-

terminal domain is rigid on the nano- to microsecond timescales and flexible on the 

millisecond timescales [25]. As an improvement to the dipolar recoupling experiments based 

on the individual RNn
v-symmetry sequences, where 1H CSA persists and causes non-

negligible errors for dipolar coupling measurements, we have recently reported Phase-

Alternating R-Symmetry (PARS) sequences, which yield accurate heteronuclear dipolar 

couplings, due to the efficient suppression of 1H CSA [48].

Chemical shift anisotropy is a sensitive probe of structure, hydrogen bonding, and dynamics 

of proteins assemblies. We have established that γ-encoded RNn
v-symmetry based CSA 

(RNCSA) sequences are very well suited for site-specific measurement of 13C and 15N CSA 

parameters in both U-13C,15N enriched and natural abundance 13C systems, in the context of 

2D and 3D experiments. We have demonstrated that these experiments can be conducted 

under a broad range of MAS frequencies, including fast MAS [47], which is a significant 

improvement to the prior methods [49]. The development of these RNCSA sequences 

permitted us to examine backbone dynamics of CA in U-13C,15N-Tyr enriched HIV-1 CA 

protein assemblies [25, 47], as described in section 3 of this Perspective article.

The measurement of 1H CSA tensors has been challenging and, until recently, restricted to 

either solid systems with sparse proton sites or based on the indirect determination of 

anisotropic tensor components from solution cross-relaxation and liquid crystal NMR 

experiments [50, 51]. To overcome the technical challenges associated with the 

determination of accurate proton CSA tensors, our group has developed an MAS approach 

that permits site-resolved measurement of 1H CSA tensors in fully protonated systems with 

multiple sites [50, 51]. In this method, three 3D RN-symmetry based experiments are 

recorded, which are dominated by mainly 1H-15N dipolar, mainly 1H CSA, or combined 

1H-15N dipolar and 1H CSA interactions. The 1H CSA tensors are extracted by a 

simultaneous triple fit of the data [51]. This approach yields accurate proton CSA 

tensors. 1H CSA, together with 15N and 13C CSA is expected to be a very useful reporter on 

local structure and dynamics of the proton sites, such as electrostatic interactions between 

the corresponding proton and neighboring molecules at the interfaces (being correlated with 

the length of hydrogen bonding) as well as structural disorder and dynamic flexibility [50–

55]. 13C CSA tensors have been already used as restraints to improve protein structure 

quality determined by MAS NMR, and similar efforts are ongoing in our laboratory to 

utilize 1H CSA as a restraint in structure calculation. This approach is well suited for 

structural analysis of a broad range of biological systems, including HIV-1 protein 

assemblies.
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2.4 Recent Advances for Enhancements of Sensitivity, Resolution, Data Collection and 
Analysis

Sensitivity and resolution remain major challenges in MAS NMR, particularly in analysis of 

large macromolecular assemblies, such as HIV-1 virus assemblies. High magnetic fields 

(17.6 T and higher) in conjunction with fast MAS probes capable of spinning at frequencies 

of 40 – 110 kHz have pushed the sensitivity and resolution boundaries permitting studies of 

large systems with small sample quantities, as we have reviewed recently [34, 56–63]. 

Proton detection gives rise to considerable sensitivity enhancements in deuterated [64–67] 

and fully protonated [62, 63, 68] macromolecules and appears to be a promising venue for 

the studies of HIV-1 based assemblies. A combination of fast MAS methods and the use of 

paramagnetic dopants for reducing the T1 relaxation time is another exciting approach for 

speeding up the data acquisition, and could be potentially useful in a wide range of systems 

[60, 69].

Dynamic nuclear polarization (DNP) is another highly active area of research, with large 

DNP-based enhancements making it very promising for analysis of viral assemblies [70, 

71]. We note that DNP applications to structural analysis of proteins and protein assemblies 

are still at early stages of development, and extensive work is needed to establish 

experimental conditions that would permit rapid freezing of the samples to attain 

conformational homogeneity and prevent loss of resolution, as is typically observed in the 

current setup.

Alternative approaches to data collection have also been explored, including nonuniform 

sampling, where, in the regime of exponentially biased random sampling [72] schemes, 

time-domain sensitivity enhancements have been theoretically predicted and experimentally 

corroborated [73–75]. Other NUS approaches have been applied in MAS NMR as well, 

albeit, the sensitivity enhancements have been attained at the expense of resolution [76, 77]. 

Finally, computational protocols for streamlining and automation of resonance and distance 

restraint assignments are also exciting and active areas of research [78–84]. In the following 

sections, we highlight the recent progress in the above areas, not including DNP based 

research, which is beyond the scope of this article.

2.4.1 Proton detection at fast-MAS and high fields—Until recently, proton detection 

was not common in MAS NMR of fully protonated biological solids. The advent of fast 

MAS probes has enabled proton detection at MAS frequencies of 40 kHz and above. Zhou 

et al., Huber et al., Knight et al., Holland et al., and Asami et al. reported large sensitivity 

enhancements for 1H-detected experiments over their 13C or 15N detected counterparts, at 

MAS frequencies of 40 – 60 kHz [62, 63, 85–88]. It was demonstrated that the performance 

of proton-detected sequences increases sharply with the magnetic field strength, and at 23.5 

T (the highest field strength attainable today), outstanding resolution and sensitivity have 

been observed in fully protonated samples [68]. Recently, Barbet-Massin et al. have 

established a set of 1H-detected triple-resonance experiments for facile resonance 

assignments in proteins [89]. This approach, consisting of six 3D experiments, is based on 

protocols employed in solution NMR. With this set of experiments and the use of an 
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automatic resonance assignment protocol the authors were able to establish significant 

portions of assignments in five different proteins, with minimal manual input [89].

2.4.2 Nonuniform Sampling and Nonuniform Consecutive Data Acquisition 
Approaches—The use of nonuniform sampling (NUS) for solid-state NMR is attracting 

attention [69, 73, 75, 90–92]. In solution, NUS is typically applied to speed up the data 

collection, and this mode has also been explored in the solids NMR experiments. For 

example, in a recent report Xiang et al. demonstrated that a set of four-dimensional 

experiments, (H)CACO(CA)NH and (H)COCA(CO)NH, could be used to collect data with 

appropriate sensitivity and resolution in a reasonable amount of time using NUS. With 20% 

nonuniform sampling coverage, the combined experiment time could be reduced from 55 

days to 11 days [92]. Another study by Lin and Opella demonstrated that with NUS 

coverage of 25–33%, two- and three-dimensional datasets could be collected and 

reconstructed using compressed sensing processing, thus saving experiment time [90].

In biosolids, many of the systems of interest, including HIV-1 protein assemblies, possess 

inherently low sensitivity. In our laboratory, we have explored NUS for attaining time-

domain sensitivity enhancements without compromising the spectral resolution. Rovnyak 

established theoretically that random, exponentially biased sampling schedules can yield 

bona fide time-domain sensitivity enhancements on the order of two-fold in each dimension 

provided exponentially decaying signals (non-constant-time mode), without compromising 

on spectral line widths [74]. We have demonstrated experimentally that these predictions are 

valid, by performing various hetero- and homonuclear 2D and 3D MAS NMR experiments 

on different samples, including peptides, a U-15N,13C-LC8 protein, and a reassembled 1-73-

(U-13C, 15N)/74-108-(U-15N) E. coli thioredoxin [69, 73, 75]. This approach is particularly 

advantageous for challenging samples possessing inherently low sensitivity, where with the 

appropriate design of NUS sampling schedules one can increase the number of scans, 

attaining significant sensitivity enhancements, which are compounded in each indirect 

dimension, without sacrificing the resolution [75].

Traditional FFT protocols are not suitable for processing data collected with nonuniform 

sampling [93]. Several reconstruction protocols have been developed for NUS data 

processing, including: maximum entropy (MaxEnt), covariance transforms, G-matrix 

Fourier transform (GFT), spectroscopy by integration of frequency and time domain 

information (SIFT), multidimensional decomposition (MDD), and a variant of MaxEnt 

termed maximum entropy interpolation (MINT) [73, 90, 91, 93–96]. The choice of an 

alternative and appropriate reconstruction algorithm can be dictated by several 

considerations, such as whether the data were sampled on- vs. off-grid, the amount of 

computational time required for reconstruction, and the desired linearity of the reconstructed 

data.

In our laboratory, we have adopted the use of maximum entropy interpolation (MINT) 

reconstruction that results in a highly linear transformation between the time-and frequency-

domain [73]. This is accomplished by using entropy maximization to estimate the values of 

missing data samples, while tightly fitting the reconstructed spectra to match the 

experimentally measured data points. Under MINT conditions, high-fidelity spectral 
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reconstructions are achieved for NUS data. Importantly, the linear behavior of MINT has 

been shown to extend to dynamic ranges of ~245x for 13C-13C homonuclear correlation 

experiments on model compounds and reassembled 1-73-(U-13C, 15N)/74-108-(U-15N) E. 

coli thioredoxin [75]. Figure 3 demonstrates the sensitivity gains and linearity attained with 

the NUS/MINT approach, as demonstrated on 1-73-(U-13C, 15N)/74-108-(U-15N) E. coli 

thioredoxin.

An alternative approach to nonuniform sampling is the use of nonuniform consecutive 

acquisition schemes (NUCA). NUCA, unlike NUS where data points are sampled 

nonlinearly, rely on sampling each point equidistantly but varying the number of scans per 

increment in the indirect dimensions. The collection of evenly spaced data points using the 

NUCA approach, allows for the use of FFT for data processing.

Qiang demonstrated the NUCA approach as applied to an Aβ fibril peptide [97]. In these 

2D 13C-13C correlation experiments, the number of acquisitions per t1 point was reduced as 

a function of the evolution time. Different acquisition profiles including linear and Gaussian 

were created and used for data collection and comparison. This approach yielded 

enhancements on the order of 40–50% but also introduced spectral line broadening. Li et al., 

recently demonstrated a similar approach where NUCA was combined with covariance 

spectroscopy allowing for the total experiment time to be reduced by a factor of 3–6 without 

the loss of resolution or signal-to-noise ratio [98]. These 13C-13C experiments were 

performed on histidine, microcrystalline GB1, and lipid reconstituted proteorhodopsin.

2.4.3 Automated Resonance and Distance Restraint Assignment Techniques 
for MAS NMR—Resonance assignments is the cornerstone yet the most tedious and time-

consuming part of the macromolecular structure determination protocol. In large biological 

systems like HIV-1 protein assemblies these challenges are amplified. For these cases, 

alternative resonance assignment protocols, which rely on computational algorithms, may 

need to be applied. Once the NMR spectra are automatically assigned, they can be reviewed 

and confirmed manually. In addition to automated resonance assignment, programs designed 

to assign distance restraints are also valuable. Some of these automated protocols, 

specifically designed for or applicable to MAS NMR data, are described below.

Tycko and colleagues described a Monte Carlo/simulated annealing algorithm that allowed 

for resonance assignments to be obtained computationally [83]. This approach requires the 

use of several 2D and/or 3D MAS NMR spectra [79]. The input for the original and the 

expanded program includes a list of 15N and 13C cross peaks, which are created through 

manual inspection of the two-dimensional spectra as well as the primary amino acid 

sequence. The list of cross peaks contains the chemical shifts, uncertainties in shift, 

degeneracies, and possible residue type, where multiple possibilities are allowed. The 

program then attempts to assign individual peaks to a given residue and determines a score. 

This approach was tested and demonstrated to work on several proteins, including α-

spectrin’s SH3 domain, microcystalline GB1, and HET-s (218–289) [79]. In a later study by 

Bayro et al., this approach was used to assign tubular HIV-1 capsid assemblies. 50 

independent runs were performed yielding 159 of 231 residues with 100% consistency [19].
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An alternative recent approach by Schmidt and coworkers, only requires an input of the 

protein sequence and unassigned peak lists [81]. The program, ssFLYA, uses an algorithm 

based on the knowledge of through-bond or through-space polarization transfers and 

chemical shift statistics to generate expected peaks based on a set of rules for each spectrum. 

These assignment solutions are then scored and optimized based on their similarity to 

chemical shift statistics, peak alignment, completeness of assignment, and chemical shift 

degeneracy. The validity of this approach was tested using multiple runs on several protein 

systems. Compared to manual assignment, ssFLYA resulted in 77–90% agreement based on 

analysis from the individual runs.

Recently Nielsen et al., presented a different method termed GAMES_ASSIGN [80]. 

Similar to ssFLYA, this approach utilizes an input of only the unassigned peak list and the 

primary protein sequence. This approach begins by pairing peaks based on alignment to 

determine peak clusters and spin systems. These spin systems are linked with regions in the 

primary amino acid sequence through an iterative process. Finally, by combining the 

previous information spin systems are rebuilt, missing atoms are assigned, and resonance 

assignments are made. Using multiple independent runs can yield different results and a 

statistical approach can be used to determine the results. To validate the approach, three 

protein systems were chosen with different sizes and data quality. For GB1, ubiquitin, and 

CsmA, 91.8%, 74.2%, and 83.1% of assignments, respectively, were correctly made for all 

atoms.

Fossi and colleagues introduced the program SOLARIA for automatically assigning cross 

peaks arising from long-range 13C-13C and 15N-13C correlations [78]. These spectra are 

used to measure distance restraints that are critical for determining the three-dimensional 

structures of proteins. It is often the case that spectral overlap between signals leads to 

multiple assignment options per peak making manual assignments difficult and requiring the 

exclusion of ambiguous information that could be valuable. Peak lists derived by manual 

inspection of 2D 13C-13C and 3D 15N-13C-13C spectra, for α-spectrin’s SH3 domain, were 

used as input for SOLARIA. The program used these peak lists to perform automatic 

assignments of the distance restraints and structures were calculated in only 12 hours. 

Importantly, the automatic protocol allowed for the use of additional restraints, which were 

not previously assigned by manual inspection. The eleven lowest energy structures 

displayed an RMSD of 1.3 Å when compared to the X-ray reference.

Overall, automated resonance assignment and restraint protocols are anticipated to be an 

integral step in working with viral assemblies and other large biomolecular systems in the 

future.

3. HIV-1 CA and Gag Maturation Intermediate Protein Assemblies: 

Structural and Dynamics Studies by MAS NMR

To date, two laboratories have reported MAS NMR studies of HIV-1 capsid protein 

assemblies: our group at the University of Delaware and the Pittsburgh Center of HIV 

Protein Interactions (PCHPI), and the group of Dr. Robert Tycko at NIH. Investigations of 

assemblies of HIV-1 proteins are challenging because of the large size and the complex 
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symmetry of the system, as well as the presence of high concentrations of NaCl typically 

required for the preparation of morphologically homogeneous samples. At the same time, 

CA and Gag maturation intermediates assemble into uniquely homogeneous and stable 

structures, yielding outstanding-resolution MAS NMR spectra, from which detailed atomic-

resolution information on structure and dynamics of the assembled proteins can be inferred. 

As discussed below, the current body of parallel independent work from these two 

laboratories has revealed so far a consistent picture of the salient structural and dynamics 

features of CA in the assembled state, establishing MAS NMR spectroscopy as a reliable 

and information-rich method for the analysis of HIV-1 protein assemblies.

In our initial MAS NMR studies of the HIV-1 protein assemblies, we investigated conical 

and spherical assemblies of the 25.6 kDa CA capsid protein [16]. During this early work, we 

have established protocols for generating CA assemblies of different desired morphologies 

under conditions compatible with MAS NMR. Subsequently, we have established conditions 

for reliable preparation of tubular assemblies of various CA constructs, as well as of the 

corresponding CA-SP1 maturation intermediates of Gag polyprotein, see Figure 4 

[17]. 13C-13C DARR spectra of U-13C,15N-labeled spherical and conical assemblies of CA 

exhibited relatively high resolution, and the analysis of chemical shifts indicated that the 

protein has the same secondary and tertiary structure in these assemblies possessing 

different morphologies. We were able to assign 63% of residues in CA on the basis of 

NCACB, NCACX, NCOCX, and CCC (DARR-DARR) 2D and 3D MAS NMR spectra of 

the conical assemblies of full-length CA and the solution NMR datasets of the CA’s 

individual CTD and NTD domains. Importantly, the high quality data that we obtained 

during this early work demonstrated that these HIV-1 protein assemblies are amenable to 

detailed characterization at atomic resolution by MAS NMR.

Structural plasticity of HIV-1 CA is a necessary prerequisite for the assembly of CA into 

pleiomorphic capsid cones [20, 99, 100]. Interestingly, structural polymorphism of the 

capsid core has been observed both in vivo and in vitro. The CA’s CTD forms 

intermolecular contacts critical for the assembly of the mature viral core. EM, X-ray, and 

solution NMR structures of the CTD dimerization domain indicated that this region can 

adopt a range of conformations [8, 10, 15, 24]. To examine the origin of conformational 

plasticity and establish the molecular mechanism of the CA assembly, we have addressed 

the conformational dynamics of CA by an integrated MAS and solution NMR approach. 

Using U-13C,15N-Tyr labeled protein, we performed a series of MAS NMR studies, 

including 13Cα-15N and 1H-15N dipolar coupling constant measurements, 15N CSA 

measurements, and 15N relaxation measurements to probe dynamics on the timescales 

spanning milliseconds through nanoseconds [25]. The samples used in these studies 

included conical assemblies of full length CA and CTD constructs of 2 different lengths 

containing various isotopic labels.

CA has four tyrosine residues. Y145 is in the hinge region between the CTD and NTD and 

has been shown to be critical for capsid assembly and viral infectivity. Y130 is located in the 

NTD while Y164 and Y169 are in the CTD. On the basis of multiple homo- and 

heteronuclear correlation spectra as well as 15N{13C} REDOR dephasing experiments in 

full-length assembled CA and the two CTD constructs we concluded that Y145 undergoes 
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conformational dynamics on the timescales of ~ 10 ms, in contrast to the other tyrosine 

residues, which are rigid [25], as summarized in Figure 5. Interestingly, Y145 does not 

undergo motions on faster, micro- to nanosecond, timescales, as evidenced by their rigid-

limit 1H-15N and 1H-13C dipolar lineshapes recorded by us in a series of RN-symmetry 

based experiments [25]. These MAS NMR data, in conjunction with solution NMR results 

led us to propose a molecular switch mechanism that appears to determine the ability of the 

CA protein to assemble into the conical capsids. The millisecond time scale motions of 

hinge region residues of CA open up the available conformational space. At the same time, 

the actual number of conformers accessible for the CA assembly into varied morphologies is 

finite, and their relative populations in solution appear associated with an intermolecular 

electrostatic interaction. This combined dynamic and electrostatic control appears to permit 

the formation of varied capsid morphologies in mature HIV virions.

In parallel, we turned our attention to the investigations of the mechanism of HIV-1 

maturation. The final step in the formation of the mature HIV-1 capsid is the cleavage of the 

SP1 peptide from the CA-SP1 maturation intermediate. This maturation step is of particular 

interest due to the recent discovery of antiretrovirals, such as Bevirimat [101], which abolish 

the SP1 peptide cleavage by binding to CA-SP1 [102]. One open question in the field of 

HIV research is what triggers SP1 cleavage and initiates the conical capsid assembly. One 

hypothesis proposes the change in CA lattice shape from spherical to conical upon the 

cleavage of the SP1 peptide [103]. The second one postulates that during the maturation, the 

immature lattice disassembles completely during the course of proteolytic cleavages of Gag 

followed by de novo reassembly of the mature core [5]; this hypothesis has been recently 

corroborated by several techniques, including cryoelectron tomography (cryo-ET) [104]. In 

the context of the maturation mechanism, the SP1 cleavage is thought to mediate 

disassembly of the immature CA during the final maturation step [105], and, therefore, its 

conformation in the various maturation intermediates has been a subject of interest and 

debate in the field. The SP1 conformation in the assembled HIV-1 CA-SP1 has remained 

unknown until our recent work. Another interesting question is how the primary CA 

sequence variability affects the conformation of assembled CA and CA-SP1 and the viral 

infectivity.

To address the above aspects of the HIV-1 maturation mechanism, we have examined 

assemblies of CA and CA-SP1 from two common viral strains, HXB2 and NL4-3. These 

two strains differ in sequence by 5 residues. The NL4-3 construct also contained an A92E 

mutation in the Cyclophilin A (CypA) loop. This A92E “escape” mutant possesses 10% of 

the viral infectivity of the wild type HIV-1 [106, 107]. The tubular assemblies of these four 

proteins yielded outstanding-quality MAS NMR data (Figures 6 and 7). From the multiple 

dipolar- and scalar-based homo- and heteronuclear correlation spectra we have 

unequivocally determined the conformation of SP1 in the assembled state of CA-SP1 and 

gained information on conformational and dynamic differences of the CA and CA-SP1 

assemblies derived from the two HIV-1 strains, HXB2 and NL4-3 A92E. The salient 

conclusions of this study are discussed below.

We discovered that the 6-residue difference in the primary sequence of HXB2 vs. NL4-3 

A92E induced multiple conformational perturbations mapped to the CypA loop region 
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(NTD) and to the loop preceding helix 8 (CTD), see Figure 6. The results indicate that the 

SP1 tail adopts a dynamic random coil, and the conformation of the peptide is similar in 

both constructs. Interestingly, the tail is more dynamic in the HXB2 CA-SP1. Furthermore, 

the presence of the SP1 tail enhances the mobility of several preceding residues and, 

possibly, of CypA loop as well. (These findings have been corroborated by our most recent 

dynamics studies using heteronuclear dipolar lineshapes, which will be reported in a 

forthcoming manuscript.) Thus, conformational plasticity in functionally important loop 

residues of CA and CA-SP1 is induced by primary sequence. Our results support the 

hypothesis that SP1 cleavage induces the disassembly of immature CA and subsequent re-

assembly into the mature capsid core.

In parallel, Tycko and co-workers have also performed MAS NMR studies of CA tubular 

assemblies. In their early work, they have concluded on the basis of the various MAS NMR 

spectra of 1,3-13C-glycerol-labeled CA samples that CTD and NTD of CA are largely rigid 

and retain their general secondary and tertiary structure upon formation of tubes [18]. Using 

double quantum filtering for further spectral simplification, they were able to assign 111 

cross peaks by comparison with solution NMR chemical shifts. INEPT and NOE-INEPT 

measurements also indicated that very few CA residues are mobile.

In the recent work from the same group, Bayro et al. performed de novo resonance 

assignments from solid-state shifts using the combination of 3D NCACX, and NCOCX 

spectra of U-13C,15N CA tubes; NCACX, NCOCX, and CONCA spectra of 1,3-13C 

glycerol/U-15N CA; and a CONCA spectrum of 2-13C glycerol/U-15N CA. Using this 

protocol, site-specific assignments were derived for 69% of the protein without comparison 

to solution NMR assignments [19]. Manual resonance assignment was supplemented by 

application of the automated assignment program MCASSIGN2 discussed in section 2.4.3 

of this article.

Another important conclusion of the above study is that while much of the CA protein is 

rigid and ordered in tubular assemblies, specific regions including the CypA loop, the N-

terminal β hairpin, the hinge between NTD and CTD, as well as NTD-CTD intermolecular 

interaction sites, are disordered, indicated by the absence of resonances in spectra (Figure 

8). 13C-13C TOBSY experiments were utilized to distinguish dynamically disordered 

regions from statically disordered regions and indicate that the CTD-NTD linker, as well as 

the segment between helices 8 and 9, is dynamically disordered. 1H T2-filtered NCA spectra 

demonstrated that different interhelical segments had different mobility, as indicated by 

greater loss in peak volume for rigid residues than partially mobile residues. The greatest 

mobility was observed in the CypA binding loop, consistent with our own results. 15N-15N 

backbone dipolar recoupling (15N-BARE) experiments were utilized for the measurement of 

the torsion angles ψi and ψi-1 (and φi to an extent). While most α-helical residues exhibited 

rapid dephasing due to relatively short interhelical distances, some residues displayed slower 

dephasing times, indicative of extended backbone conformations, illustrated in Figure 9. 

Using TALOS+ torsion angle predictions [108] and the 15N-BARE data as restraints [109], 

structure calculations of CA were run with Xplor-NIH [110] and revealed that the 310-helix 

near the CTD-NTD linker is in a more extended conformation than indicated in solution 

NMR studies, and also distinguished differences in the loops between H3 and H4 and H10 
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and H11, which may be caused by different intermolecular contacts than observed for 

dimers/monomers in solution or hexameric crystallography constructs. The findings by 

Bayro et al. suggest a curvature generation mechanism in this system: the curvature appears 

to be determined by the variations of the structure around the inter-domain linker region, the 

segments involved in intermolecular NTD-CTD interactions, and the C-terminal tail.

It is worth noting that the above studies have paved the road for the analysis of other HIV-1 

assemblies. With the current state of MAS NMR methodologies larger assemblies of HIV-1 

proteins are becoming amenable to full 3D structural and dynamics characterization at 

atomic resolution. These investigations are ongoing in our laboratory.

4. Conclusions

The emergence of MAS NMR spectroscopy as an influential method to understand salient 

structural and dynamic features of HIV-1 assemblies is an important development in the 

field of HIV-1 structural biology. MAS NMR provides a wealth of information on the 

HIV-1 proteins in their assembled state and under conditions similar to those found in vivo, 

at atomic resolution. High-field magnets deliver the sensitivity and resolution necessary to 

work on these systems, which were considered intractable only several years ago. Fast MAS 

probe technologies have enabled proton detection in fully protonated samples, providing 

additional boosts in sensitivity and resolution and requiring several-fold less sample than 

used in the conventional probes. The developments of fast-MAS probes have also resulted in 

new efficient experiments for multidimensional correlation spectroscopy and for recording 

of various anisotropic NMR parameters that are key to structure and dynamics studies. 

EFree and low-E probes permitted spectroscopy of HIV-1 assemblies containing high salt 

concentration, opening doors to their detailed analysis. The use of nonuniform sampling and 

nonuniform consecutive acquisition methods allow for more efficient data collection and/or 

for bona fide time-domain sensitivity enhancements all of which is essential for the study of 

large HIV-1 and other viral assemblies. The ever increasing complexity of biomolecular 

systems has also necessitated the development of automated resonance and distance restraint 

assignment protocols, some of which have already been applied to the studies of HIV-1 

protein assemblies. It is clearly an exciting time to be working in the field of MAS NMR 

spectroscopy. In our opinion, the potential for our discipline to make unique contributions to 

understanding structural biology of HIV-1 and other viral assemblies and even more 

complex systems is very high.
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Highlights

MAS NMR can yield unique atomic-level details about HIV protein assemblies.

Contemporary MAS methods enabling analysis of HIV protein assemblies are 

discussed.

Perspective is provided on recent MAS NMR studies of HIV-1 protein assemblies.
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Figure 1. 
A) Schematics of Gag polyprotein domain organization, including the cleavage pathway 

leading to viral maturation. Reprinted with permission from Han et al., J. Am. Chem. Soc., 

2013, 135, 17793–17803. Copyright 2013 American Chemical Society. B) Artistic 

representation of structural differences between immature and mature HIV-1 virions. 

Reprinted with permission from Monroe et al., Structure, 2010, 18, 1483–1491 [111]. 

Copyright 2010 Cell Press. C) Electron micrograph image of HIV-1 virions. Both immature 
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and mature virions are visualized here. Reprinted from open access V. Baumgartel et al., 

Viruses 4 2012 777–779 [112].
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Figure 2. 
All-atom model of mature HIV-1 capsid. a, b. Representative slices of the three-dimensional 

cryo-ET data. Red arrows indicate arrays of CA hexamers, and yellow stars indicate 

locations of sharp curvature change. The scale bar is 20 nm. c. A overlay of the fullerene 

model (green) and the densities from the segmented capsid (orange). d. All-atom molecular 

dynamics equilibrated model of mature HIV-1 capsid comprising 216 CA hexamers (blue, 

NTD; orange, CTD) and 12 CA pentamers (green). Reprinted with permission from Zhao et 

al., Nature, 2013, 497, 643–646. Copyright 2013 Nature Publishing Group.
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Figure 3. 
Comparison of 2D NCA spectra for reassembled thioredoxin collected with US (A) and 

NUS (B and C). Panel A displays data collected with uniform sampling and processed with 

MINT. Panel B was collected with NUS and processed with MINT. Panel C shows the same 

dataset as panel B but processed with line width deconvolution, which improves resolution. 

The data are displayed at the same contour level. Pink boxes are used to highlight areas 

where new peaks are present in the NUS spectra. In D), line shapes extracted through the 

direct and indirect dimensions are displayed and show intensity enhancements for NUS data. 

Reprinted with permission from Paramasivam et al., J. Phys. Chem. B., 2012, 116, 7416–

7427. Copyright American Chemical Society 2012
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Figure 4. 
A) Confocal images showing conical, spherical, and tubular morphologies of HIV-1 CA 

assemblies. B) TEM images of tubular assemblies of CA HXB2, CA-SP1 WT HXB2, and 

CA-SP1 NL4-3 A92E constructs. Reprinted with permission from Han et al., J. Am. Chem. 

Soc., 2010, 132, 1976–1987 and Han et al., J. Am. Chem. Soc., 2013, 135, 17793–17803. 

Copyright 2010 and 2013 American Chemical Society.
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Figure 5. 
A) 15N{13C} REDOR spectra (top) and dephasing curves (bottom) for conical assemblies of 

full-length HIV-1 CA protein. The lack of dipolar dephasing for Y145 in all constructs 

indicates millisecond timescale dynamics, which average the 15N-13C dipolar coupling. 

B) 1H-15N dipolar experimental and best-fit line shapes for U-13C,15N-Tyr labeled full-

length HIV-1 CA protein assemblies of conical morphology. Dipolar coupling constants that 

were extracted by numerical simulations show that each Tyr residue is rigid on the time 

scale measured experimentally. C) 15N CSA line shapes for U-13C,15N-Tyr labeled full-

length HIV-1 CA protein assemblies of conical morphology. Experimental and best-fit line 

shapes for each residue are shown. Each Tyr residue exhibits rigidity on the time scale 

measured experimentally. Adapted with permission from Byeon et al., J. Am. Chem. Soc., 

2012, 134, 6455–6466. Copyright 2012 American Chemical Society.
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Figure 6. 
Overlay of (A) NCA and (B) NCACX spectra of CA NL4-3 A92E (orange) and CA HXB-2 

(black). The NCACX spectrum is an expansion of the aliphatic sidechain region. Indicated 

with red and magenta arrows are distinct resonances observed for HXB2 and NL4-3, 

respectively, indicating differences in conformation or electronic environment. (C) A view 

of the 3D structure of CA (HXB2 variant, PDB file 3NTE). Residues highlighted in magenta 

vary between the two constructs. Residues shown in gray are conserved in the two strains, 

but exhibit chemical shift differences. Reprinted with permission from Han et al., J. Am. 

Chem. Soc., 2013, 17793–17803. Copyright 2013 American Chemical Society.
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Figure 7. 
Overlay of spectra for tubular assemblies of CA NL4-3 A92E (orange) and CA-SP1 NL4-3 

A92E (black). (A–D) Direct-DARR, (E–J) INADEQUATE, and (K) CP-DARR, acquired at 

19.9 T and 4 °C. Labeled peaks indicate new resonances that appear in the CA-SP1 

spectrum, but not the CA spectrum. The CP-DARR spectrum in (K) demonstrates the 

absence of signal from N240 of the SP1 peptide due to dynamics, while this resonance is 

present in the direct-DARR (C) and INADAQUATE (I) spectra. Reprinted with permission 
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from Han et al., J. Am. Chem. Soc., 2013, 135, 17793–17803. Copyright 2013 American 

Chemical Society.
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Figure 8. 
Indications of mobility in tubular assemblies of CA. (A) Reference NCA spectrum with no 

T2 filter. (B) 1H T2-filtered NCA spectrum. Percentages represent the remaining peak 

volume as compared to the reference spectrum. Sites with a greater remaining peak volume 

are more dynamic, highlighted in green and magenta. Reprinted with permission from Bayro 

et al., J. Mol. Biol., 2014, 426, 1109–1127. Copyright 2014 Elsevier.
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Figure 9. 
15N-BARE decay curves demonstrated for 6 residues in tubular assemblies of CA. 

Experimental decay curves are indicated by filled circles. Broken and dotted lines are 

simulations based on 3 different PDB structures of CA monomers (green dashed line: 

3MGE, red dotted line: 2LF4, blue dashed line: 2KOD). “Fit” indicates simulated curves 

based on the refined CA structure using the 15N-BARE data as a structural restraint. 

Reprinted with permission from Bayro et al., J. Mol. Biol., 2014, 426, 1109–1127. 

Copyright 2014 Elsevier.

Suiter et al. Page 31

J Magn Reson. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


