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Human immunodeficiency virus (HIV) is the causative agent for the acquired 

immune deficiency syndrome (AIDS), a global pandemic. The curative treatments or 

vaccines for HIV are still lacking to date. The HIV-1 capsid (CA) protein plays 

essential roles in the HIV-1 life cycle, involving in two critical assembly events, 

formation of the immature viral particle as a component of Gag polyprotein and re-

assembly into a mature capsid core after Gag cleavage. During CA maturation, the 

Gag polyprotein cleaves into its constituent domains. The final step in the Gag 

processing cascade is the cleavage of spacer peptide 1 (SP1) from the C-terminal 

domain of CA. Following maturation, approximately 1000-1500 copies of CA protein 

arrange into a conical core to protect the viral genome in a mature virion. Initial 

research has identified that maturation inhibitors (MI) prevent the cleavage of CA 

from SP1, and formation of infectious virions. Thus, the HIV-1 CA maturation is an 

attractive target for therapeutic intervention. However, atomic-level understanding of 

CA maturation and maturation inhibition is lacking.  

In this dissertation, I employed magic angle spinning (MAS) solid-state NMR 

spectroscopy to investigate the structural rearrangements and dynamic changes 

accompanying capsid maturation. By examining the final-step maturation 

intermediate, CA-SP1, I demonstrate the presence of as well as quantified dynamic 

helix-coil equilibrium in the CA-SP1 assemblies, and discovered that it is inhibited by 

the T8I mutation in the SP1 domain that phenocopies the MI-bound state. I have 

combined MAS NMR and molecular dynamics (MD) simulations to obtain 
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unprecedented atomic-level quantitative insights into the assemblies of maturation 

intermediates, unavailable from other techniques. Overall, the results indicate that 

modulation of protein dynamics appears to be a determining factor in capsid 

maturation and maturation inhibition. This study is described in Chapter 4. 

To further understand the role of dynamics in the capsid assembly, I have also 

applied MAS NMR to probe atomic-resolution structures of the CA capsid protein 

assemblies of different morphologies and of model pentameric and hexameric CA 

building blocks. This study is described in Chapter 3. 

In Chapter 5, I have explored 19F as an NMR probe for applications to 

biological assemblies. A robust protocol for 19F MAS NMR spectroscopy has been 

developed based characterization of structure and dynamics in fluorinated solids by 

examining fluorosubstituted tryptophans. I have applied this approach to the HIV-1 

capsid protein assemblies. The results exhibit the fast and ultrafast MAS frequencies 

are beneficial to resolution enhancement and recording interfluorine distances.   

I have incorporated 5-F-Trp into CA protein, and resonances were assigned by 

mutagenesis. The 19F chemical shifts for the five tryptophans are distinct, reflecting 

differences in local environment. Spin diffusion and radio frequency driven recoupling 

(RFDR) experiments were performed at fast MAS frequencies of 35-60 kHz and 

permitted establishing the 19F-19F correlations, yielding interatomic distances as long 

as 23 Å. Fast MAS frequencies of 35-60 kHz are essential and yield narrow lines. I 

demonstrate the potential of 19F NMR for structural analysis in large protein 

assemblies by MAS NMR. 
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INTRODUCTION TO HIV-1 STRUCTURAL BIOLOGY: MATURATION 
AND CAPSID ASSEMBLY 

1.1 AIDS Epidemic and HIV 

Health problems are one of the major factors that affect people’s living 

condition and quality in modern society. Extensive research has been devoted to 

fighting off devastating illnesses and epidemics, one of which is the acquired immune 

deficiency syndrome (AIDS), caused by human immunodeficiency virus (HIV). Since 

the AIDS epidemic was first recognized in the 1980s, HIV has infected more than 70 

million people and taken 35 million people’s lives worldwide. Lacking protective 

vaccine, it remains a serious human pathogen for the world. According to the latest 

data that were reported by the Joint United Nations Programme on HIV/AIDS 

(UNAIDS), in 2016, HIV newly infected 1.8 million people and approximately 36.7 

million people are living with HIV globally.1 The global prevalence of HIV among 

adults is shown on the map (Fig 1.1) prepared by World Healthy Organization 

(WHO). Active therapeutic treatments have been developed to control the HIV 

infection; meanwhile, HIV vaccines have being tested in clinical trials. However, there 

is no effective treatment to cure or prevent HIV so far.  

HIV is a retrovirus that has been identified in two different types, HIV-1 and 

HIV-2. HIV-1 is the major causative agent of AIDS for human beings, which infects 

by attacking the functional cells in the immune system, for instance CD4+ T-cells.2 

Chapter 1 
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Over time, HIV depletes a great number of the host cells to weaken human immune 

system, so that the body loses the resistance to other infections and diseases. 

 

Figure 1.1 Map of HIV/AIDS global situation and trends. Made by WHO. 
http://www.who.int/gho/hiv/en/  

The HIV virus is an icosahedral particle with a diameter of 120 nm. During its 

life cycle, immature and mature virions remain before and after viral maturation. The 

total size of HIV-1 genome is approximately 9.7 kb, and is comprised of three major 

genes (gag, pol, env), as well as a number of regulatory and accessory genes (vif, vpr, 

vpu, nef, tat and rev), shown in Fig 1.2.3 The gag gene encodes a polyprotein 

precursor, named as Gag (Pr55Gag), the major structural protein as well as driver in 

virus assembly and release. The pol gene encodes the viral enzyme protease (PR), 

reverse transcriptase (RT), and integrase (IN). The GagPol polyprotein is a rare 
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frameshifting event during Gag cleavage process. The env-encoded envelope (Env) 

glycoproteins, including surface membrane protein (SU) and trans-membrane protein 

(TM), trigger the membrane fusion reaction during the virus entry.4 The maturation 

process is a key step involving alteration of immature to mature virions (Fig 1.3). In an 

immature virion, Gag polyproteins form a sphere arranged from hexameric building 

blocks.5 To form an infectious particle, the viral protease (PR) triggers virus 

maturation by cleaving various sites in both Gag and GagPol polyproteins. The Gag 

polyprotein is cleaved into its components, matrix (MA or p17), capsid (CA or p24), 

nucleocapsid (NC or p7), p6, and two spacer peptides, SP1 and SP2. Following the 

cleavage, mature CA subunits reassemble into a cone-shape lattice to protect the viral 

genome, when a mature virion forms.6,7 The work presented in this dissertation 

focuses on the mature CA lattice formation by characterizing the structure and 

dynamics of assemblies of CA protein as well as of the maturation intermediate CA-

SP1 protein. 
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Figure 1.2  Organization of the HIV-1 genome.3 The total size of the HIV-1 genome 
is 9.7 kb. Each of the viral genes is depicted based on the relative 
position in the RNA genome. Dashed lines represent RNA splicing. The 
number in parenthesis is molecular weight of each protein. The figure 
was originally published in REFERENCES3, copyright by Nkeze et al., 
2015.  
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Figure 1.3 HIV-1 immature and mature virions. Both cryo-electron tomography 
(Cryo-ET) images and schematic representations illustrate the 
architecture of immature and mature virions. The figure adapted from 
REFERENCES6,8. Permissions for reuse in this dissertation is granted by 
Springer Nature, copyright 2015, and American Society for 
Microbiology, copyright 2015. 

1.2 HIV-1 Viral Life Cycle 

The HIV-1 viral life cycle is complex and contains various phases (Fig 1.49), 

which are classified into early and late replication phases. The early phases start when 

the envelope (Env) glycoprotein of an infectious viral particle binds to the primary 

receptor, CD4 and co-receptor, CCR5 or CXCR4 on the surface of a CD4+ T-cell.10 

Following the virion’s attachment, fusion of the viral and cellular membranes occurs 

to release the viral core into the cytoplasm of the target cell. The mature capsid 

undergoes uncoating process where the capsid core rearranges to become the reverse 

transcription complex (RTC) by capsid immediate or complete disassembly to activate 

reverse transcription of the viral RNA to double-stranded DNA.11 The capsid 

uncoating mechanism remains poorly understood. Through various transportins and 
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nucleoporins, the pre-integration complex (PIC) is imported into the host cell nucleus 

and followed by the proviral integration into the host genome.12 Subsequently, the late 

phases begin with the proviral transcription that yields different sizes of viral mRNAs. 

The large mRNAs are exported from the nucleus, composing templates for viral 

protein production. Protein components are synthesized and assemble into a viral 

particle. Afterwards, an immature virion buds and releases from the infected cell. 

Finally, an infectious viral particle, containing a conical mature capsid lattice, is 

formed by protease-mediated maturation step. In the entire HIV-1 life cycle, several 

critical steps can be considered as potential targets for antiviral intervention13-15 by 

using a variety of clinical inhibitors and cellular restriction factors.  

 

Figure 1.4 Schematic of the HIV-1 life cycle. The figure was originally published in 
REFERENCES 9 Permission for reuse in this dissertation is granted by 
Springer Nature, copyright 2012.  
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1.3 HIV-1 CA Assembly  

The capsid protein (CA) performs irreplaceable functions during HIV-1 

morphogenesis. It is involved in two critical assembly events; one is the formation of 

the immature viral particle, where CA is a component of Gag polyprotein5,16, and the 

other is re-assembly of 1000-1500 CA subunits into a cone-shape lattice after Gag 

cleavage, resulting in an infectious viral particle.17-19 

The mature CA lattice is a cone-shape structure and thought to be comprised of 

hexamers and pentamers. In one all-atom model, there are 216 hexamers and 12 

pentamers18,20 that allow adoption of different curvatures for the ovoid closure (Fig 

1.5a). These hexamers and pentamers are made up of CA monomers. The CA 

monomer is 25.6 kDa, with 231 amino acids, and folds into N-terminal domain (NTD) 

and C-terminal domain (CTD) that are connected by a flexible linker region6,21,22, Fig 

1.5b. CA NTD begins with a beta-hairpin structure, followed by 7 helical domains and 

a Pro-rich dynamic loop that binds to Cyclophilin A (a host cell factor) to regulate 

viral infectivity, named CypA loop.23-25 CA CTD folds into 4 helices and a 310 helix, 

where several essential interfaces (e.g. dimer interface and trimer interface), play 

critical roles in CA multimerization.17,18,26 Specifically, the major homology region 

(MHR), spanning residues 153-172, is a highly conserved motif in retroviruses and 

serves an important function in virus assembly. 6,27  

In vitro, CA proteins can assemble into different morphologies, for instance 

sheets, tubes, spheres and cones.20,28 In our lab, we established a protocol to prepare 

tubular assemblies by using buffers containing 1-2.4 M NaCl, witch yields high-

quality samples for solid-state NMR studies. Both the wild type (WT) and mutant CA 

proteins assemble into stable tubes, Fig 1.6, representing the predominant hexameric 
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building blocks in the mature CA lattice. In this dissertation, my research mainly 

concerns tubular assemblies of CA.  

 

Figure 1.5 The all-atom model of HIV-1 CA conical lattice with the structures of 
pentamers and hexamers (a) and the structure of CA monomer (b). The 
structures of pentamer and hexamer are not native units of the cone, and 
they are cross-linked pentamer and hexamer of CA mutants. PDB ID: 
3J3Y for CA cone model18, 4XFX for CA monomer, NTD in dark gray 
and CTD in light gray29, 3P05 for CA pentamer17, and 3H47 for CA 
hexamer30. 
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Figure 1.6 A model of CA tube (NTD in gray and CTD in pink) PDB ID 3J4F18, and 
transmission electron microscope (TEM) images of CA WT tubular 
assemblies.24 

1.4 HIV-1 Maturation and Maturation Inhibitors 

HIV-1 maturation is a critical step to trigger formation of infectious particles 

that occurs during the late phase of HIV replication cycle. In the past decades, small-

molecule maturation inhibitors have been discovered to prevent the Gag polyprotein 

cleavage and further block the formation of mature virions.31,32 The Gag polyprotein 

cleavage during HIV-1 CA maturation, as well as its inhibition by maturation 

inhibitors will be discussed in this section.  

1.4.1 Gag Polyprotein Cleavage and Maturation Intermediate CA-SP1  

During the late phase of HIV-1 life cycle, Gag polyprotein is synthesized. Gag 

serves as the structural protein of the viral particles. In parallel, due to a ribosomal 

frameshifting event, GagPol polyprotein that contains viral enzymes (PR, TR, and IN) 

is produced at approximately 5% amount compared to Gag population.6,7 The GagPol 

polyprotein is a rare frameshifting event during Gag cleavage process. Gag 

polyprotein is composed of, from N- to C-terminus, MA, CA, SP1, NC, SP2 and p6 

proteins, arranged as a spherical lattice in the immature virion. During maturation, the 

Gag polyprotein undergoes a sequential cleavage into its constituent proteins, Fig 1.7. 
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Along with the separation of Gag and GagPol precursor polyproteins, the Gag 

cleavage begins at the SP1-NC site, followed by the cleavage at the sites of MA-CA 

and SP2-p6, resulting in the dissection of CA from the membrane-bound MA layer. 

The final cleavage occurs at the sites of CA-SP1 and NC-SP2, respectively, to form 

the mature virion. However, this complicated process is still not understood in detail, 

and three possible pathways have been proposed on the basis of the available 

evidence, to explain the maturation mechanism (Fig 1.7): i) slow rearrangement of the 

immature-like lattice to form the mature capsid cone (displacive)33, ii) disassembly of 

the immature lattice induced by SP1 cleavage from CA 34-36, de novo the mature CA 

cone reassembly from a pool of CA monomers 37,38, and iii) a sequential combination 

of displacive and de novo processes39. 

 

Figure 1.7 Schematic diagram of the HIV-1 Gag sequential cleavage and virus 
maturation process.40 The reuse in this dissertation is permitted by a 
Creative Commons Attribution 4.0 International License. 
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Among the Gag’s components, the 14-residues SP1 was proposed to play a key 

role as a molecular switch during the final step of the maturation process. As the last-

step maturation intermediate, CA-SP1 has attracted much attention. In the context of 

the immature and mature lattice, SP1 forms different conformations. The high-

resolution structure of the assembled immature HIV-1 particles has recently been 

solved by cryo-EM.41,42 Cryo-EM results have indicated the presence of a six-helix 

bundle of SP1 in the immature Gag or modified Gag constructs.38,42,43 Recent findings 

on the crystal structure of the CA CTD-SP1 Gag fragment suggest the CA-SP1 

junction can form a six-helix bundle under certain crystallization conditions44 (PDB: 

5I4T). In tubular assemblies of the CA-SP1 maturation intermediate, the SP1 region 

adopts a dynamic random coil structure, as shown by magic angle spinning (MAS) 

NMR studies.33  

1.4.2 Maturation Inhibitors 

Many anti-retroviral treatments have been developed to target many different 

stages of the HIV lifecycle. Maturation inhibitors are a new class of anti-HIV targets, 

which potently prevents infectious particle formation by blocking the CA-SP1 

cleavage.45,46 

A small molecule 3-O-(3’3’-dimenthylsuccinyl)betulinic acid (DSB) in Fig 

1.8a, known as Bevirimat (BVM) or PA-457, is one of the early maturation 

inhibitors.47 BVM was first isolated from natural herb leaves, Syzigium calviflorum48, 

and then its analogs31,46,49 have been derived to increase the solubility while retaining 

the maturation inhibition properties. PF-46396 (PF96) 1-[2-(4-tertbutylphenyl)-2-(2,3-

dihydro-1H-inden-2-ylamino)ethyl]-3-(trifluoromethyl)pyridin-2(1H)-one, Fig 1.8b, is 

another maturation inhibitor that was discovered by drug screening.50,51 BVM and 
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PF96 were proposed to block the CA-SP1 cleavage and prevent the formation of 

mature virion by means of binding to the CA-SP1 junction as well as stabilizing the 

immature lattice.47,52 Despite extensive studies, the MI binding sites and the 

maturation inhibition are poorly understood. 

 

Figure 1.8 Chemical structures of Bevirimat molecule (a) and PF-46396 molecule 
(b). 

1.4.3 T8I Mutation in Spacer Peptide 1 (SP1) 

BVM has been tested and managed to clinical trials, showing to exhibit great 

safety and efficacy.53 However, it has been reported that sequence polymorphism in 

the SP1 (6-8 amino acids) is associated with BVM resistance54,55, implying possible 

BVM binding sites. For PF96, resistance mutations were recognized to residue in three 

regions, CA-SP1 junction, MHR and residue 201 in CA domain.51 PF96-dependent 

MHR and SP1 mutants express a replication defect, which could be rescued by a 

second-site compensatory mutation, T8I mutation in SP1.45,51 This T8I mutant is 

highly replication-defective and prevents partial CA-SP1 cleavage.51,56 It was thus 

recognized to phenocopy the effect of MI binding by presumably interfering with the 

SP1 cleavage and stabilizing the immature lattice56. Therefore, in chapter 4, the 
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structure and dynamics of CA-SP1(T8I) construct were probed in the context of its 

being a maturation-arresting mutant to further our understanding on the MI bound 

state.  
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STRUCTURE AND DYNAMICS OF PROTEIN ASSEMBLIES BY MAGIC 
ANGLE SPINNING SOLID-STATE NMR 

2.1 Introduction 

Numerous biophysical studies using mutational analysis1-3, X-ray 

crystallography4-6, cryo-EM7-9, solution NMR10,11, small-angle X-ray scattering 

(SAXS)12,13, Förster resonance energy transfer (FRET)14, and computational 

simulation15 have contributed to structural characterization of proteins by providing a 

variety of information in regard to conformation and dynamics. Nevertheless, it is 

particularly challenging to obtain atomic-resolution structures of large proteins due to 

size, insolubility, their non-crystalline nature, intrinsic flexibility, or sample 

instability.  

Magic angle spinning (MAS) NMR is a complementary technique to study 

complex biological systems, including protein aggregates, membrane proteins, 

amyloid fibrils, viral capsids and protein-ligand complexes.16,17 It is capable of 

probing both global and local dynamic information on a wide range of timescales. 

Moreover, MAS NMR has been increasingly integrated with other techniques, such as 

cryo-EM, X-ray crystallography, as well as quantum mechanical (QM) calculations, 

and molecular dynamics (MD) simulations to be beneficial to atomic-level structure 

refinement and understanding of dynamic process.18-22 In this chapter, comprehensive 

strategies for studying structure and dynamics of protein assemblies at atomic 

resolution by MAS NMR will be discussed. 

Chapter 2 
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2.2 Magic Angle Spinning NMR Spectroscopy 

Magic angle spinning is fundamental for obtaining high resolution and 

sensitivity spectra on solid-state protein samples.23 In solution, the rapid random 

tumbling of nuclear spins averages out anisotropic spin interactions, which results in 

sharp isotropic lines and high-resolution NMR spectra. In contrast, the signals in solid-

state NMR spectra are very broad due to strong anisotropic or orientation-dependent 

interactions. For instance, chemical shift anisotropy, dipolar couplings and 

quadrupolar couplings are present in such a condensed phase. These anisotropic 

interactions contain a spatial component, 3 cos! 𝜃 − 1. By rotating the sample about 

an axis oriented at 54.74° (magic angle) with respect to the magnetic field, the term 

3 cos! 𝜃 − 1 reduces to zero over the rotor cycle, and the anisotropic interactions can 

be averaged out. The averaging is more efficient as the spinning frequency increases, 

illustrated in Fig 2.1.24 The spinning frequency needs to be greater than or equal to the 

magnitude of the anisotropic interaction in order to fully suppress it. In practice, 

spinning frequencies of 5-62 kHz are achieved with different NMR probes and using 

rotors with diameters ranging from 7 to 1.3 mm. With the recent development of 

commercial probe heads, currently, the spinning of 110 kHz has been reached using a 

0.7 mm rotor, which provides higher resolution and sensitivity for studying large 

proteins using proton-detection at ultrafast spinning frequency.25,26  
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Figure 2.1 Schematic illustration of MAS NMR setup. The sample is packed into a 
rotor and placed into an NMR probe at the magic angle of 54.74° with 
respect to the magnetic field. The effect of MAS on NMR lineshapes for 
an I=1/2 nucleus has been depicted in a-c. The broad static 13C powder 
pattern due to dipolar interaction (a) is split into a series of spinning 
sidebands (b). When the MAS frequency exceeds the magnitude of the 
anisotropic interaction, the interaction is averaged out into an isotropic 
peak (c). Figure is adapted from REFERENCES24. Permission for reuse 
in this dissertation is granted by American Chemical Society, copyright 
2015. 

2.3 Resonance Assignments  

In the general protocol for protein structure elucidation by MAS NMR, the first 

essential step is performing site-specific resonance assignments by assigning 

correlated signals to specific atoms in a target protein. A protein with molecular 

weight of 20-50 kDa contains several hundred of amino acids, thousands of carbon 

atoms and hundreds of nitrogen atoms. Therefore, full resonance assignments for an 

entire protein are challenging and time-consuming. Various isotopic labeling schemes 
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and multidimensional NMR experiments are frequently used in a combination to 

achieve the site-specific resonance assignments accurately and rapidly. Since chemical 

shifts are sensitive to the local environment and global dynamics, they provide certain 

information of protein secondary structure and tertiary conformation. Protein 

secondary structures and torsion angles can be predicted by semi-empirical predication 

programs (e.g. CSI 2.0) based on the isotropic chemical shifts of different atoms, 

which help to understand structure-function relationships and the behavior of proteins 

in complicated biological systems.  

2.3.1 Isotopic Labeling Schemes 

Isotopic labeling is required for NMR studies of proteins. In general, uniformly 
13C,15N labeling scheme is the most practical labeling method when one starts the 

NMR protein sample preparation if the protein is produced recombinantly from E. coli 

expression systems. Isotopically enriched chemicals such as uniformly 13C-labeled 

glucose and glycerol, 15N-labeled ammonium chloride and ammonium sulfate are used 

during protein growth and expression27, resulting in a set of intra-residue 13C-13C and 
13C-15N correlations in the NMR spectra from all residues in the protein. However, a 

high degree of spectral crowding may exist due to the large number of resonances. In 

this case, the specific amino acid labeling and sparse labeling can be employed to 

reduce the amount of 13C-labeled sites and simplify the spectra, so as to increase the 

resolution.28 Metabolically tailored 13C labeling methods based on [2-13C]/[1,6-13C]-

glucose or [1,3-13C]/[2-13C]-glycerol have been applied to the structure determination 

of a number of proteins that have been studied by MAS NMR.29-32 Perdeuteration is an 

alternative labeling method to greatly improve the spectral resolution, especially in the 

proton-detected experiments, by suppressing the proton-proton dipolar couplings.33,34 
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Moreover, the partial deuteration schemes, for instance reduced adjoining protonation 

(RAP)35, stereospecific isotopic labeling of methyl groups ILV36, and stereo-array 

isotope labeling (SAIL) have been exploited to reduce homonuclear dipolar couplings 

and transverse relaxation, which facilitate the assignment of aliphatic 1H-13C 

correlations.17,37 

2.3.2 Multidimensional NMR Experiments 

A series of multidimensional (2D and 3D) homo- and heteronuclear correlation 

experiments comprise typical experimental protocols for protein resonance 

assignments by MAS NMR. The fundamental homonuclear correlation experiments 

for 13C-13C correlation include spin-diffusion experiments (PDSD38, DARR39), radio 

frequency driven recoupling (RFDR) experiments40 as well as combined supercycled 

R2n
v driven (CORD) experiments41 that were developed by our lab. The CORD pulse 

scheme has higher efficiency than the spin-diffusion schemes for broadband 

recoupling at MAS frequencies ranging from 14 to 60 kHz, exhibiting uniform cross 

peak intensities across the entire correlation spectrum.41,42 The 2D 13C-13C correlation 

experiments are generally used to assign backbone and side chain carbon atoms in the 

same residue, as well as to obtain long distance correlations (Fig 2.2) by using longer 

mixing times. Heteronuclear correlation experiments have been developed and 

demonstrated experimentally on uniformly 13C,15N-labeled proteins. By applying 

frequency selective heteronuclear polarization transfer, the specific N-Cα and N-Co 

correlations are detected in the 2D NCA and NCO experiments43 (Fig 2.2). The 2D/3D 

NCACX44 experiments provide intra-residue correlations between nitrogen atom and 

the dipolar-coupled Cα atoms, followed by the dipolar-based transfers to the side 

chain carbons, while the 2D/3D NCOCX44 experiments are exploited to sequentially 
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assign resonances of neighboring residues. In NCOCX, the magnetization is 

transferred from the amide nitrogen in the residue (i) to the carbonyl carbon in the 

neighboring residue (i-1), followed by subsequent transfers to the α-carbon and side-

chain carbons in the prior residue (i-1). In addition, 3D CANCO(CX) and CONCA 

experiments are supplementary experiments used to achieve unambiguous sequential 

resonance assignments, by providing information of sequential correlations in the form 

of Co(i-1)-Ni-Cαi (Fig 2.2). 

Besides the dipolar-coupling (through-space) based experiments mentioned 

above, the scalar-coupling (through-bond) based experiments are complementary for 

assigning resonances in highly dynamic regions of proteins, since J coupling 

interactions are less sensitive to molecular mobility.45,46 Some MAS NMR J coupling-

based sequences are adapted from solution NMR experiments, such as 

INADEQUATE (incredible natural abundance double quantum transfer 

experiment)47,48, COSY (correlation spectroscopy)49, and TOBSY (total through-bond 

correlation spectroscopy)50. In chapter 4, we show that the 2D 13C-13C INADEQUATE 

spectra exhibit excellent resolution even in the highly mobile CTD-SP1 region, which 

is not detected in dipolar-based experiments. 
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Figure 2.2 Magnetization transfer pathways of homonuclear and heteronuclear 
NMR experiments, including DARR/CORD, NCA, NCO, NCACX, 
NCOCX, CANCO(CX) and CONCA. Atoms in residue (i) are labeled in 
orange, and the ones in the neighboring residue (i-1) are labeled in 
purple. Strong transfers are marked with a black arrow, while weaker 
transfers or transfers that require longer mixing time are marked with 
gray arrows and lightly colored atoms. 
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Currently, the primary challenge in structure determination of large protein 

assemblies using solid-state NMR is to achieve high sensitivity and resolution as well 

as to reduce experimental acquisition times. Non-uniform sampling (NUS)51 is one 

method to enhance sensitivity by reducing the number of points sampled in indirect 

dimensions with an appropriate NUS sampling schedule for data collection in 

multidimensional NMR experiments. The acquired points are chosen using 

strategically designed sampling schedules and are distributed nonlinearly. To attain 

time-domain sensitivity enhancements, the NUS schedules need to be random, 

weighted by a decaying function (e.g., exponential). The frequency-domain data are 

then calculated by time-domain signal reconstruction any suitable protocol, such 

maximum entropy algorithms or iterative soft thresholding or l1/l2-norm 

minimization, rather than discrete Fourier transform.52,53 The NUS method is 

especially beneficial to multi-dimensional heteronuclear-detected experiments for 

protein structure determination in challenging systems, such as disordered 

proteins54,55, low-sensitivity macromolecular assemblies and proteins studied by in-

cell NMR56. 

2.3.3 Secondary Structure Analysis 

In an NMR spectrum of a protein, chemical shifts are characteristic of different 

secondary structures, including helices, sheets and coils. Based on the chemical shifts 

determined from resonance assignments, protein secondary structures can be 

immediately derived. This step is essential for analyzing structural features of proteins. 

There are several programs, such as CSI 2.057, CSI 3.058, TALOS+59, TALOS-N60, 

and PLUQ61 that have been developed for predicting the secondary structures and 

backbone torsion angles based on chemical shifts. In particular, CSI 2.0 and CSI 3.0 
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are based on Chemical Shift Index (CSI)62. The TALOS+ and TALOS-N packages are 

hybrid systems for empirical predication that are based on an artificial neural network 

(ANN), and provide protein backbone and side-chain torsion angles using chemical 

shift assignments for protein sequence. Both CSI and TALOS programs require a 

series of sequential resonance assignments (at least 3 sequential residues) to identify 

the secondary structure accurately. When the complete resonance assignments for the 

entire protein sequence are unavailable, PLUQ61 is an alternative program that 

provides rapid prediction of the amino acid type and secondary structure for the 

residues or short fragments by using the 13C and 15N chemical shifts in the Biological 

Magnetic Resonance Bank (BMRB) database.  

For certain proteins, there are 3D structures that have been solved by X-ray 

crystallography or cryo-EM. One can use atomic coordinates in PDB files to predict 

NMR chemical shifts by programs such as SHIFTX263 and SPARTA+64. The 

calculated NMR chemical shifts can assist in the manual resonance assignments of 

large proteins, as well as aid in structure refinement and validation. However, it is still 

not reliable to quantify the predicted values due to the errors of the prediction 

programs. 

2.4 Protein Dynamics by MAS NMR 

Proteins are dynamic rather than static entities. Motions in proteins modulate 

their functions. Characterization of protein dynamics is thus necessary for elucidating 

the biological mechanisms. MAS NMR is a powerful tool to probe protein dynamics 

at atomic resolution on a very wide range of timescales through diverse types of 

experiments. 
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2.4.1 NMR Timescale of Protein Motions  

During biological processes, the participating biomacromolecules are 

undergoing constant fluctuations rather than remaining static in order to execute their 

functions. Proteins are flexible and play central roles in the cellular function. They 

experience both local as well as global motions on a broad range of timescales from 

femtoseconds to seconds.65 As shown in Fig 2.3, local fluctuations are mainly 

associated with the timescales of femto- to nanoseconds and include bond vibrations, 

methyl group rotations as well as conformational changes in side chains and loop 

regions. Global motions, such as backbone fluctuations, domain motions and protein 

folding happen on slower timescales of nanoseconds to seconds. 

Among the diverse methods that have been utilized to investigate protein 

motions, NMR spectroscopy is one of the most potent, since it can provide atomic-

resolution information about assorted motions at timescales from picoseconds to 

seconds by probing specific nuclei (e.g. 15N, 13C, 1H, 2H, 19F, 15P). Solution NMR has 

been extensively applied to protein dynamics studies in the liquid state.10,66,67 In the 

past few decades, MAS solid-state NMR has been used to study protein dynamics in 

the cases where overall rotational tumbling is absent (“solid” state), such as protein 

assemblies, microcrystalline proteins and amyloid fibrils68,69. Several MAS NMR 

experimental methods to study dynamics are illustrated in Fig 2.3. Averaged 

anisotropic lineshapes, such as dipolar coupling lineshapes and chemical shift 

anisotropy (CSA) lineshapes are sensitive to the timescales from pico- to 

microseconds. T1 relaxation rates (13C or 15N) report on protein dynamics on the pico- 

to nanoseconds.70 Spin-lattice relaxation in the rotating frame, T1ρ is sensitive probe 

for measuring molecular motions on the timescales of micro- to milliseconds.71 The 

relaxation experiments report dynamics on rates, and lineshape experiments report 
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dynamics on motional amplitudes and symmetries of motion. Both types of 

experiments are very useful for understanding the full picture of protein dynamics. 

Cross polarization (CP)72 is a key approach to transfer magnetization from nuclei with 

high gyromagnetic ratio (e.g. 1H) to nuclei with low gyromagnetic ratio (e.g. 13C and 
15N) in close proximity through heteronuclear dipolar coupling interactions. CP 

experiments are sensitive to motions occurring on nano- to millisecond timescales. For 

slower motions from milliseconds to seconds, exchange NMR experiments, such as 

CODEX (center-band only detection of exchange)73,74 can be executed. Additionally, 

the T1 relaxation time constants of 1H and 13C generally correspond to timescale 

ranges from milliseconds to several seconds in protein samples.  
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Figure 2.3 Timescales of protein dynamic processes and MAS NMR measurements 
of dynamics. The figure is adapted from REFERENCES65,68. Permissions 
for reuse in this dissertation is granted by Springer Nature, copyright 
2007, and Elsevier B.V., copyright 2005. 

2.4.2 Experiments for Probing Motions on Milli- to Microsecond Timescales 

The dynamics of milli- to microsecond timescale include protein backbone 

changes and domain motions, which play significant roles in biological events. The 

CP process (e.g. 1H-13C, 1H-15N, 15N-13C) relies on dipolar coupling interactions, and 
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dipolar-coupling experiments are a major method to evaluate protein dynamics on 

milli- to microsecond timescales. In the 2D homo- and heteronuclear correlation 

spectra, the signals of residues in mobile regions exhibit peak broadening or missing 

peaks. For example, changes in peak intensity and linewidth in the 2D NCA spectra 

reveal protein backbone motions on milli- to microsecond timescales. In chapter 3 and 

4, these experiments are performed to probe the dynamic behaviors of different HIV-1 

protein assemblies so as to examine the relationship between protein dynamics and 

functions.  

2.4.3 Experiments for Probing Motions on Micro- to Nanosecond Timescales  

Solid-state NMR spectroscopy provides anisotropic information that depends 

on the orientation of molecular frame with respect to the magnetic field, which is 

modulated by local motions. Lineshape measurements68 such as heteronuclear 1H-
15N/1H-13C dipolar couplings and CSA lineshape experiments are commonly used to 

probe protein motions on micro- to nanosecond timescales by measuring dipolar 

couplings and CSA values.  

The dipolar couplings between two nuclei depend on the internuclear distance 

and their motions. CSA is an orientation-dependent chemical shift tensor that arises 

from the asymmetric distribution of charge around nuclei, which can be affected by 

molecular motions. If the molecular motions are faster than the magnitude of 

anisotropic interactions, the dipolar couplings and CSA tensors are partially averaged, 

resulting in the reduction of the magnitude of the anisotropic interaction, and 

depending on the motional symmetry, the altered asymmetry parameter of the 

respective tensor.75 To re-introduce these anisotropic features under magic angle 

spinning, suitable recoupling schemes have been developed. As will be introduced in 
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later chapters, two types of 3D RN-symmetry76 dipolar recoupling experiments, 

DIPSHIFT77 and PARS78 experiment, have been employed to study dynamics of HIV-

1 CA and CA-SP1 protein assemblies. CSA tensors can be extracted from a series of 

sidebands in slow MAS experiments as well as the 2D RN-symmetry based CSA 

experiments79 that re-introduce CSA interaction under fast MAS frequencies. 

The site-specific molecular motions affect the experimental lineshapes of 

dipolar coupling and CSA. The deviation of dipolar couplings can be quantified by an 

order parameter SD, which is the ratio of measured dipolar coupling to the rigid limit 

value, and which ranges from 1 to 0 with one corresponding to the static site.19 The 

rigid limit values of one-bond 1H-15N and 1H-13C dipolar coupling are 11.3480 and 

22.781 kHz, respectively, in the absence of any motions.  For CSA interactions, CSA 

tensor can be expressed in a coordinate frame, and be described by three principal 

components (diagonal elements in the principal axis system). The parameters of 

anisotropy, reduced anisotropy and asymmetry are used to define the CSA line shapes, 

which can help determine the changes that are induced by motions on micro- to 

nanosecond timescales.79 

2.5 Dynamic Nuclear Polarization Technique 

In order to explore the application of biomolecular NMR to more challenging 

biological systems, it is essential to enhance spectral sensitivity and resolution, as well 

as shorten the experiment acquisition time. Dynamic nuclear polarization (DNP) is a 

method that provides significant sensitivity enhancements by transferring the 

magnetization from electron spins to nuclear spins. The electron spins are irradiated by 

microwave frequency pulses and have much larger polarizations.82-84 DNP 

experiments are usually performed at cryogenic temperatures, 80-110 K, to improve 



 35 

the relaxation process under high transfer efficiency. The full DNP pathways of a 

system containing 1H and 13C are illustrated in Fig 2.485. The polarization is 

transferred from the electron spin (polarizing agent) directly and indirectly to the 

detected nucleus (13C), and a fraction of signal enhancements can be achieved. 

Theoretically, the maximum of signal enhancement is 658 folds for 1H, and 2617 folds 

for 13C.86 When DNP MAS NMR spectroscopy is applied for structural biology, 

nitroxide radicals, such as TOTAPOL and AMUPol are commonly used as polarizing 

agents to gain high efficiency and stability.84,86 With the combination of high-field 

DNP and MAS NMR, biological samples with lower concentration and larger size 

(e.g. membrane proteins87, amyloid fibrils88 and protein assemblies89) can be studied 

in hours or days rather than several weeks.  

 

Figure 2.4 Schematic of DNP transfer pathways in a system containing 1H and 13C. 
Green arrows distinguish between indirect and direct DNP transfer.85 
Permissions for reuse in this dissertation is granted by Elsevier B.V., 
copyright 2017.  
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STRUCTURE CHARACTERIZATION OF HIV-1 CA TUBULAR AND 
SPHERICAL ASSEMBLIES BY MAS NMR 

3.1 Introduction 

In vivo, approximately 1000-1500 copies of HIV-1 capsid (CA) protein arrange 

into a conical lattice to protect the viral genome in a mature virion.1,2 The conical 

capsids exhibit structural polymorphism with varying sizes and shapes. In vitro, CA 

proteins assemble into a variety of morphologies, such as cones, spheres, and tubes 

under different assembly conditions.2,3 The relationships between various 

morphologies, the stability of the capsid, and the viral infectivity remain elusive. A 

recent all-atom model of the mature capsid, derived from cryo-EM and MD 

simulations, showed that one common stoichiometry in a conical capsid is 216 

hexamers and 12 pentamers, which are located at the end of the high-curvature lattice 

to close the structure1. The distribution of the 12 pentamers in the capsid lattice affects 

the overall size and symmetry of the capsid. Therefore, it is important to investigate 

the role of CA pentamers in capsid assembly and viral replication. While the studies of 

pentameric and hexameric units in the context of the overall capsid are challenging, 

model CA mutant constructs that assemble into pentamers and hexamers have been 

developed.4 

In this chapter, I examined two covalently cross-linked CA constructs (Fig 

3.1), A14C/E45C/W184A/M185A and N21C/A22C/W184A/M185A (NL4-3 strain), 

which form the hexamer and pentamer units, respectively. One limitation is that these 

Chapter 3 
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hexamer and pentamer are flat structures,2 unlike the native capsid lattice exhibiting 

curvature, but still, understanding of the structural and dynamic features of these 

building blocks is instructive. 

I prepared and investigated tubular assembly of cross-linked CA hexamers, as 

well as a spherical co-assembly formed by a mixture of CA hexamers and CA 

pentamers. The CA A14C/E45C/W184A/M185A protein forms cross-linked hexamers 

and assembles into tubes in the presence of 1-2.4 M NaCl. The cross-linked hexamer 

tubular assemblies exhibit increased stability and homogeneity compared to CA WT 

tubular assemblies, as illustrated by X-ray studies.4 To further characterize the 

structure of cross-linked tubular assemblies, MAS NMR experiments were conducted 

for resonance assignments and conformational investigation. Interestingly, CA cross-

linked hexamers and pentamers can co-assemble into a sphere morphology at a molar 

ratio of 10:1. 13C-13C correlation MAS NMR experiments were employed to probe the 

structural difference between the pentamers in the context of the co-assembly and CA 

hexamers.  

This work was in collaboration with Dr. Caitlin Quinn and Brent Runge in our 

lab, Professor Jinwoo Ahn and Professor Angela Gronenborn from the University of 

Pittsburgh, and Professor Christopher Aiken from Vanderbilt University. My 

contributions were the preparation of CA A14C/E45C/W184A/M185A and CA 

N21C/A22C/W184A/M185A samples for MAS NMR studies, performing MAS NMR 

experiments and the data analysis. 
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Figure 3.1 Structures of CA hexamer (A14C/E45C/W184A/M185A) and CA 
pentamer (N21C/A22C/W184A/M185A), NL4-3 strain. Mutation sites, 
cysteine (pink) and alanine (green), are labeled as sticks in 3D structures, 
showing cross-linked subunits. PDB: 3H4E and 3P05.4,5  

3.2 Methods and Experiments 

3.2.1 Materials 

Common chemicals were purchased from Fisher Scientific or Sigma Aldrich. 

Chromatography columns were purchased from GE Healthcare. 15NH4Cl and U-13C6-

glucose were purchased from Cambridge Laboratories, Inc. The Rosetta (DE3) 

competent cells used for protein expression were purchased from Novagen. The HIV-

1 CA cross-linked hexamer (A14C/E45C/W184A/M185A, NL4-3 strain) and 

pentamer (N21C/A22C/W184A/M185A, NL4-3 strain) constructs were prepared in 

the laboratory of our collaborator Dr. Christopher Aiken from Vanderbilt University 

Medical Center. 
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3.2.2 Expression and Purification of CA Cross-Linked Hexamer and Pentamer 
Proteins 

Natural abundance, 15N-enriched, and uniformly 13C,15N-enriched CA cross-

linked hexamer and pentamer proteins were prepared using the same protocol, as 

reported previously with modifications6,7. The gene was amplified and ligated into 

pET21 vector using NdeI and XhoI sites, and E. coli Rosetta (DE3) cells were 

transformed with the vector.  

To express natural abundance CA cross-linked hexamer and pentamer proteins, 

cells were pre-cultured in 25 mL Luria-Bertani (LB) medium (25 g/L), and grown at 

37 °C overnight. Cells were transferred into 1 L of LB medium, and grown at 37 °C 

until cells reached 0.7 OD. Then, cells were induced with 0.5 mM IPTG and expressed 

at 25 °C for 16-18 h. For 15N-labeled, and uniformly 13C,15N-labeled CA cross-linked 

hexamer and pentamer proteins, cells were cultured in 2 L of Luria-Bertani (LB) 

medium, and grown at 37 °C until cells reached 1.2-1.4 OD. Following a 

centrifugation at RFC 4000 g at 4 °C for 30 min, cell pellets were washed with M9 

medium that contains no nitrogen and carbon sources. Then cells were resuspended in 

1 L of M9 medium that contains 2 g/L 15NH4Cl, 2 g/L U-13C6-glucose, basal vitamins, 

CaCl2, MgSO4. After incubation at 25 °C for 1 h, cells were grown to 1.0-1.2 OD, 

induced with 0.8 mM IPTG and expressed at 25 °C for 16-18 h. To harvest, following 

a centrifugation at RFC 4000 g at 4 °C for 30 min, cells were resuspended in a 25 mM 

sodium phosphate buffer (pH 7.0) and stored at -80 °C. 

CA A14C/E45C/W184A/M185A and CA N21C/A22C/W184A/M185A 

monomer proteins were purified by the same protocol. Cells were thawed and 

sonicated at 35% of amplitude with 10 s on and 10 s off for 20 min in an ice bath. The 

lysed cells were centrifuged at 27,000 g at 4 °C for 1 h. The pH of the supernatant was 
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adjusted to 5.8 with acetic acid, and the conductivity was reduced to below 2.5 ms/cm 

with de-ionized water. Following another centrifugation at 27,000 g at 4 °C for 1 h, 

the final supernatant was loaded onto a cation exchange column (HiTrap SP HP, 5 

mL) and eluted with a 0-1 M NaCl gradient in buffer containing 25 mM sodium 

phosphate (pH 5.8), 1 mM DTT, and 0.02% NaN3. Concentrated protein fractions 

were further purified using a size-exclusion column (HiLoad 26/600 Superdex 75 pg) 

equilibrated with a buffer containing 25 mM sodium phosphate (pH 7.5), 1 mM DTT, 

and 0.02% NaN3. The purity of the two proteins (monomer) was assessed by SDS-

PAGE gel after running through each column (Fig 3.2). The typical yield for natural 

abundance and 15N-labeled CA protein is 30-40 mg/L, for uniformly 13C,15N-enriched 

CA protein is 10-15 mg/L. 

 

Figure 3.2 Purification of monomer (25.6 kDa) CA A14C/E45C/W184A/M185A 
and N21C/A22C/W184A/M185A proteins assessed by SDS-PAGE gel.  
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3.2.3 Preparation of Cross-Linked CA Hexamer and Pentamer Assemblies 

CA A14C/E45C/W184A/M185A and CA N21C/A22C/W184A/M185A yield 

cross-linked CA hexamers and CA pentamers, respectively, upon the formation of 

disulfide bonds between cysteines in the two neighboring CA monomers, as shown in 

Fig 3.1. Redox reagents, such as DTT, can prevent the formation of disulfide bonds.8 

Therefore, CA hexamer proteins were buffer exchanged into 25 mM sodium 

phosphate buffer (pH 7.5) without DTT or other redox reagents overnight to achieve 

complete cross-linking. CA cross-linked hexamers were assembled from the 

concentrated protein solution (26 mg/mL) in 25 mM phosphate buffer (pH 7.5, no 

DTT) upon the addition of highly concentrated NaCl (2 M or 4.8 M) in 50 mM Tris 

buffer (pH 8.0) at a volume ratio of 1:1, followed by incubation at 37 °C for 1 h and 4 

°C overnight. The final NaCl concentration in assemblies was 1 M or 2.4 M. CA 

cross-linked pentamers were assembled using the same protocol as above. To examine 

the oligomerization in the CA cross-linked hexamers and pentamers, the free protein 

solution and protein assemblies were studied by non-reducing SDS-PAGE gel (Fig 

3.3). TEM images of CA cross-linked assemblies are shown in section 3.2.6. In free 

pentamer (Fig 3.3, Lane 1) and free hexamer protein solutions (Fig 3.3, Lane 3), 

although hexamer or pentamer existed as the major species, other oligomers, such as 

tetramer, trimer, dimer, and monomer, are present. By adding 2.4 M NaCl buffer, CA 

cross-linked pentamer assemblies (Fig. 3.3, Lane 2) and hexamer assemblies (Fig. 3.3, 

Lane 4) were pelleted, and the pellet contained a smaller population of other 

oligomers. Specifically, CA hexamer assemblies with 2.4 M NaCl only contained less 

than 1 % of other oligomers (Fig 3.3, Lane 4).  

To prepare solutions of clean cross-linked hexamer and cross-linked pentamer 

proteins, further purification steps are required. Purified CA monomer proteins first 
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need to be cross-linked by buffer exchange into 25 mM sodium phosphate buffer (pH 

7.5-8.0) without DTT overnight, and then the clean cross-linked hexamer (~150 kDa) 

or pentamer (~125 kDa) can be separated from other oligomers by a size-exclusion 

column (HiLoad 16/600 Superdex 200 pg). This protocol for preparing clean cross-

linked hexamer and cross-linked pentamer proteins was developed with Brent Runge 

in our lab.  

 

Figure 3.3 Oligomerization of CA cross-linked hexamer and pentamer assemblies 
were characterized by non-reducing SDS-PAGE gel with molecular 
weight (MW) marker. Lane 1 is CA cross-linked pentamer protein 
solution (no DTT); Lane 2 is CA cross-linked pentamer assembly 
(pelleted with 2.4 M NaCl); Lane 3 is CA cross-linked hexamer protein 
solution (no DTT); Lane 4 is CA cross-linked hexamer assembly 
(pelleted with 2.4 M NaCl). The mismatch of MW marker and protein is 
due to the fact the current MW marker was not calibrated for this large 
oligomer assay, and CA hexamer and pentamer run slower than the MW 
maker. 
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3.2.4 The Reversible Assembly of Cross-Linked CA Hexamers and the Effect of 
NaCl 

To investigate the assembly process of the cross-linked CA hexamer further, 

dialysis trials that remove NaCl from protein assemblies were performed, as shown in 

Fig 3.4a. 10 mg/mL CA hexamer tubular assemblies (1 M or 2.4 M NaCl) were 

packed in a dialysis bag and dialyzed against 25 mM sodium phosphate buffer (pH 

7.5) overnight. As illustrated by TEM images in Fig 3.4b, CA hexamer assemblies that 

contain 1 M NaCl disassembled into protein solution, remaining as single cross-linked 

hexamers. By adding NaCl assembly buffer, the individual cross-linked hexamers re-

assembled into homogenous tubes only with 2.4 M NaCl, not with 1.0 M NaCl buffer. 

The detailed TEM characterization is described in section 3.2.6. Conclusively, CA 

hexamer assemblies prepared in 1 M NaCl undergo a disassembly upon removal of 

salt and a re-assembly in the presence of 2.4 M NaCl. In contrast, CA hexamer 

assemblies with 2.4 M NaCl do not disassemble completely during the dialysis 

process. Oligomerization during these events was characterized by non-reducing SDS-

PAGE gel (Fig 3.5). By comparing Lane 1 and Lane 4 of CA cross-linked hexamer 

protein solution samples before and after dialysis process, it was concluded that much 

purer CA cross-linked hexamers existed in protein solution after removing NaCl. As 

shown in Lane 5, the re-assemblies contained pure hexamers without any other 

oligomers.  
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Figure 3.4 (a) Schematic diagram of dialysis process to remove NaCl from CA 
cross-linked assemblies. (b) TEM images of CA hexamer illustrate the 
process of disassembly and re-assembly.  
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Figure 3.5 Oligomerization of CA cross-linked hexamer assemblies was 
characterized by non-reducing SDS-PAGE gel with molecular weight 
(MW) marker. Lane 1 is CA hexamer protein solution (no DTT); Lane 2 
is CA hexamer assembly pellet (2.4 M NaCl); Lane 3 is CA hexamer 
assembly pellet (1 M NaCl); Lane 4 is CA cross-linked hexamer protein 
solution after removing NaCl; Lane 5 is CA hexamer re-assembly pellet 
with 2.4 M NaCl.  

3.2.5 Preparation of CA Cross-Linked Hexamer/Pentamer Co-Assemblies 

To prepare CA hexamer/pentamer co-assemblies, CA pentamers (U-13C,15N-

labeled) were pre-assembled in 25 mM phosphate buffer containing 2.4 M NaCl (pH 

6.5), followed by incubation at 37 °C for one hour and overnight at 4 °C. CA 

hexamers (natural abundance) protein solution was then added to the CA pentamer 

assemblies with a final molar ratio of 10:1 and 20:1 (hexamers:pentamers), 

respectively. After incubating the mixed protein solution on a rotating platform at 25 

°C for 1 h, CA hexamer and pentamer proteins were co-assembled with a 2.4 M NaCl, 

25 mM phosphate solution (pH 6.5) and incubated overnight at 4 °C. The CA 
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hexamer/pentamer co-assemblies of 20:1 molar ratio formed tubes (Fig 3.6a, bottom). 

Under a 10:1 ratio, the co-assemblies form mixture of tubes and spheres, and the 

spherical assemblies were displayed in Fig 3.6a, top. The detailed TEM 

characterization was described in section 3.2.6. Co-sedimentation assay of CA 

hexamer/pentamer (10:1) co-assemblies was employed, which indicates that both 

pentamer and hexamer exist in the pellet with approximately 60 % co-assembly 

efficiency. 

 

Figure 3.6 (a) TEM images of CA hexamer/pentamer co-assemblies, molar ratio of 
10:1 and 20:1. (b) Co-sedimentation assay of CA hexamer/pentamer 
(10:1) co-assemblies. T: total, P: pellet, S: supernatant. 
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3.2.6 Transmission Electron Microscopy (TEM) 

The morphologies of CA cross-linked free protein and assemblies were 

characterized by transmission electron microscopy (TEM). TEM images were 

collected at the Delaware Biotechnology Institute (DBI) in the Bioimaging Center. 

The images were acquired with a Zeiss Libra 120 transmission electron microscope 

operating at 120 kV, and equipped with a Gatan Ultrascan 1000 2k x 2k charge-

coupled device camera. CA tubular and conical assemblies were stained with uranyl 

acetate (0.5-1% w/v), deposited onto 400 mesh, formvar/carbon-coated copper grids, 

and dried for 45 min in the air. The copper grids were glow discharged prior to 

staining, so that the assemblies are uniformly spread on the grid surface and adhere to 

it. 

As shown in Fig 3.7, CA cross-linked hexamer protein assembled into tubes in 

the presence of 1 M and 2.4 M NaCl. CA cross-linked pentamer protein assembled 

into spherical particles in the presence of 1 M and 2.4 M NaCl, although the efficiency 

of the assembly was much lower than that for the CA hexamer protein. 

 

Figure 3.7 TEM images of CA cross-linked hexamer tubes (a-b) and pentamer 
spheres (c-d) with 1 M and 2.4 M NaCl. 
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3.2.7 MAS NMR Experiments  

U-13C,15N-labeled CA A14C/E45C/W184A/M185A proteins were assembled 

from a 26 mg/mL protein solution in 25 mM phosphate buffer (pH 7.5, no DTT) that 

was added to the same volume of 4.8 M NaCl in 50 mM Tris buffer (pH 8.0), followed 

by incubation at 37 °C for 1 h and 4 °C overnight. The final NaCl concentration in 

assemblies was 2.4 M. 53 mg of the CA hexamer tubular assemblies were pelleted at 

10,000 g and packed into a Bruker thin wall 3.2 mm rotor. The co-assemblies of CA 

hexamer and pentamer co-assemblies containing 2.4 M NaCl buffer (pH 6.5) 

(preparation method was mentioned in section 3.2.5) were pelleted at 12,000 g, and 53 

mg of the CA co-assemblies were packed into a Bruker thin wall 3.2 mm rotor.  

All two-dimensional 13C-13C and 15N-13C spectra were acquired on a Bruker 

20.0 T spectrometer operating at Larmor frequencies of 850.4 MHz (1H), 213.8 MHz 

(13C) and 86.2 MHz (15N), with a Bruker 3.2 mm E-free HCN probe at a sample 

temperature of 4 ± 1 °C. 13C and 15N chemical shifts were REFERENCESd with 

respect to the external standards adamantane and ammonium chloride, respectively. 

MAS NMR spectra were collected at the MAS frequency of 14.000 ± 0.002 kHz, 

regulated by a Bruker MAS controller. For all experiments, the typical pulse lengths 

were 2.5-2.8 µs (1H), 3.5-3.8 µs (13C), and 3.7-4.4 µs (15N). 1H-13C and 1H-15N CP was 

performed with a linear amplitude ramp of 90-110%, with the 1H radio frequency (rf) 

field of 80-85 kHz matched to Hartmann-Hahn conditions at the first spinning 

sideband. Typical 1H-13C and 1H-15N contact times were 0.8-1.1 ms and 1.5-2 ms, 

respectively. Typical double cross polarization (DCP) power levels of 30-42 kHz on 
13C and 55-60 kHz on 15N were used with optimized 15N-13C DCP contact time of 5-

5.5 ms. SPINAL-64 decoupling (~100 kHz) was applied during the evolution and 

acquisition periods. The 1H field strength during CORD was 12.5 kHz, and the CORD 
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mixing time was 50 ms. For the co-assemblies of the natural abundance hexamers with 

U-13C,15N labeled pentamer (10:1 ratio), the 13C-13C 2D CORD spectrum was acquired 

with non-uniform sampling (NUS9) with 40% sampling and a 2T2 bias (144 complex 

points). 

All spectra were processed in TopSpin and in NMRpipe10 and analyzed using 

SPARKY11 and CCPNMR12. For 2D and 3D data sets, 30°, 45°, 60° or 90° shifted 

sine bell apodization followed by a Lorentzian-to Gaussian transformation was applied 

in both dimensions. Forward linear prediction to twice the number of the original data 

points was used in the indirect dimension in some data sets followed by zero filling to 

twice the total number of points. Spectra were assigned by comparison with CA 

resonance assignments as reported previously.3 

3.3 Results 

3.3.1 Resonance Assignments of CA Cross-linked Tubular Assemblies  

HIV-1 CA hexamer protein (A14C/E45C/W184A/M185A) contains 231 

amino acids and 4 mutations compared with CA wild type, see sequence in Fig 3.8.  
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Figure 3.8 The amino acid sequence of CA A14C/E45C/W184A/M185A mutant. 
The residues that contain ambiguous backbone resonance assignments 
are labeled in gray.  

2D homo- and hetero-nuclear spectra were collected for the cross-linked 

hexamer protein assembled in tubes. The spectra exhibit remarkably high resolution 

and sensitivity. A total of 89% backbone (N, Cα, Cο) resonance assignments were 

completed in CA cross-linked hexamer assemblies by combining 2D 13C-13C CORD, 

NCA, NCO, NCACX, and NCOCX spectra, see Fig 3.9. The residues with ambiguous 

assignments are located in several dynamic regions of loop 3/4, loop 10/11 and CTD 

tail (Fig 3.8). Additional 3D data sets are required to confirm their assignments. The 

unambiguous resonance assignments are listed in Table 3.1, and the predicted 

secondary structure for the CA cross-linked hexamer protein is identical to the CA WT 

protein. 
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Figure 3.9 2D CORD, NCACX and NCOCX MAS NMR spectra for CA cross-
linked hexamer tubular assemblies, showing assignments for S109-T110. 
The spectra were acquired at 20.0 T and the MAS frequency of 14 kHz; 
the data were processed with 60° shifted sine bell apodization process in 
both dimensions. 
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Table 3.1 Resonance assignments for CA cross-linked hexamer assemblies, 
including backbone N, Co, Cα, sidechain Cβ, Cγ/Cγ2, Cδ/Cδ2, Cε, and 
Cζ. CSI 2.0 13 secondary structure prediction: C-coils, H-helix, and B-
sheets. 

Residue N Co Cα Cβ Cγ Cγ2 Cδ Cδ2 Cε Cζ CSI 
2.0 

1 P 139.0 174.5 62.4 33.1 24.9  50.3    C 
2 I 121.4  62.7 38.3 28.9  15.1    B 
3 V 124.3  58.7 35.8 21.5 18.6     B 
4 Q 120.8 179.5 54.2 29.9       C 
5 N 125.7 175.2 50.8 39.1 177.1      C 
6 L 116.6  56.4 42.4 26.1  22.4    C 
7 Q 119.1 178.2 60.0 29.0 33.5      C 
8 G 110.5 175.9 47.2        C 
9 Q 121.1  54.6 29.5 34.3  180.0    C 

10 M 114.1  55.1 35.1 31.3      B 
11 V  180.3 60.5 36.0 21.5 19.3     B 
12 H 121.4 174.6 58.2 32.7   115.7    B 
13 Q   54.0 32.5 33.4      B 
14 C 121.6 174.1 58.0 33.5       B 
15 I 121.9 175.7 62.0 38.8 29.2 16.6 14.6    C 
16 S 122.8 174.5 56.6 64.2       C 
17 P 137.0 178.2 65.6 32.4 27.9  50.4    H 
18 R 115.6 179.5 59.6 30.0 27.8  43.5   159.3 H 
19 T 119.1 176.2 67.2 68.4 22.1      H 
20 L 122.0 178.1 58.2 40.8 26.4  24.7    H 
21 N 115.0 175.8 55.8 38.6 177.2      H 
22 A 121.1 180.0 54.9 18.4       C 
23 W 120.5 175.5 58.2 30.0 111.4  127.6    H 
24 V 118.1 176.4 65.7 31.1 24.1 22.0     H 
25 K 118.8 178.5 60.0 31.9 25.4  29.8  41.6  H 
26 V 120.3 177.5 65.8 30.8 23.7 21.7     H 
27 V 120.0 178.1 65.5 30.7 22.4      H 
28 E 119.4 176.6 58.6 29.8 37.4  183.4    H 
29 E 116.1  58.4 30.9 36.7  183.6    C 
30 K 120.8 176.2 55.6 32.8 25.3  27.1  41.6  C 
31 A 123.5 177.7 52.5 17.6       C 
32 F 113.6 175.8 58.1 38.1       C 
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33 S 114.4 176.8 58.2 63.1       H 
34 P  178.3 66.6 31.6 28.1  50.8    H 
35 E 115.6 178.5 58.3 29.2 37.3      H 
36 V 114.9 179.0 66.3 32.1 22.4 21.7     H 
37 I 115.7 176.2 67.2 34.3 30.1 19.0 13.3    H 
38 P 134.6  64.8 30.6 28.1  49.1    H 
39 M  178.9 58.4 32.7     15.8  H 
40 F 121.1 179.6 61.9 37.9       H 
41 S 114.2 175.7 61.8 62.7       H 
42 A 120.7 181.2 54.3 20.1       H 
43 L 117.6 175.8 56.4 41.8 27.3  22.7    C 
44 S 109.8 174.5 57.5 63.6       C 
45 C 124.3  60.2 31.7       C 
46 G 116.4 174.8 45.7        C 
47 A 119.9 178.5 53.4 20.6       C 
48 T 107.6 174.5 59.7 69.0 21.9      C 
49 P 132.4  67.0 30.6 28.3  49.9    H 
50 Q 115.5 178.6 60.4 29.4 34.3      H 
51 D 116.8 178.0 57.6 41.3       H 
52 L 120.5 176.7 57.5 41.7   27.1    H 
53 N 118.6 178.6 56.5 38.2       H 
54 T 118.9 176.2 67.2 68.5 24.2      H 
55 M 119.6 179.6 60.2 33.1 32.8    17.9  H 
56 L 121.6 180.3 58.6 41.6 26.9      H 
57 N 115.7 176.5 54.8 37.4 177.3      H 
58 T 108.2 174.9 63.6 69.9 23.4      C 
59 V 121.4 177.2 62.6 32.4 21.9 21.5     C 
60 G 117.0 177.2 45.3        C 
61 G 106.9 174.5 47.3        C 
62 H 115.4 177.2 57.1 28.9 131.4    138  C 
63 Q           H 
64 A 121.5 178.7 54.7 18.2       H 
65 A 121.2 180.2 55.2 18.7       H 
66 M 113.3 178.5 56.6 31.9 29.6    17.4  H 
67 Q 121.4 178.8 58.4 27.4 32.6  181.4    H 
68 M 119.4 178.2 58.4 32.6     17.9  H 
69 L 122.1 179.5 58.8 41.8 27.5      H 
70 K 119.1 178.6 60.0 31.9 25.4  29.0  42.1  H 
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71 E 118.6 178.3 59.9 29.8 36.9  183.4    H 
72 T 118.5 176.8 67.2 68.5 22.1      H 
73 I 122.5 177.0 65.9 38.1 29.4 18.5 14.5    H 
74 N 116.4 178.6 56.0 37.7 175.9      H 
75 E 121.3 179.6 59.3 29.4 36.2  183.9    H 
76 E 120.7 177.5 58.9 29.3 37.5  184.2    H 
77 A 123.5 179.4 54.8 17.7       H 
78 A 119.1 181.3 54.6 17.8       H 
79 E 121.1 178.1 58.5 28.9 34.9  183.6    H 
80 W 120.9 179.7 61.8 28.0 110.4  126.4   113.3 H 
81 D 118.9 178.8 57.4 39.7       H 
82 R 120.4 178.3 59.1 30.7 28.2  43.3   159.3 H 
83 L 116.5 176.2 55.3 42.7 25.3  22.5    C 
84 H 116.9 171.1 53.0 27.5 130.2  118.7    C 
85 P   63.1 32.2 27.4  50.1    C 
86 V 121.1 176.8 62.0 32.5 21.1      C 
87 H 125.0 174.5 55.6 29.3 130.9  118.3  137.4  C 
88 A 127.6 177.7 52.3 18.8       C 
89 G 109.4 171.6 44.7        C 
90 P 132.6 176.6 63.3 32.1 27.4  49.9    C 
91 I 125.1 174.7 59.8 39.0 28.9 17.9 15.6    C 
92 A 130.0 176.1 50.8 18.0       C 
93 P 132.4  64.1 31.6 27.7  50.4    C 
94 G 111.1 174.2 45.4        C 
95 Q 119.1 175.3 53.9 30.1 33.6  179.5    C 
96 M 122.0 176.4 55.5 34.6 31.2      C 
97 R 124.6 175.2 55.4 30.2 27.2  43.8   159.3 C 
98 E 123.3  54.7 29.3 36.7  183.6    C 
99 P 134.2 177.1 62.6 30.3 26.4  49.3    C 

100 R 120.5 178.6 53.1 30.9 26.6  43.6   158.9 C 
101 G 116.7 175.9 48.5        C 
102 S 114.2 176.9 60.7 62.0       C 
103 D 122.5 176.1 56.8 41.3 179.9      C 
104 I 125.5 172.6 65.8 36.8 30.8 17.0 11.0    C 
105 A 111.7 177.1 50.5 18.7       C 
106 G 102.0 173.5 45.6        C 
107 T 113.1 177.3 64.0 68.8 22.8      C 
108 T 106.1 173.2 60.9 69.4 20.4      C 
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109 S 112.0 174.1 54.1 66.8       C 
110 T 112.1 175.8 59.4 71.3 22.1      C 
111 L 122.6 178.6 57.9 42.0 26.5  25.3 22.4   H 
112 Q 115.9 178.4 59.6 27.8 35.2      H 
113 E 120.4  59.3 29.6 37.4  184.1    H 
114 Q 116.4 177.7 60.2 28.3 32.6  179.6    H 
115 I 115.8 179.7 65.7 38.3 29.1 17.3 14.2    H 
116 G 110.5 176.7 47.3        H 

117 W 121.5 178.4 62.0 29.0 110.6  
125.8
127.5  

118.3
138.5  H 

118 M 116.4 177.4 59.9 35.3 33.1    14.8  H 
119 T 103.9 173.7 60.9 69.9 21.4      H 
120 H 124.2 172.5 57.2 28.7 131.1      C 
121 N 119.4 172.3 49.3 40.0 177.7      C 
122 P 138.5  63.4 32.8   50.3    C 
123 P 132.7  63.1 32.6 27.5  50.4    C 
124 I 123.6 176.0 59.4 38.3 27.6 17.3 14.7    C 
125 P 136.4 176.7 63.2 29.1 27.2  51.3    C 
126 V 115.0 176.7 65.7 30.9 23.6 19.5     H 
127 G 107.1 174.6 47.5        H 
128 E 121.8 179.8 58.4 29.4 35.9      H 
129 I 120.6 176.1 65.3 38.3 28.3 18.3 14.9    H 
130 Y 116.4 176.0 56.0 36.3 128.3      H 
131 K 116.5 177.8 60.4 31.8 25.3  29.8  41.4  H 
132 R 117.1 178.3 60.2 29.9 28.3  44.3   159.5 H 

133 W 122.0 178.7 58.4 29.5 110.8  124.8  
138.8
119.5 114.2 H 

134 I 118.5 178.3 65.2 38.3 29.8 18.6 15.0    H 
135 I 120.8 177.7 66.3 37.6 30.9 17.3 13.7    H 
136 L 120.9 181.2 58.8 41.5 26.9      H 
137 G 106.0 175.9 47.7        H 
138 L 123.7 178.7 57.7 42.2 26.0  25.4 22.8   H 
139 N 118.6 178.2 56.9 38.3 176.1      H 
140 K 117.5 178.7 60.1 32.3 25.4  29.9  42.2  H 
141 I 119.6 178.3 65.2 37.7 29.7 18.1 14.7    H 
142 V 119.6 177.2 65.7 32.3 21.9      H 
143 R 119.8 178.2 59.7 29.9 26.7  41.7    H 
144 M  178.0 57.6 32.8 29.9      H 
145 Y 117.4  59.7 38.1       H 
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146 S 118.5 176.7 56.5 64.6       C 
147 P   63.3 32.7 28.6  51.6    C 
148 T 116.3 173.4 62.0 70.2 22.4      B 
149 S  174.2 56.2 64.3       B 
150 I  175.4 60.3 39.2 29.1 17.6 15.8    B 
151 L 118.0 178.4 56.7 41.8 27.7  25.8 23.5   B 
152 D 114.9 175.6 54.1 41.8       B 
153 I 121.8 174.0 58.6 34.0 26.5 17.1 9.6    B 
154 R 125.2 175.3 54.0 33.2 27.0  43.2   159.4 B 
155 Q 127.0 176.9 55.7 29.8 32.5  179.8    B 
156 G 117.1 174.1 44.9        C 
157 P  177.2 65.6 32.4 27.7  50.4    C 
158 K 115.5 175.6 54.1 32.6 25.0  30.0  41.9  C 
159 E 125.6 174.5 53.4 32.2 35.0  184.1    C 
160 P  177.4 63.1 32.6 28.6  51.5    C 
161 F 128.1 177.1 62.6 39.1       C 
162 R 116.6 179.4 60.0 30.5 27.2  43.6    H 
163 D 121.5  57.2 40.0 179.2      H 
164 Y 123.9 176.2 59.3 38.2 129.4  132.5  118.3  H 
165 V 116.0  66.4 31.0 25.2      H 
166 D 120.4  57.7 41.2 180.1      - 
167 R 120.5          - 
168 F 124.8 177.1 62.5 39.2 138.1      H 
169 Y 114.4 179.6 63.4 38.1       H 
170 K           H 
171 T 114.8 176.4 66.3 68.9 21.6      H 
172 L 123.4 178.8 57.8 42.5 26.0      H 
173 R 116.1 179.6 59.1 30.2 27.1      H 
174 A 119.4 178.5 53.5 18.4       H 
175 E 118.4 177.8 57.1 29.4 36.4  182.3    C 
176 Q 124.4          C 
177 A 124.9 177.3 52.1 20.6       C 
178 S 119.2 178.0 57.5 64.8       C 
179 Q 116.6 177.8 58.7 28.7 33.2      H 
180 E 118.1 179.7 60.0 29.8       H 
181 V 120.7 178.0 66.5 30.9 24.8 22.4     H 
182 K   61.2 32.6   29.7    H 
183 N 117.7 175.8 56.9 37.5       H 
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184 A 122.0 177.2 53.6 19.4       H 
185 A 118.9 176.9 54.7 17.9       H 
186 T 111.8 176.5 66.7 69.2 21.8      H 
187 E 123.2  60.0 29.6       H 
188 T 113.4 175.2 64.7 69.6 22.2      H 
189 L  178.7 57.8 42.2       H 
190 L 118.1 178.0 58.4 41.0       H 
191 V 115.4 177.3 65.7 32.1 21.6      H 
192 Q 115.4 177.2 58.3        H 
193 N 113.8 175.2 52.6 38.3       C 
194 A 124.2 175.5 52.2 18.7       C 
195 N 119.4 174.3 51.6 35.5       C 
196 P 131.7 178.6 66.8 32.6 28.2  50.2    H 
197 D 115.7 178.3 57.1 40.4 179.7      H 
198 C 121.1 176.0 62.2 27.7       H 
199 K 121.8 177.7 61.1 32.4 24.7  29.8  42.4  H 
200 T 111.8 176.4 66.6 69.0 21.8      H 
201 I 123.4 179.0 64.6 38.3 29.4 18.6 14.3    H 
202 L 119.3 178.5 57.5 41.9 27.7  25.6 23.3   H 
203 K 120.0  59.4 30.8 25.8  29.2    H 
204 A 119.9 178.9 53.3 18.5       H 
205 L 118.3  57.3 41.1 26.4      C 
206 G           - 
207 P   64.3    50.4    - 
208 G 110.3 173.6 45.6        C 
209 A 123.8 177.8 52.5 19.8       C 
210 T 113.6 175.3 60.2 70.6 22.2      C 
211 L 124.5 178.6 58.5 40.5 27.2  25.0    H 
212 E           H 
213 E  177.8 59.3 29.5 37.6      H 
214 M 120.4 176.7 60.2 33.5       H 
215 M 117.2 178.4 58.8 32.4       H 
216 T 115.2 176.5 66.4 68.9 21.8      H 
217 A 123.8 178.8 56.0 18.6       H 
218 C 112.2  59.2 29.1       C 
219 Q           - 
220 G 115.4  47.4        - 
221 V 121.5 176.7 64.2 32.7 22.2 21.0     - 
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222 G 117.1  44.9        C 
223 G 112.4 174.2 45.6        - 
224 P           - 
225 G           - 
226 H           - 
227 K           - 
228 A           - 
229 R           - 
230 V 119.8  65.9 30.9 21.8      C 
231 L 116.4 178.7 56.3 42.4 26.4      C 
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3.3.2 The Effect of Cross-Linking on Structure of CA Tubular Assemblies 

Disulfide bonds introduce increased stability of the CA hexameric lattice by 

cross-linking two cysteines. To understand the effect of cross-linking on the structure 

of CA assemblies, 2D NCA and CORD spectra for CA cross-linked hexamer 

assemblies were compared with those for CA WT assemblies. Multiple chemical shift 

changes were observed in the superposition of homo- and hetero-nuclear experiments, 

Fig 3.10. The chemical shift perturbations were calculated for each resolved residue 

by adding differences of backbone N and Cα resonances. The standard deviation 

(STD) of chemical shift difference was 0.6 ppm, indicating the sizeable effects on the 

local structure throughout the CA domain, arising from the mutations as well as cross-

linking. 1.2 ppm (2*STD) was used as the cutoff to identify the residues with 

significant perturbations, Fig 3.11. The most pronounced chemical shift differences 

are seen in H2, H3 (NTD-NTD interface) and loop 8/9, in the immediate vicinity of 

mutations. Furthermore, other chemical shift differences suggest that the mutations 

induce allosteric conformational changes in the beta-hairpin, loop 1/2, CypA loop and 

H8 (CTD-CTD interface). For instance, the large perturbations observed in residues 

E175 and S178 (loop 8/9) have been identified as critical factors for CA 

dimerization14, which is likely due to the W184A and W185A mutations. These 

observed chemical shift differences are also consistent with the structural changes 

observed in the X-ray crystal structure of CA cross-linked hexamer protein by 

Pornillos group4: conformational differences were seen in this cross-linked hexamer 

construct at NTD-NTD intra-hexamer and CTD-CTD inter-hexamer interfaces. 
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Figure 3.10 Superposition of 2D NCA and CORD (aliphatic region) MAS NMR 
spectra for CA cross-linked hexamer (orange) and CA WT tubular 
assemblies (gray), illustrating the chemical shift perturbations and peak 
intensity differences. The perturbed resonances of CA WT (blue) and CA 
hexamer (black) are labeled. The residues that exhibit large perturbations 
are highlighted in orange on a 3D structure of CA monomer. Four 
mutations (C14, C45, A184, A185) are shown in purple sticks. The 
spectra were acquired at 20.0 T and the MAS frequency of 14 kHz, and 
processed with 30° shifted sine bell apodization in both dimensions. 
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Figure 3.11 Chemical shift changes between CA and CA cross-linked hexamer: sum 
of 13Cα, 15N chemical shift perturbations (CSP). Note that a CSP > 1.2 
ppm is considered a significant perturbation, while a CSP < 0.6 ppm 
(1*STD) is not considered major given the mutations as well as 
experimental and systematic error.  

3.3.3 The Effect of Morphology on MAS NMR Spectra: Pentamers vs. 
Hexamers 

In vivo, hexamers and pentamers are thought to be the building blocks for 

HIV-1 mature capsid lattice. For characterization of the capsid assembly and 

disassembly processes in the viral lifecycle, it is essential to analyze the structural and 

dynamic signatures of these pentameric and hexameric building blocks in the conical 

capsid core. While this is a difficult task in the context of the native capsid, in our 

work we turned attention to the model systems. To do so, covalently cross-linked units 

of CA hexamers (A14C/E45C/W184A/M185A) and pentamers (N21C/A22C/W184A/ 

M185A) were employed in assemblies studied by MAS NMR. Under high salt 

conditions, CA cross-linked hexamer (A14C/E45C/W184A/M185A) proteins 

efficiently assembled into tubes. These tubes yielded high-quality MAS NMR spectra 

(Fig 3.12). We also co-assembled cross-linked hexamers and cross-linked pentamers 

in a 10:1 ratio, albeit the morphology of the resulting sample appears to be mixed. To 

examine the pentamer structure in the context of these model co-assemblies, I 
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prepared mixed labeled samples with uniformly 13C,15N-labeled cross-linked 

pentamers and natural abundance cross-linked hexamers. This sample was subjected to 

MAS NMR experiments. As illustrated in Fig 3.12 and 3.13, 13C-13C correlation 

spectra of CA pentamers showed high resolution albeit the sensitivity was very low 

because of small amounts of isotopically labeled pentamers in the sample (less than 

10%). The narrow lines suggested that CA pentamers have significant local order. 

The superposition of the 13C-13C correlation spectra of the cross-linked 

pentamer/hexamer co-assemblies and the cross-linked hexamer assemblies (Fig 3.13) 

illustrates that the chemical shifts are very similar, suggesting no major changes in 

secondary or tertiary structures, although several residue-specific chemical shift and 

peak intensity differences are observed. It is not surprising that the pronounced 

perturbations are associated with residues near the mutation sites, such as A42, A47, 

and T48 near the E45C change. Moreover, sizable differences are also present in the 

residues distal from the mutation sites, which indicate conformational changes in both 

NTD and CTD for these two assemblies. For example, the perturbed resonance of 

A217 possibly indicates conformational changes in the NTD-CTD interface associated 

with H7 and H11 in neighboring subunits4. In addition, the large chemical shift 

difference of T110 suggests a dramatically different assembly conformation associated 

with H5 and loop 5/6 in the hexamer and pentamer assemblies.  
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Figure 3.12 Structure of a HIV-1 conical capsid (a) and a tubular capsid (b), and their 
building blocks. TEM images and 13C-13C correlation spectra (aliphatic 
region) of CA hexamer and pentamer co-assemblies (c, f), CA cross-
linked tubular assemblies (d, g), and CA WT tubular assemblies (e, h). 
All the spectra were acquired at 20.0 T and the MAS frequency of 14 
kHz; (f) were processed with Lorentz-to-Gauss (GM) 80 (gray) and 
Exponential-Multiply (EM) 100 (blue) in both dimensions, and (g, h) 
were process with 45° shifted sine bell apodization in both dimensions. 

  



 74 

 

Figure 3.13 Superposition of 2D CORD (aliphatic region) MAS NMR spectra for CA 
hexamer (gray) in tubular assemblies and CA cross-linked pentamer 
(cyan) in co-assemblies with CA cross-linked hexamer.  The expansions 
around Cα-Cβ regions of Thr and Ala are shown to illustrate chemical 
shift perturbations. The spectra were acquired at 20.0 T and the MAS 
frequency of 14 kHz, processed with Lorentz-to-Gauss (GM) 80 in both 
dimensions. The spectra of CA cross-linked pentamer in co-assemblies 
with the CA cross-linked hexamer were acquired with non-uniformly 
sampling (NUS).  

3.4 Conclusions and Future Outlook 

In this chapter, we discussed the sample preparation for the CA cross-linked 

pentamer and cross-linked hexamer proteins. CA cross-linked hexamer formed 
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homogenous tubular assemblies. Co-assemblies of CA cross-linked hexamers and 

pentamers were prepared as models to study the structure and dynamics of the HIV-1 

capsid. 

I have completed 89% of the backbone assignments of CA cross-linked 

hexamer tubular assemblies on the basis of multiple MAS NMR data sets. The 

chemical shifts revealed conformational differences in a number of residues in these 

assemblies compared with CA WT tubular assemblies. In tubular assemblies, we 

observed that the effect of cross-linking was pronounced on the inter-hexamer 

interfaces, but not on the protein secondary structure and tertiary structure. I have also 

prepared MAS NMR samples of co-assemblies of U-13C,15N cross-linked pentamers 

with natural abundance cross-linked hexamers and acquired 2D 13C-13C correlations 

spectra. We observed multiple chemical shift pertubrations suggesting conformational 

differences in the hexamers vs. pentamers. 

Due to the low amount of isotopically labeled materials in co-assembly (less 

than 10%), the sensitivity of the current data sets were limited. Fast and/or ultrafast 

MAS approaches and 1H detection may improve spectra quality and will be pursued in 

the future. To understand the HIV-1 capsid assembly and stability, further 

investigations will be performed on dynamic properties of cross-linked pentamers as 

well as cross-linked hexamers. Additionally, taking advantage of the stability and 

reversible assembly into tubes, CA cross-linked hexamers can be used to study 

different aspects of the HIV-1 function, for instance, the binding of non-polar capsid 

assembly inhibitor molecules (e.g., benzodiazepines and benzoimidazoles)15, and 

interaction of restriction factors (e.g., tripartite motif isoform 5α, TRIM5α)16-18 with 

capsid assemblies. 
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INVESTIGATION OF HIV-1 MATURATION 

4.1 Introduction 

In HIV-1 replication cycle, capsid maturation is a critical process where viral 

particles assemble and become infectious.1,2 Maturation inhibitors, such as BVM can 

prevent the capsid maturation.3,4 Despite extensive studies, both the maturation 

mechanism and its inhibition by small molecules remain poorly understood. In this 

chapter, we applied an integrated MAS NMR and molecular dynamics (MD) 

simulations approach to investigate the atomic-level details of the maturation and the 

influence of maturation inhibitors. By examining the final-step maturation 

intermediate, CA-SP1, we identified a helix-coil equilibrium in the CTD tail-SP1 

subdomain potentially acting as a conformational switch during the maturation. CA-

SP1(T8I) mutant was also investigated because T8I mutation phenocopies the MI-

bound state. The T8I mutation in SP1 was found to introduce dramatic dynamics and 

structural changes, with molecular motions being suppressed, and CTD-SP1 junction 

residues showing higher helical structure propensity. Our results suggest that 

modulation of protein dynamics may be a determining factor in capsid maturation.  

This work was conducted in our lab by Dr. Caitlin Quinn, Dr. Huilan Zhang, 

Dr. Guangjin Hou and Dr. Christopher Suiter, and by our collaborators, Professor Juan 

Perilla from the University of Delaware, Dr. In-Ja Byeon, Professor Peijun Zhang and 

Professor Angela Gronenborn from the University of Pittsburgh, the group of Dr. Eric 

Freed from the National Cancer Institute, Professor Klaus Schulten from the 

Chapter 4 
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University of Illinois. My contributions were the preparation of CA-SP1(T8I) samples 

for MAS NMR studies,  performing MAS NMR experiments and the data analysis. 

The study has been published: Wang, M. Z.; Quinn, C. M.; Perilla, J. R.; Zhang, H. L.; 

Shirra, R.; Hou, G. J.; Byeon, I. J.; Suiter, C. L.; Ablan, S.; Urano, E.et al. Quenching 

protein dynamics interferes with HIV capsid maturation. Nat Commun 2017, 8. 

4.2 Methods and Experiments 

4.2.1 Materials 

Common chemicals were purchased from Fisher Scientific or Sigma Aldrich. 

Chromatography columns were purchased from GE Healthcare. 15NH4Cl and U-13C6-

glucose were purchased from Cambridge Laboratories, Inc. The Rosetta (DE3) 

competent cells used for protein expression were purchased from Novagen. The HIV-

1 CA-SP1(T8I), NL4-3 protein construct was prepared in the laboratory of our 

collaborator, Dr. Eric O. Freed at the National Cancer Institute.  

4.2.2 Expression and Purification of CA-SP1 Proteins 

Uniformly 13C,15N-enriched CA-SP1(T8I) proteins were expressed as reported 

previously with modifications.5,6 The CA-SP1(T8I) gene was amplified and ligated 

into pET21 vector using NdeI and XhoI sites, and E. coli Rosetta (DE3) cells were 

transformed with the vector. A single colony was inoculated in 5 mL of LB medium at 

37 °C for 8-10 h until cells were grown to 1.5 OD. Following a centrifugation at RFC 

4000 g at 4 °C for 5 min, cells were resuspended in 50 mL of fresh M9 medium as a 

seeding culture, grown overnight at 37 °C. M9 seeding culture was transferred into 1 L 

of M9 medium that contains 2 g/L 15NH4Cl, 2 g/L U-13C6-glucose, trace elements 

solution, CaCl2, MgSO4, biotin and thiamin. Cells were grown to 1.0-1.2 OD, induced 
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with 0.8 mM IPTG and expressed at 18 °C for 16 h. Cells were harvested by a 

centrifugation at RFC 4000 g at 4 °C for 1 h, resuspended in a 25 mM sodium 

phosphate buffer (pH 7.0) and then stored at -80 °C. 

Uniformly 13C,15N-enriched CA-SP1(T8I) proteins were purified by adding 

200 mM benzamidin (working concentration is 1 mM) in thawed cells as a protease 

inhibitor to prevent CA-SP1 cleavage. After sonication at 35% of amplifier power 

with 20 s on and 40 s off for 5 min, the lysed cells were centrifuged at 27,000 g at 4 

°C for 1 h. The pH of the supernatant was adjusted to 5.8 with acetic acid, and the 

conductivity was reduced to below 2.5 ms/cm. Following another centrifugation at 

27,000 g at 4 °C for 1 h, the final supernatant was loaded onto a cation exchange 

column (HiTrap SP HP, 5 mL) and 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 using a size-exclusion column 

(HiLoad 26/600 Superdex 75 pg) equilibrated with a buffer containing 25 mM sodium 

phosphate (pH 7.0), 1 mM DTT, and 0.02% NaN3. 

CA-SP1(T8I) tubes were pre-assembled from a 26 mg/mL protein solution in a 

25 mM phosphate buffer (pH 5.5) containing 2.4 M NaCl, followed by incubation at 

37 °C for 1 h and 4 °C overnight. The CA-SP1(T8I) assemblies were pelleted at 

10,000 g and packed into a Bruker 3.2 mm rotor. 

4.2.3 Transmission Electron Microscopy (TEM) 

The morphologies of CA and CA-SP1 assemblies were characterized by 

transmission electron microscopy (TEM). TEM images were collected at the Delaware 

Biotechnology Institute (DBI) in the Bioimaging Center.  The images were acquired 

with a Zeiss Libra 120 transmission electron microscope operating at 120 kV, and 
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equipped with a Gatan Ultrascan 1000 2k x 2k charge-coupled device camera. CA and 

CA-SP1 assemblies were stained with uranyl acetate (0.5-1% w/v), deposited onto 400 

mesh, formvar/carbon-coated copper grids, and dried for 45 min in the air. The copper 

grids were glow discharged prior to staining, so that the tubular assemblies were 

uniformly spread on the grid surface and adhered to it.  

CA proteins, including CA wild type (NL4-3 and HXB2 strains) and 

CA(A92E) NL4-3 assembled into tubes (Fig 4.1, bottom)7 that recapitulated the 

mature capsid lattice. CA-SP1 proteins, including CA-SP1(T8I) NL4-3, CA(A92E)-

SP1 NL4-35 and CA-SP1 HXB25 assembled into tubes (Fig 4.1, top) under identical 

conditions that used for CA assemblies8.  

 

Figure 4.1 TEM images9 of tubular assemblies of CA7 and CA-SP15 variants. 
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4.2.4 MAS NMR Experiments 

MAS NMR experiments were performed on Bruker 20.0 T and 14.1 T narrow 

bore Avance III spectrometers outfitted with 3.2 mm E-Free HCN probes. MAS NMR 

spectra were collected at a magic angle spinning frequency of 14.000 ± 0.005 kHz, 

and sample temperature of 4 ± 0.1 °C throughout the experiments using a Bruker 

temperature controller. 13C and 15N chemical shifts were REFERENCESd with respect 

to the external standards adamantane and ammonium chloride, respectively. 

MAS NMR spectra of tubular assemblies of CA and CA-SP1 were acquired at 

20.0 T, with Larmor frequencies of 850.4 MHz (1H), 213.8 MHz (13C) and 86.2 MHz 

(15N). The typical 90° pulse lengths were 2.4-3.1 µs (1H), 3.2-3.9 µs (13C), and 3.5-4.0 

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 time of 1.1-1.5 and 1.5-1.8 ms, respectively. For 2D 
13C-13C CORD10 spectra, the CORD mixing time was 50 ms, and 1H field strength 

during CORD was 12.5-13.5 kHz. For 2D NCA, 2D NCACX, and 2D NCOCX, band-

selective magnetization transfer from 15N to 13C contact time was 4.3-5.5 ms. 

SPINAL-64 decoupling11 (80-96 kHz) was used during the evolution and acquisition 

periods. For 3D RN-symmetry based DIPSHIFT and PARS experiments12,13, R121
4 

symmetry sequences with an RF field strength of 84 kHz were applied for 

reintroducing 1H-15N dipolar couplings. Some experiments of CA-SP1(T8I) 

assemblies were performed at 14.1 T, with Larmor frequencies of 600.8 MHz (1H), 

150.8 MHz (13C) and 60.8 MHz (15N). The typical 90° pulse lengths were 2.8 µs (1H), 

3.6 µs (13C), and 4.5 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 time of 0.8 and 1.4 ms, 
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respectively. The CORD mixing time was 50 ms, and 1H field strength during CORD 

was 14 kHz. Band-selective magnetization transfer from 15N to 13C contact time was 

5.0-6.5 ms. SPINAL-64 decoupling (89 kHz) was used during the evolution and 

acquisition periods. 

All spectra were processed in TopSpin and with NMRpipe14; spectra analysis 

were performed using SPARKY15 and CCPNMR16. For 2D and 3D data sets, 30°, 45°, 

60° or 90° shifted sine bell apodization followed by a Lorentzian to Gaussian 

transformation was applied in both dimensions. Forward linear prediction to twice the 

number of the original data points was used in the indirect dimension in some data sets 

followed by zero filling to twice the total number of points. 

4.2.5 Simulations of NMR Dipolar Lineshapes and Calculations of Dipolar 
Order Parameters 

The SIMPSON software package (versions 1.1.2 and 2)17 was used to complete 

the numerical simulations of 1H-15N dipolar lineshapes. For RN-DIPSHIFT 

experiments, 986 pairs of {α, β} angles were generated with the ZCW algorithm, and 

5 γ angles that resulted in a total of 4930 angle triplets were used to calculate a powder 

average, as reported previously7. 320 pairs of {α, β} angles were generated with the 

REPULSION algorithm, and 16 γ angles that resulted in a total of 5120 angle triplets 

were applied to calculate a powder average for RN-PARS experiments. The 

experimental and processing parameters (i.e., MAS frequency, Larmor frequency, RF 

field strength, number of T1 points, zero-filling, line broadening, finite pulse lengths, 

etc.) were utilized for extracting the best-fit dipolar parameters with simulations. For 

all the 3D RN-DIPSHIFT/PARS spectra, a series of home-written C++ programs and 

shell scripts were used to process automatic extractions of dipolar lineshapes for the 
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residues in CypA loop (H84-S102), iteratively with manual inspections, to ensure the 

correctness of the assignments and extractions. 

4.2.6 Molecular Dynamics (MD) Simulation Trajectories of CA-SP1 Assemblies 

All-atom MD simulation trajectories of CA CTD-SP1 WT and CA CTD-

SP1(T8I)9 were carried out by our collaborators, Dr. Juan R. Perilla from the 

University of Delaware and Dr. Klaus Schulten from the University of Illinois.  

4.2.7 Calculations of Chemical Shifts from MD Trajectories  

For WT CA CTD-SP1, 7394 frames were extracted from 7-24  µs MD 

trajectory. For CA CTD-SP1(T8I) mutant, 5860 frames were extracted from 0-15  µs 

MD trajectory. SHIFTX218 was used to calculate 13Cα, 13Cβ, 13Co, and 15N chemical 

shifts for each frame and each single chain. The STRIDE program was used to predict 

the secondary structures for every frame from atomic coordinates19. We categorized 

the secondary structure outputs into four types: helix, β-sheet, coil, and turn. The helix 

classification includes an α-helix, a 310 helix, and a π helix. The β-sheet classification 

includes an extended configuration and an isolated β-sheet hydrogen bond formation. 

4.3 Results  

4.3.1 Resonance Assignments of CA-SP1(T8I) Assemblies 

CA-SP1(T8I) protein tubular assemblies yield high-quality MAS NMR spectra 

(Fig 4.2) similar to those in resolution and sensitivity of CA and CA-SP1 WT 

assemblies5,8. Site-specific resonance assignments of CA-SP1(T8I) protein assemblies 

were performed from a set of 2D and 3D homo- and heteronuclear correlation spectra, 
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including 2D CORD/direct-CORD, 2D/3D NCACX, 2D/3D NCOCX, 3D CONCA, 

and 2D J-INADEQUATE spectra.  

From the superposition of dipolar-based 13C-13C spectra of CA and CA-

SP1(T8I) tubular assemblies (Fig 4.2), strong and well-defined peaks were observed in 

both CA CTD tail and SP1 region. In contrast, the resonances of residues in the CTD 

tail and SP1 were absent in dipolar-based spectra in the previous work on CA-SP1 

HXB2 and CA(A92E)-SP1 NL4-3.5 This indicates that T8I mutation induces the 

decreased dynamics in the CTD tail and SP1 region, compared to WT SP1 proteins 

(section 4.3.2). A full stretch of sequential walk is shown for the CTD tail (CA: G225-

L231) and SP1 region (SP1: A1-M14) by several types of MAS NMR spectra in Fig 

4.3, and the site-specific chemical shifts of each residue is listed in Table 4.1.  
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Figure 4.2 Superposition of dipolar-based spectra of HIV-1 CA and CA-SP1(T8I) 
tubular assemblies.9 2D CORD (top) and NCACX (bottom) MAS NMR 
spectra for CA NL4-3 (gray) and CA-SP1(T8I) NL4-3 (orange) illustrate 
the multiple chemical shift perturbations and peak intensity differences. 
The residues that performed peak splitting are labeled in blue. The 
spectra were acquired at 20.0 T and the MAS frequency of 14 kHz, with 
60° shifted sine bell apodization process in both dimensions. The reuse in 
this dissertation is permitted by a Creative Commons Attribution 4.0 
International License. 
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Figure 4.3 A stretch of sequential walk for the CTD-SP1 region (residues CA: 
G225-L231 to SP1: A1-M14) of CA-SP1(T8I) tubular assemblies.9 These 
residues were assigned by a combination of various types of MAS NMR 
spectra, including 2D CORD (orange labels), 2D/3D(NUS) NCACX 
(brown/blue labels, respectively), 2D/3D NCOCX (brown/blue labels, 
respectively), 3D CONCA (purple labels), and 2D direct-INADEQUATE 
(green labels). The reuse in this dissertation is permitted by a Creative 
Commons Attribution 4.0 International License. 
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Table 4.1 Chemical shifts of the CTD-SP1 region (CA residues 221-231, SP1 
residues 1-14) of CA-SP1(T8I) assemblies determined by MAS NMR 
experiments. The reuse in this dissertation is permitted by a Creative 
Commons Attribution 4.0 International License. 

Sub-
domain Residue N Co Cα Cβ Cγ Cδ Cε Cζ 

CA 

V221 120.53 176.98 64.29 32.72 22.18/
21.04 -- -- -- 

G222 117.30 173.75 45.13 -- -- -- -- -- 

G223 112.59 173.82 45.23 -- -- -- -- -- 

P224 137.09 177.61 65.34 32.38 28.05 50.41 -- -- 

G225 116.27 173.80 45.35 -- -- -- -- -- 

H226 112.55 175.70 59.31 29.88 132.41 -- -- -- 

K227 123.19 179.00 57.90 32.59 26.16 29.89 42.09 -- 

A228 120.89 176.71 54.88 18.09 -- -- -- -- 

R229 124.17 177.96 57.54 31.37 27.10 43.63 -- 159.28 

V230 119.79 178.86 65.47 31.27 21.72 -- -- -- 

L231 115.90 178.92 56.83 42.34 26.23 23.47 -- -- 

SP1 

A1 118.24 175.09 55.70 19.55 -- -- -- -- 

E2 125.35 178.80 54.89 28.09 34.11 -- -- -- 

A3 118.88 178.90 53.14 19.10 -- -- -- -- 

M4 118.89 179.03 57.42 32.54 -- -- 18.64 -- 

S5 115.76 178.53 57.05 65.2 -- -- -- -- 

Q6 120.47 178.52 54.99 29.04 -- -- -- -- 

V7 120.50 179.06 62.10 33.09 21.22 -- -- -- 

I8 115.29 177.05 58.52 36.85 29.17/
18.26 14.6 -- -- 

N9 128.80 175.30 51.10 39.13 176 -- -- -- 

P10 131.10 175.52 62.57 31.21 28.78 52.57 -- -- 

A11 123.70 178.19 52.54 18.92 -- -- -- -- 

T12 109.60 174.40 62.20 69.82 -- -- -- -- 

I13 111.60 178.65 59.22 37.75 27.59/
17.87 13.77 -- -- 

M14 117.40 -- 57.33 34.16/
33.69 -- -- -- -- 
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4.3.2 Conformation of SP1 in the Wild Type and T8I Mutant 

SP1 plays an essential role in the HIV maturation with its highly dynamic 

behavior; however, its structure and dynamics remained elusive. Our collaborators, 

Dr. Peijun Zhang’s group, analyzed a WT-like construct, CA(A92E)-SP1 protein tubes 

using Cryo-EM.9 It was found that the SP1 domain did not present any detectable 

electron density, suggesting a conformationally or dynamically disordered structure 

rather than a stable helical structure. In a solution NMR investigation of WT CTD-SP1 

protein from Dr. Angela Gronenborn’s group, SP1 showed a weak helical propensity 

with the dominant coil conformation, as shown in Table 4.2. These results were in 

agreement with our findings on WT and WT-like CA-SP1 protein assemblies from 

MAS NMR5. 

Comparison of MAS NMR spectra of CA-SP1 WT and CA-SP1(T8I) 

assemblies reveals that peaks of the CTD tail and SP1 are present in dipolar-based 

correlation spectra of SP1 T8I assemblies, but absent those for the WT CA assemblies 

(Fig 4.4, right panels). This result indicates that CTD tail and SP1 in the CA-SP1(T8I) 

protein are rigid on the microsecond timescale. Conversely, the same region of CA-

SP1 WT undergoes substantial motions on the timescale of microseconds. In J-based 

experiments20, only residues that remain mobile on the micro- to millisecond 

timescales exhibit signals. The resonances of SP1 were detected in both WT and T8I 

mutant, demonstrated in 13C-13C direct-INADEQUATE superposition spectra (Fig 4.5). 

Interestingly, the weak peak intensity and the missing peaks were observed for the 

CTD (H226, R229) tail and SP1 (Q6, N9, T12, I13) region in the CA-SP1(T8I) with 

respect to the CA-SP1 WT. This result indicates that T8I greatly reduces the mobility 

in the CTD tail and SP1 region on the micro- to millisecond timescale.  
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Furthermore, the analysis of the MAS NMR spectra indicated that for CA-

SP1(T8I) assemblies, T8I not only stabilizes the CTD tail and SP1 region, but also 

induces a significant helical conformation for residues 226-231 (CA CTD) and 1-6 

(SP1), determined by the MAS NMR chemical shifts (Table 4.2). 

 

Figure 4.4 Superposition of 2D 13C-13C correlation spectra for CA and CA-SP1 
variants, highlighting SP1 resonances and residues exhibiting chemical 
shift or peak intensity changes. Left expansions: CA NL4-3 (orange) and 
CA-SP1(T8I) NL4-3 (gray). Right expansions: CA(A92E)-SP1 NL4-3 
(red), CA-SP1 HXB2 (blue) and CA-SP1(T8I) NL4-3 (gray). Chemical 
shift perturbations are present in several residues of the CTD (V221)-SP1 
tail, CypA loop, MHR, and NTD β-hairpin. All spectra were acquired at 
20.0 T and an MAS frequency of 14 kHz. The reuse in this dissertation is 
permitted by a Creative Commons Attribution 4.0 International License. 
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Figure 4.5 Superposition of 2D direct-INADEQUATE spectra for HIV-1 CA-SP1 
variants: CA(A92E)-SP1 NL4-3 (green, black labels) and CA-SP1(T8I) 
NL4-3 (gray, orange labels), displaying the multiple chemical shift 
perturbations in residues of CypA loop and CTD (V221-) SP1 tail. The 
spectra of CA(A92E)-SP1 assemblies were acquired at 20.0 T, with 60° 
shifted sine bell apodization process in both dimensions. The spectra of 
CA-SP1(T8I) assemblies were recorded at 14.4 T, processed with 90° 
shifted sine bell apodization. Both of them were performed at MAS 
frequency of 14 kHz. The reuse in this dissertation is permitted by a 
Creative Commons Attribution 4.0 International License. 
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Table 4.2 CSI 2.021 and TALOS-N22 secondary structure prediction based on 
experimental chemical shifts for CA-SP1(T8I) NL4-3, CA(A92E)-SP1 
NL4-3, and CA-SP1 HXB2. Designations for C-coil and H-helix are as 
described in Materials and Methods. “--” indicates predictions that are 
less reliable due to missing chemical shifts. The reuse in this dissertation 
is permitted by a Creative Commons Attribution 4.0 International 
License. 

  
CA-SP1(T8I) CA(A92E)-SP1 CA-SP1 CA CTD-SP1 

NL4-3 
NL4-3 NL4-3 HXB2 solution NMR 

Sub- 
domain Residue CSI 2.0 TALOS

-N CSI 2.0 TALOS
-N CSI 2.0 TALOS

-N CSI 2.0 TALOS
-N 

CA 

V221 C C C C C C C C 

G222 C C C C C C C C 

G223 C C C C C C C C 

P224 C C -- -- -- C C C 

G225 C C -- -- -- C C C 

H226 H H C -- C C C C 

K227 H H C C C -- C C 

A228 H H C -- -- -- C C 

R229 H H C H C -- C C 

V230 H H H H -- -- C C 

L231 H H H H C -- C C 

SP1 

A1 H H H H H -- C C 

E2 H H H H H H C H 

A3 H H C -- H -- C H 

M4 H H C -- -- -- C C 

S5 H H C -- -- -- C C 

Q6 H C C -- -- -- C C 

V7 C C -- -- -- -- C C 

I8/T8 C C C -- C -- C C 

N9 C C C -- -- -- C C 

P10 C C -- -- -- -- H C 

A11 C C C -- C -- H C 

T12 C C C -- -- -- H C 

I13 C C C -- -- -- C C 

M14 C C C -- -- -- C C 
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4.3.3 Allosteric Conformational and Dynamic Changes in CA Induced by T8I 
Mutant  

In addition to the residues in the CTD tail and SP1 subdomain, in the vicinity 

of the mutation sites, the T8I mutation also remarkably affects the conformation and 

dynamics in other regions of CA, such as NTD β-hairpin (e.g. M10, V11), CypA loop 

(e.g., L83, H84, R100), and MHR (e.g., R154, E159). The differences of chemical 

shift and peak intensity were observed in Fig 4.2 and Fig 4.4 (left panels).  

As shown in Fig 4.6, in order to understand the reason of these distal changes, 

three pairs of CA-SP1 and corresponding CA tubular assemblies were quantitatively 

analyzed by calculating the sum of backbone 13Cα and 15N chemical shift 

perturbations (CSPs). In the tubular assemblies of CA-SP1 HXB2 (panels II) and 

CA(A92E)-SP1 NL4-3 (panels III) pairs, a number of residues exhibit sizeable 

(greater than 0.3 ppm) chemical shift perturbations, revealing that SP1 modulates the 

structure of CA domain. Remarkably, in the comparison of CA WT and CA-SP1(T8I) 

(panel I), a large number of residues have significant chemical shift perturbations (1-

1.5 ppm), indicating conformational changes that are induced by this maturation-

inhibiting T8I mutation. These conformational effects are linked to a change in the 

overall dynamics of the CA domain as well. Dynamic changes on the timescale of 

micro- to millisecond were investigated by the deviation of peak intensities in 2D 

NCA spectra (panel IV). Increased peak intensities are indicative of lower mobility 

throughout the CA domain in CA-SP1(T8I) protein assemblies. This overall reduced 

dynamics is also supported by the smaller number of resonances in J-based correlation 

MAS NMR spectra of tubular CA-SP1(T8I) assemblies, compared to those of 

CA(A92E)-SP1 (Fig 4.5). The regions that are affected by the presence of the T8I 

mutation include the N-terminal β-hairpin, the Cyclophilin A-binding loop (CypA 
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loop, loop 4/5), loop 6/7 in the NTD, as well as the MHR, loops 9/10 and 10/11 in the 

CTD. Among these regions, the conformation and dynamics of CypA loop is 

perturbed by the greatest extent by the T8I mutation.  

 

Figure 4.6 Chemical shift changes between CA and CA-SP1 plotted along the linear 
amino acid sequence I, II, III: sum of 13Cα, 15N chemical shift 
perturbations (CSP): CA NL4-3 and CA-SP1(T8I) NL4-3 (orange), 
CA(A92E) NL4-3 and CA(A92E)-SP1 NL4-3 (brown), CA HXB2 and 
CA-SP1 HXB2 (blue). Note that a CSP > 0.5 ppm is considered a 
significant perturbation, while a CSP < 0.3 ppm (dashed gray) is 
negligible within experimental and systematic error. IV: Plot (grey) of 
the 13Cα -15N backbone peak intensity ratio (CA-SP1(T8I) NL4-3/CA 
NL4-3) vs. residue number (for non-overlapping peaks with resonance 
assignments in the 2D NCA MAS NMR spectra). Residues with peak 
intensity ratio > 1 indicate attenuated motions on micro- to millisecond 
timescales. The reuse in this dissertation is permitted by a Creative 
Commons Attribution 4.0 International License. 
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In the HIV-1 replication cycle, the CypA loop in the assembled capsid is 

highly flexible and plays an important role by modulating loop dynamics in the HIV-

1's escape from CypA dependence7. To detect the loop dynamics on the timescale of 

nano- to microseconds, 1H-15N dipolar lineshapes and order parameters were recorded 

and analyzed for CA-SP1(T8I) mutant and CA WT assemblies (Fig 4.7). On these 

timescales, significantly attenuated CypA loop dynamics were observed in CA-

SP1(T8I) mutant, as is obvious from the broader 1H-15N lineshapes and increased 

dipolar order parameters. Surprisingly, this reduced mobility in CypA loop is of the 

same order of magnitude as the decreased loop dynamics that were previously 

observed in the A92E and G94D escape mutants of CA7. A92E and G94D mutations 

have been found to cause large loss of infectivity in vivo that is rescued upon 

inhibition of Cyclophilin A by Cyclosporin. However, in contrast, CA-SP1 WT 

assemblies showed moderately increased dynamics in CypA loop, compared to the 

corresponding CA assemblies5, which possibly suggests that NTD-NTD contacts may 

be modulated by this T8I mutation23,24.  
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Figure 4.7 Comparison of nano-to-microsecond timescale dynamics for CypA loop 
residues observed in tubular assemblies of HIV-1 CA and CA-SP1 
variants. (a) Experimental (solid black) and simulated (dashed blue) 1H-
15N dipolar lineshapes for CypA loop residues in (top to bottom): CA 
NL4-3, CA NL4-3 A92E, CA-SP1 NL4-3 A92E and CA-SP1 NL4-3 T8I. 
(b) 1H-15N Dipolar order parameters are plotted vs. residue number for 
CypA loop residues in CA and CA-SP1 tubular assemblies. The CA-
SP1(T8I) mutant exhibits the same order of magnitude attenuation of 
loop dynamics as previously observed in the CA(A92E) escape mutant7.  
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The N-terminal β-hairpin is stabilized in the CA-SP1(T8I) assemblies relative 

to WT CA assemblies. The conformation of the N-terminal residues in the CA-SP1 

lattice is debated currently: it has been hypothesized that the β-hairpin is present only 

in the mature CA23, while other studies support that it is formed when cleavage 

between the MA and CA domains occurs25,26. The β-hairpin conformation is critical to 

the central intra-hexamer pore size and possibly the capsid’s permeability to 

nucleotides27. CSI analysis of MAS NMR chemical shifts indicates that the N-terminal 

residues form a β-hairpin in all CA-SP1 assemblies inspected here (Table 4.3), 

implying that full capsid maturation is not required for the formation of the β-hairpin. 

Significant chemical shift perturbations are also observed in loop 6/7, which is at the 

trimer contact of the immature lattice24, suggesting a possibly altered trimer interface 

contacts induced by T8I mutation. Remarkably, the dramatic chemical shift changes 

and altered dynamics are present in the NTD of CA-SP1(T8I), while CA-SP1 HXB2 

and CA(A92E)-SP1 show much smaller chemical shift changes in the NTD. These 

findings indicate that the T8I mutation has a more pronounced influence on the NTD 

conformation compared to moderate changes arising from the presence of the SP1 

peptide alone. Taken together, the MAS NMR results demonstrate that the NTD 

conformation in assembled CA-SP1(T8I) is distinct from that in WT CA-SP1 as well 

as WT CA assemblies. 
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Table 4.3 Secondary structure predictions of the NTD determined from MAS NMR 
experiments in CA-SP1 assemblies. CSI 2.028 and TALOS-N22 programs 
were used to predict secondary structures by CSI and torsion angles, 
respectively. “--” The predictions are less reliable due to the missing 
chemical shifts. The reuse in this dissertation is permitted by a Creative 
Commons Attribution 4.0 International License. 

  CA-SP1(T8I) 
NL4-3 

CA(A92E)-SP1 
NL4-3 

CA-SP1 
HXB2 

Residue CSI 2.0 TALOS-N CSI 2.0 TALOS-N CSI 2.0 TALOS-N 

P1 C C C -- C C 
I2 B C B -- B C 
V3 B B B B B B 
Q4 B B C B C B 
N5 C C C C C C 

L6/I6 H H C C C H 
Q7 C H C H C H 
G8 C H H H C H 
Q9 C C C C C C 

M10 C B B B B B 
V11 B B B B B B 
H12 B B B B B B 
Q13 B B B B B B 
A14 C B B B B B 
I15 C C C C C C 
S16 C C C C C C 
P17 H H H H H H 
R18 H H H H H H 
T19 H H H H H H 
L20 H H H H H H 

 

Even though it is not surprising to observe conformational influence in the C-

terminal domain of CA, in the vicinity of the mutation site, more pronounced chemical 

shift changes are observed in CA-SP1(T8I) mutant assemblies due to the presence of 

the T8I mutation, compared to CA-SP1 WT assemblies. The affected residues are 

mainly located in functionally relevant regions, including the highly conserved MHR 
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(residues 153-172), and loops 9/10 and 10/11. Specifically, the T8I mutation of the 

SP1 subdomain introduces increased conformational and dynamic heterogeneity 

(multiple conformers are detected) into the MHR (e.g., R154, E159, V165), compared 

to CA as well as other CA-SP1 assemblies under investigation (Fig 4.2 and 4.4). The 

MHR is reported to be involved in stabilizing intra-hexameric interactions in the 

immature lattice24. In addition, replication defects resulting from PF96-dependent 

resistance mutations in the MHR can be compensated by mutations in the CTD tail or 

SP1 subdomain (such as T8I), suggesting that an allosteric ‘cross-talk’ between the 

SP1 and MHR29 may exist. Chemical shift perturbations were also observed in loops 

9/10 and 10/11, which have also been suggested to play a role in the formation of the 

immature lattice, and the dimer interface (helix 9) shows distinct conformation in the 

immature lattice and in the mature lattice24,30. While we did not observe significant 

dynamic changes of the residues in the loops 9/10 and 10/11 that are associated with 

helices 9 and 10, chemical shift changes unequivocally indicate conformational 

differences, which may indeed be due to altered positioning of the adjacent helices. 

Therefore, the observed perturbations in the CA-SP1(T8I) assemblies suggest that the 

T8I mutation (phenocopying maturation-inhibitor binding) affects the structure of 

those CTD regions that undergo critical conformational rearrangements during 

maturation. Moreover, they have important implications for our understanding of 

maturation as well as the function of maturation inhibitors, as further discussed below.  
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4.3.4 Investigation of Maturation by an Integrated MD and MAS NMR 
Approach 

4.3.4.1 Conformation of SP1 is Modulated by T8I Mutation in MD Simulations 

Our prior and current MAS NMR results prove that the SP1 subdomain is 

highly mobile and in a predominantly random coil conformation in WT and WT-like 

CA-SP1 assemblies (CA-SP1 HXB2 and CA(A92E)-SP1 NL4-3)5, but adopts a 

stabilized helix in assemblies of CA-SP1(T8I) from the NL4-3 strain. To further 

understand the structure and motions of the SP1 region, our collaborator, Dr. Juan 

Perilla, performed simulated tempering MD calculations31 over 15-24 µs of a 

hexameric subunit of CTD-SP1 as well as the CTD-SP1(T8I), Fig 4.8a-b. Strikingly, 

in complete agreement with the MAS NMR data, these simulations reveal a highly 

mobile SP1 region for the CA-SP1 WT hexamer, exhibiting a dynamic equilibrium 

between random coil and helical conformations, with the helix a minor, transient form. 

Additionally, apparently frequent, transient contacts between SP1 and helix 8 of the 

MHR were observed along with the entire MD trajectory. In contrast, MD simulations 

of the CA-SP1(T8I) mutant reveal reduced dynamics and increased helical propensity.  

To visualize the changing secondary structures in the MD trajectory, Dr. 

Huilan Zhang generated secondary structure propensity plots using STRIDE19 from 

each single trajectory frame for CA-SP1 WT and CA-SP1(T8I) mutant. As shown in 

Fig 4.8c-d, CA-SP1 WT performs helix-coil transitions in five of six chains (Chain 1-

3, and 5-6) in the MD simulations, and in contrast, CA-SP1(T8I) forms stable helices 

that persist throughout the entire length of the MD trajectory in two of the six chains 

(Chain 1 and 3). To quantitatively assess the magnitude of conformational changes in 

each MD frame, secondary structure probability plots were depicted, associated with 

residues in the region of the CTD tail and SP1 subdomain, Fig 4.9. The significantly 
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increased probability of helical structure was observed in the residues of L231 (CA) to 

Q6 (SP1) due to the presence of T8I mutation. Furthermore, more residues in the CTD 

tail, H226 to V230, exhibit highly helical propensity, which is in agreement with our 

MAS NMR results, Table 4.2. Our collaborator, Dr. Juan Perilla generated 7 clusters 

determined using the partition around medoids protocol32, classifying a group of 

structures that exhibit similar conformation to the individual sub-populations of the 

MD trajectory for CA-SP1 WT and CA-SP1(T8I) (Fig 4.10). In CA-SP1 WT 

structures, SP1 exhibits a partially helical conformation in two clusters (Cluster 1 and 

4), and displays pre-dominantly random coil structure in the rest of the clusters. In 

contrast, stable helix is present in SP1 region in six of seven clusters for the CA-

SP1(T8I) mutant.  
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Figure 4.8 Two typical MD simulation frames showing hexameric subunits of CTD-
SP1 (a) and the CTD-SP1(T8I) (b). Stride plots of secondary structure for 
each chain along with the MD trajectories for CA CTD-SP1 WT (c), and 
CA CTD-SP1(T8I) mutant (d). The reuse in this dissertation is permitted 
by a Creative Commons Attribution 4.0 International License. 
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Figure 4.9 Helix/coil/sheet probability plots of the CTD (V221)-SP1 subdomain 
averaged over the MD trajectories: CA CTD-SP1 WT (left), and CA 
CTD-SP1(T8I) (right). The expanded scale (0-0.05; right hand side) is 
shown for the “Sheet” content. The reuse in this dissertation is permitted 
by a Creative Commons Attribution 4.0 International License. 
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Figure 4.10 Clustering analysis of the MD trajectory of CA(CTD)-SP1 WT (top) and 
CA(CTD)-SP1(T8I) mutant (bottom) identified six major sub-
populations. Structure clusters were extracted from the MD trajectory. 
One chain is highlighted in blue to illustrate the differences in secondary 
structure present in the SP1 region. CTD(V221)-SP1 segment is colored 
in green. The reuse in this dissertation is permitted by a Creative 
Commons Attribution 4.0 International License. 
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4.3.4.2 Quantitative Analysis of Isotropic Chemical Shift: MD vs. MAS NMR  

A quantitative analysis has been carried out for experimental isotropic MAS 

chemical shifts and calculated ones from the MD trajectory of CA-SP1 assemblies. 

Using the database approach implemented in SHIFTX233, we calculated backbone N 

and 13Cα, 13Cβ, 13Co chemical shifts from molecular coordinates for every MD frame 

of each of the six WT CTD-SP1 chains. We employed two series of MD calculated 

shifts compared with experimental shifts: i) averaged MD trajectory over all frames 

and all chains of the hexamer; ii) individual seven sub-populations (clusters) (Fig 

4.10) of the MD trajectory both for WT CA-SP1 and T8I mutant. The root mean 

square deviation (RMSD) of each atom, 13Cα, 13Cβ, 13Co and 15N are listed in Table 

4.4. Overall good agreement was observed between the shifts predicted from MD 

trajectories and the experimental values: the typical RMSD were within the errors 

expected of SHIFX2 predictions, 3.0 ppm (15N) and 1.4 ppm (13C)18,34. In CA-SP1 

WT assemblies, Cα, as a representative demonstrates an excellent agreement between 

averaging MD calculated and experimental shifts (Fig 4.11). On the other hand, 

considerable scatter and poor correlations are observed when shifts are calculated for 

any individual sub-population of the MD trajectory. This result not only unequivocally 

corroborates our prior experimental MAS NMR-based conclusion that the CTD tail 

and SP1 subdomain adopt dynamic helix-coil conformations, but also provides 

quantitative understanding on the contributions of the individual cluster types to the 

experimental chemical shifts. In our recent dynamic nuclear polarization (DNP) 

experiments35, we observed weak narrow peaks corresponding to a minor helical SP1 

sub-population, further supporting this notion.  

Additionally, a stable SP1 six-helix bundle was found in the recent X-ray 

structure of CTD-SP136, which may be due to the presence of a helix-inducing solvent 
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(Bis-Tris propane) in the crystallization conditions. And possibly the presence of a N-

terminal His tag may force SP1 into the minor helical state, which was fortuitously 

captured in the crystal. In this regard, we note that the SHIFTX2 predicted chemical 

shifts from the X-ray structure of the CTD-SP1 crystals (PDB: 5I4T) agree well with 

the MAS chemical shifts for the CA-SP1(T8I) mutant assembly, and not as well with 

WT CA-SP1 assemblies (Fig 4.11-12). It actively supports our assertion that a highly 

dynamic SP1 region is present in WT CA-SP1 assemblies. Another interesting finding 

in CA-SP1(T8I) assemblies is that the strongest correlations are observed for 

structures with greater helical content, including the average over all frames of the 

MD trajectory, as well as cluster 4, and 5 individually. This corroborates the previous 

conclusion that the predominant major structure observed by MAS NMR is helical, 

and suggests that longer MD simulations may be needed to possibly observe the six-

helix bundle.  
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Figure 4.11 Correlation of MAS NMR chemical shifts with SHIFTX2 predicted shifts 
from MD trajectory and X-ray structures (PDB: 5I4T): CA CTD-SP1 
WT. The reuse in this dissertation is permitted by a Creative Commons 
Attribution 4.0 International License. 
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Figure 4.12 Correlation of MAS NMR chemical shifts with SHIFTX2 predicted shifts 
from MD trajectory and X-ray structures (PDB: 5I4T): CA CTD-
SP1(T8I). The reuse in this dissertation is permitted by a Creative 
Commons Attribution 4.0 International License. 
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Table 4.4 An analysis of chemical shift (CS) RMSD values, comparing 
experimental shifts of MAS NMR with calculated shifts of MD 
simulations, as well as X-ray structure (PDB: 5I4T). The CS associated 
with the residues of CA(V221)-SP1 in CA(A92E)-SP1 and CA-SP1(T8I) 
assemblies were used for the comparison.  

WT CA-SP1  
Structure Cα (ppm) Cβ (ppm) Cο (ppm) N (ppm) 

MD Average 0.5 0.6 1.6 0.9 
Cluster 0 1.1 1.0 1.8 0.6 
Cluster 1 1.1 1.0 1.6 0.8 
Cluster 2 1.0 1.0 1.9 0.6 
Cluster 3 0.9 0.9 1.9 0.6 
Cluster 4 0.9 1.0 1.9 0.6 
Cluster 5 1.1 0.9 1.7 0.7 
Cluster 6 1.0 1.0 1.8 1.0 

X-ray (5I4T) 0.9 0.6 1.7 1.1 
CA-SP1(T8I)  

Structure Cα (ppm) Cβ (ppm) Cο (ppm) N (ppm) 
MD Average 1.0 0.6 1.1 3.1 

Cluster 0 1.6 0.9 1.2 4.5 
Cluster 1 1.5 0.8 1.4 5.1 
Cluster 2 1.2 1.5 1.3 4.4 
Cluster 3 1.5 1.0 1.4 2.9 
Cluster 4 1.1 1.2 1.2 3.2 
Cluster 5 1.3 0.6 1.3 3.4 
Cluster 6 1.6 0.9 1.2 4.5 

X-ray (5I4T) 1.3 0.6 1.3 3.0 
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4.3.5 The Role of Dynamics in Capsid Maturation and Maturation Inhibition 

The combined results from MD and MAS NMR suggest that, notably, 

dynamics may play a determining role in the regulation of capsid maturation, with 

dynamic helix-coil equilibrium in the CTD-SP1 region of CA-SP1 being a key feature 

in the mechanism of the final maturation step. We hypothesize that the predominantly 

random coil conformation of CTD-SP1 region in CA-SP1 WT assemblies formed 

through this dynamic equilibrium, is important for correct and efficient processing of 

this Gag maturation. In the intermediate state, SP1 serves as a molecular switch that 

allows viral protease to recognize the cleavage site on the CTD-SP1 subdomain, 

leading to the formation of mature conical capsids in infectious virions, Fig 4.13. On 

the contrary, the T8I mutation, which phenocopies the MI-bound state, induces 

decreased dynamics and conformational changes not only in the CTD-SP1 region, but 

also in the CA lattice, and moreover, promotes a stable helical structure in the junction 

of CTD-SP1, Fig 4.13. The rigid helical conformation adopted by the mutant may be 

an impediment to proteolytic cleavage, the cleavage site remaining inaccessible for 

viral protease to prevent the completion of maturation. Interference with this SP1 

dynamic equilibrium by the T8I mutation in the SP1 or small molecules (such as 

BVM) appears to be a promising strategy for developing the new class of anti-HIV 

therapeutics. 
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Figure 4.13 Schematic illustration of hypothesized mechanism: HIV-1 capsid 
maturation (top), and its inhibition by T8I mutation in SP1 or MI small-
molecule. Involved elements are depicted, viral protease in orange sphere 
and MI in red star. One CA chain is highlighted in blue and CTD(V221)-
SP1 segment is colored in green. 

4.4 Conclusions  

Using the MAS NMR, we observed pronounced conformational and dynamics 

changes in the maturation-inhibiting CA-SP1(T8I) mutant, which provides key 

mechanistic insights into SP1 cleavage inhibition by maturation inhibitors. These 

residues in the CTD-SP1 junction exhibit increased helical propensity in the 

maturation-inhibiting CA-SP1(T8I) mutant, compared to CA-SP1 WT assemblies, and 

this increased helical content may be a key impediment to proteolytic cleavage. In 

contrast to CA-SP1(T8I), the SP1 subdomain of CA-SP1 WT exists in a highly 

dynamic helix–coil equilibrium, as shown by MAS NMR and MD studies. Such a 

flexible, dynamic conformation facilitates easy access of the PR to the cleavage site, 

permitting maturation to proceed. Taken together, our integrated experimental-

computational approach yielded an atomistic understanding of the underlying 
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mechanistic details of HIV CA maturation and effects that MIs play in this important 

step. 
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DEVELOPMENTS AND APPLICATIONS OF 19F MAS NMR  

5.1 Introduction 

Fluorine is a magnetically active nucleus for NMR spectroscopy because 19F 

isotope has a nuclear spin of 1/2 with high gyromagnetic ratio (equivalent to 83% of 
1H), 100% natural abundance, and performs a large chemical shift dispersion (approx. 

500   ppm).1-3 Fluorine is absent from naturally occurring biological molecules, and can 

be biosynthetically incorporated into proteins.4 19F NMR has been applied to a large 

number of biological and biochemical studies both in solution and solid state, such as 

small proteins, lipids, nucleic acids, and synthetic small-molecule ligands.5-9 The 

strong 19F-19F dipolar couplings make fluorine well suited as a long-range distance 

probe in the solid state, distances between fluorine atoms up to 20 Å can be 

detected.10,11 However, 19F MAS NMR of biological systems remains underutilized 

due to the challenges associated with the lack of comprehensive insights into the 

relationship between 19F chemical shifts and local environments, as well as the generic 

broad lines observed in solid-state NMR spectra. It is imperative to develop applicable 

experimental conditions for studying biological systems by 19F MAS NMR. 

In this chapter, I describe the work that I contributed to for the development of 

a robust protocol for 19F MAS NMR spectroscopy based characterization of structure 

and dynamics in fluorinated solids. I examined fluorosubstituted tryptophans and 

explored the application of the method to fluorinated HIV-1 capsid protein assemblies. 

This work was conducted in our lab by Dr. Manman Lu, Matthew Fritz, Jodi Kraus 

Chapter 5 
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and Sucharita Sarkar, and by our collaborators, Dr. In-Ja Byeon, Chang-Hyeock 

Byeon and Professor Angela Gronenborn from the University of Pittsburgh, and Dr. 

Jochem Struppe from Bruker Biospin. My contributions included preparation of the 

fluorinated HIV-1 capsid protein samples for solution and MAS NMR experiments, 

performing the MAS NMR experiments on fluorosubstituted tryptophans and 

fluorinated HIV-1 capsid protein sample, and data analysis. The study on 

fluorosubstituted tryptophans has been published in the recent manuscript: Lu, M.; 

Sarkar, S.; Wang, M.; Kraus, J.; Fritz, M.; Quinn, C. M.; Bai, S.; Holmes, S. T.; 

Dybowski, C.; Yap, G. P. A.et al. 19F Magic Angle Spinning NMR Spectroscopy and 

Density Functional Theory Calculations of Fluorosubstituted Tryptophans: Integrating 

Experiment and Theory for Accurate Determination of Chemical Shift Tensors. The 

Journal of Physical Chemistry B 2018, DOI:10.1021/acs.jpcb.8b0037710.1021/acs. 

jpcb.8b00377. The study on HIV-1 capsid protein assemblies will be published 

(manuscript in preparation). 

5.2 19F MAS NMR of Fluorosubstituted Tryptophans 
19F chemical shifts are sensitive to the structure and electronic environment in 

organic and biological molecules. To assess the dependence of the experimental 19F 

chemical shift tensor (CST) parameters on the fluorine position in the aromatic ring 

and the chirality of the tryptophan molecule, we inspected CST parameters of six 

crystalline 19F-tryptophan samples (4F-, 5F-, 6F-, 7F-DL-Trp and 5F-, 6F-L-Trp, Fig 

5.1) by MAS NMR spectroscopy. 
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Figure 5.1 Chemical structures of tryptophan and various fluorotryptophan 
molecules (a) DL-Trp, (b) 4F-DL- Trp, (c) 5F-DL-Trp, (d) 6F-DL- Trp, 
(e) 7F-DL- Trp, (f) L- Trp, (g) 4F-L- Trp, (h) 5F-L- Trp, (i) 6F-L- Trp, 
and (j) 7F-L- Trp. 

5.2.1 Methods and Experiments 

5.2.1.1  Materials  

4F-DL-tryptophan, 5F-L-tryptophan, 6F-L-tryptophan were purchased from 

Sigma-Aldrich. 5F-DL-tryptophan was purchased from MP Biomedicals, LLC (Santa 

Ana, CA). 6F-DL-tryprophan was purchased from Apollo Scientific Ltd (UK). 7F-DL-

tryptophan was purchased from Amatec Chemical Co. Ltd (Hong Kong). All 

fluorosubstituted tryptophans were used without further purification. 

5.2.1.2  19F MAS NMR Experiments 
19F MAS NMR experiments on 4F-DL-tryptophan, 5F-DL-tryptophan, 5F-L-

tryptophan, 6F-DL-tryptophan, 6F-L-tryptophan, and 7F-DL-tryptophan were carried 

out at room temperature (21 °C) on a 9.4 T NMR spectrometer comprised of a wide-

bore Magnex Scientific magnet and a Bruker AVANCE console. The spectrometer 

was equipped with a 3.2 mm Varian T3 MAS HXY probe. The 19F Larmor frequency 

was 376.476 MHz. 20 mg of 4F-DL-tryptophan, 20 mg of 5F-DL-tryptophan, 10 mg 
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of 5F-L-tryptophan, 20 mg of 6F-DL-tryptophan, 20 mg of 6F-L-tryptophan, and 4 mg 

of 7F-DL-tryptophan were packed into 3.2 mm Varian rotors. 19F MAS NMR spectra 

were collected at MAS frequencies of 5 kHz, 7 kHz, 9 kHz, and 11 kHz; MAS 

frequencies were controlled to within ±10 Hz by a Tecmag MAS controller. The 

typical 19F 90° pulse length was 1.4 µs. During the odd-numbered transients, a 180° 

pulse was applied before the 90° excitation pulse to suppress 19F background signals. 

The recycle delay was 10 s.  
19F MAS NMR experiments on 5F-DL-tryptophan, 5F-L-tryptophan, 6F-DL-

tryptophan, and 6F-L-tryptophan were also carried out on a Varian 14.1 T narrow bore 

magnet equipped with a Bruker AVIII HD spectrometer, and outfitted with a 1.3 mm 

Bruker HCN MAS probe. The 19F Larmor frequency was 564.278 MHz. 3.0 mg of 5F-

DL-tryptophan, 3.0 mg of 5F-L-tryptophan, 1.8 mg of 6F-DL-tryptophan, and 2.2 mg 

of 6F-L-tryptophan were packed into 1.3 mm Bruker rotors. 19F MAS NMR spectra 

were collected at MAS frequencies of 8 kHz, 11 kHz (except for 5F-DL-tryptophan), 

20 kHz, 30 kHz, 35 kHz, 40 kHz, 50 kHz, and 60 kHz; the frequencies were controlled 

to within ±5 Hz by a Bruker MAS controller. The actual sample temperature was 

calibrated using KBr as a temperature sensor and was maintained at 22±1 °C 

throughout the experiments using a Bruker temperature controller. The typical 19F 90° 

pulse length was 1.3 µs. The recycle delay was 3 s.  

The effects of various magnetic field strengths and 1H decoupling were 

assessed using 19F MAS NMR experiments with 5F-DL-tryptophan. MAS NMR 

experiments were carried out on an 11.7 T wide-bore Bruker AVANCE III 

spectrometer outfitted with a 2.5 mm MAS HFX probe. Larmor frequencies were 

500.1 MHz (1H) and 470.6 MHz (19F). 8 mg of 5F-DL-tryptophan were packed into a 
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2.5 mm thick-walled Bruker rotor. 19F MAS NMR spectra were collected at MAS 

frequencies of 5 kHz, 7 kHz, 11.111 kHz, and 30 kHz, with the frequencies controlled 

to within ± 5 Hz by a Bruker MAS controller. The actual sample temperature was 

calibrated using KBr as a temperature sensor and was maintained at 20±1°C 

throughout the experiments using a Bruker temperature controller. The typical 90° 

pulse lengths were 2.5 µs (1H), and 2.5 µs (19F). Single pulse 19F spectra were acquired 

by using a small-angle excitation pulse with a pulse length of 0.5 µs. 1H TPPM 

decoupling12 (91 kHz) was used during the acquisition period. The recycle delay was 3 

s.  

MAS NMR experiments were also carried out on a 19.96 T Bruker AVANCE 

III spectrometer, outfitted with a 1.9 mm MAS HX probe. 9 mg of 5F-DL-tryptophan 

were packed into a 1.9 mm thin-wall Bruker rotor. The 19F Larmor frequency was 

800.095 MHz. 19F MAS NMR spectra were collected at MAS frequencies of 11 kHz, 

15 kHz, 30 kHz, and 40 kHz, and the frequencies were controlled to within ±5 Hz by a 

Bruker MAS controller. The actual sample temperature was calibrated using KBr as a 

temperature sensor and was maintained at 25±1 °C throughout the experiments using a 

Bruker temperature controller. The typical 90° pulse length for 19F was 1.8 µs. During 

the odd-numbered transients, a 180° pulse was applied before the 90° excitation pulse 

to suppress the 19F background signals. The recycle delay was 3 s. 

MAS NMR experiments were also carried out on a 19.96 T Bruker AVANCE 

III spectrometer outfitted with an H-F dual mode MAS HFXY Phoenix probe. The 

sample was 7.6 mg of 5F-DL-tryptophan packed into a 1.6 mm Varian rotor. Larmor 

frequencies were 850.4 MHz (1H) and 800.1 MHz (19F). 19F MAS NMR spectra were 

collected at a MAS frequency of 40 kHz, regulated to within ±5 Hz by a Bruker MAS 



 126 

controller. The actual sample temperature was calibrated using KBr as a temperature 

sensor and was maintained at 25±1°C throughout the experiments using a Bruker 

temperature controller. The typical 90° pulse lengths were 2.7 µs (1H), and 2.7 µs 

(19F). 1H TPPM decoupling (10 kHz) was used during the acquisition period. The 

recycle delay was 80 s.  
19F chemical shifts were REFERENCESd to trifluoroacetic acid, TFA (100 µM 

solution in 25 mM sodium phosphate buffer, pH 6.5), used as an external 

REFERENCES standard (0 ppm).  

All 19F MAS spectra were processed using TopSpin. Baseline correction was 

employed using manually defined baseline points. 

5.2.1.3  Determination of Chemical Shift Tensors 

The principal components of 19F chemical shift tensors were determined by 

fitting the spinning sideband intensities according to the Herzfeld-Berger Analysis 

protocol.13 The peak intensities were obtained from TopSpin and were input into the 

HBA program, version 1.7.5.14 

5.2.2 MAS and Magnetic Field Dependence of Sensitivity and Resolution 
19F MAS NMR spectra of crystalline tryptophan with fluorine substitutions in 

the 4-, 5-, 6-, and 7-positions on the indole ring were acquired at various magnetic 

field strengths, including 9.4, 14.1, and 19.96 T, and at MAS frequencies ranging from 

5-60 kHz (Fig 5.2, 5.3 and 5.4). Inspecting a series of spectra of 5F, 6F-DL-tryptophan 

and 5F, 6F-L-tryptophan crystalline that were acquired at fast MAS frequencies, we 

notice that, in the absence of 1H decoupling, increasing the MAS frequency from 20 to 

60 kHz results in dramatic line narrowing and increases in peak intensity because of 
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improved efficiency of the rotational averaging of 19F CSA and 1H-19F/19F-19F dipolar 

interactions (Fig 5.2 and Table 5.1). Moreover, as shown in Fig 5.2 d-e, the spectral 

resolution attained for 5F-DL-tryptophan at 14.1 T and a MAS frequency of 60 kHz in 

the absence of decoupling is similar to that observed in experiments at 19.96 T and a 

MAS frequency of 40 kHz, in the presence of 1H decoupling. This is a very important 

finding for optimizing experimental conditions, since it demonstrates that 19F MAS 

NMR spectroscopy can be widely applied, even in the absence of specialized probes 

that are capable of 1H decoupling while detecting 19F. 
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Figure 5.2 (a-d) MAS frequency dependence of the linewidth and signal intensity of 
fluorosubstituted tryptophan crystalline solids: (a) 6F-L-tryptophan, (b) 
6F-DL-tryptophan, (c) 5F-L-tryptophan, (d) 5F-DL-tryptophan. 1D 19F 
spectra were acquired at 14.1 T (564.278 MHz 19F Larmor frequency) 
and MAS frequencies of 20 kHz, 30 kHz, 35 kHz, 40 kHz, 50 kHz, and 
60 kHz. For (e) 5F-DL-tryptophan, 19F 1D spectra were also acquired at 
19.96 T (800.095 MHz 19F Larmor frequency) and a MAS frequency of 
40 kHz, with (right spectrum) and without 1H decoupling (left spectrum). 
The figure was originally published in REFERENCES15. Permissions for 
reuse in this dissertation is granted by American Chemical Society, 
copyright 2018. 
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Figure 5.3 Summary of 19F MAS NMR spectra of fluorosubstituted tryptophans (4F-
DL-tryptophan, 5F-DL-tryptophan, 5F-L-tryptophan) acquired at various 
magnetic field strengths with various MAS frequencies. The figure was 
originally published in REFERENCES15. Permissions for reuse in this 
dissertation is granted by American Chemical Society, copyright 2018. 
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Figure 5.4 Summary of 19F MAS NMR spectra of fluorosubstituted tryptophans 
(6F-DL-tryptophan, 6F-L-tryptophan, 7F-DL-tryptophan) acquired at 
various magnetic field strengths with various MAS frequencies. The 
figure was originally published in REFERENCES15. Permissions for 
reuse in this dissertation is granted by American Chemical Society, 
copyright 2018.  
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Table 5.1 MAS frequency and magnetic field dependence of the sensitivity of 19F 
MAS NMR experiments for the 5F-L/DL-tryptophan and 6F-L/DL-
tryptophan. The figure was originally published in REFERENCES15. 
Permissions for reuse in this dissertation is granted by American 
Chemical Society, copyright 2018. 

Sample Rotor size Sample 
weight 

Magnetic 
field 

strength  
MAS frequency 

Signal-to-noise 
ratio  

(normalized, 
per single scan) 

6F-L-
tryptophan 1.3 mm 2.2 mg 14.1 T 

20 kHz 1.4 
30 kHz 1.9 
35 kHz 2.0 
40 kHz 2.0 
50 kHz 2.2 
60 kHz 2.2 

6F-DL-
tryptophan 1.3 mm 1.8 mg 14.1 T 

20 kHz 1.0 
30 kHz 1.7 
35 kHz 2.0 
40 kHz 2.2 
50 kHz 2.2 
60 kHz 3.1 

5F-L-
tryptophan 1.3 mm 3.0 mg 14.1 T 

20 kHz 4.1 
30 kHz 7.9 
35 kHz 10.1 
40 kHz 10.5 
50 kHz 11.7 
60 kHz 11.8 

5F-DL-
tryptophan 

1.3 mm 3.0 mg 14.1 T 

20 kHz 2.3 
30 kHz 3.1 
35 kHz 3.4 
40 kHz 3.9 
50 kHz 3.9 
60 kHz 4.0 

1.6 mm 7.6 mg 19.96 T 
40 kHz 21.7 

40 kHz, 1H decoupled 19.1 
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5.2.3 Chemical Shift Tensor Measurements 

To measure accurate 19F chemical shift tensors of the fluorosubstituted 

tryptophans, we acquired 19F MAS spectra at different magnetic field strengths (9.4, 

14.1, and 19.96 T) and at MAS frequencies ranging from 5 to 15 kHz. Representative 

spectra are provided in Fig. 5.5 (all spectra are shown in Fig 5.3 & 5.4). 19F CSTs have 

been previously determined for 5F-L, 5F-DL-, 6F-L- and 6F-DL-tryptophan, and the 

reported values for the reduced anisotropy parameter (δσ) for 5F-DL-Trp differ by 2.2 

ppm for the MAS16 vs. the single-crystal static17 NMR study. In our work, we 

recorded multiple MAS spectra for each compound, which permitted us to extract 

accurate CST parameters and evaluate the range of experimental errors in these 

measurements.  

The experimental CST parameters were extracted by analyzing the spinning 

sideband intensities using the Herzfeld-Berger protocol,18 and all values are 

summarized in Table 5.2 (all values for each set of spectra are listed in Table 5.3). The 

isotropic shifts range from -43.2 to -55.7 ppm, with reduced anisotropy parameters 

between 48.6 and 67.6 ppm. The position of the fluorine in the indole ring yields the 

largest effect on the shift, and smaller but distinct differences (0.5-3.2 ppm) are 

observed for molecules of different chirality. All of the tensors are rhombic, with the 

asymmetry parameters ranging from 0.44-0.5 (for 5F-Trp) to 0.95 (for 4F-Trp). The 

isotropic shifts are essentially identical, to within 1 ppm, to the solution NMR values 

for fluorosubstituted L-Trp molecules,19 except for 7F-L-Trp, for which a difference of 

3.1 ppm is observed (the solution NMR shift is -58.8 ppm). Overall, pronounced 

differences in the isotropic and anisotropic components of CSTs are observed, 

indicating the remarkably high sensitivity of fluorine chemical shift tensors to local 
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electronic structure. Thus, fluorotryptophans are excellent 19F NMR probes in protein 

studies, as has been previously shown for solution NMR studies.19,20 

CST parameters for every fluorosubstituted tryptophan and each set of spectra 

(Table 5.3) allowed us to evaluate the experimental errors carefully. The experimental 

uncertainties in the 19F reduced anisotropy parameter (δσ), extracted from the spinning 

sideband analyses of the MAS spectra, are of the order of 0.8-3.7 ppm, or 5-7% of the 

total magnitude of δσ. In this case, the deviation is reasonable because accurate values 

rely on the intensities of the outer, low-intensity sidebands, whose quantification 

becomes more difficult for slower MAS frequencies. Overall, the CSTs for 5F-L/DL 

and 6F-L/DL tryptophan determined here are in good agreement with the published 

values,16,21 within the experimental uncertainty. 
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Figure 5.5 19F MAS NMR spectra of fluorosubstituted tryptophans acquired at 9.4 T 
(376.476 MHz 19F Larmor frequency) and a MAS frequency of 7 kHz: 
(a) 4F-DL-tryptophan, (b) 7F-DL-tryptophan, (c) 5F-L-tryptophan (d) 
5F-DL-tryptophan, (e) 6F-L-tryptophan (f) 6F-DL-tryptophan. 19F MAS 
NMR spectra of fluorosubstituted tryptophans acquired at 14.1 T (19F 
Larmor frequency of 564.278 MHz) and a MAS frequency of 8 kHz: (g) 
5F-L-tryptophan, (h) 5F-DL-tryptophan, (i) 6F-L-tryptophan, (j) 6F-DL-
tryptophan. The peaks colored in light grey in (b) arise from the 19F 
signal of the sample spacer. The figure was originally published in 
REFERENCES15. Permissions for reuse in this dissertation is granted by 
American Chemical Society, copyright 2018. 
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Table 5.2 MAS NMR experimental principal components of the chemical shift 
tensor, isotropic chemical shifts, reduced anisotropy, and asymmetry for 
the F-DL-tryptophans and F-L-tryptophans. The experimental reduced 
anisotropy of 4F-DL-tryptophan is -62.8 ppm; for asymmetries close to 
1, the sign can be inverted, indicating a symmetric tensor. 

Compound δ11 (ppm) δ22 (ppm) δ33 (ppm) 
δiso 

(ppm) 
δ (ppm) η 

4F-DL-tryptophan 11.2±1.4 -48.3±0.5 -112.8±0.8 -50.0 62.8±0.8 0.95±0.02 

5F-DL-tryptophan 4.8±1.3 -60.5±1.0 -86.1±1.2 -47.2 51.8±1.3 0.50±0.03 

5F-L-tryptophan -0.8±3.7 -62.9±1.4 -84.4±4.1 -49.4 48.6±3.7 0.44±0.08 

6F-DL-tryptophan 12.9±1.4 -51.2±0.5 -91.6±1.4 -43.3 56.2±1.4 0.72±0.02 

6F-L-tryptophan 12.6±1.1 -50.7±2.8 -91.3±1.9 -43.2 55.7±1.2 0.73±0.09 

7F-DL-tryptophan 4.6±1.9 -48.3±0.5 -123.3±1.4 -55.7 -67.6±1.4 0.78±0.02 
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Table 5.3 Summary of MAS NMR experimental principal components of the 
chemical shift tensors, isotropic chemical shifts, reduced anisotropy, and 
asymmetry for the F-DL-tryptophan acquired at various magnetic field 
strengths with various MAS frequencies. The figure was originally 
published in REFERENCES15. Permissions for reuse in this dissertation 
is granted by American Chemical Society, copyright 2018. 

Compound Field 
Strength 

Spinning 
Frequency 

δiso 
(ppm) 

δ 
(ppm) η δ11 

(ppm) 
δ22 

(ppm) 
δ33 

(ppm) 

4F-DL-
tryptophan 

9.4 T 

*5 kHz -50.0 -62.0 0.96 10.8 -48.9 -112.0 
7 kHz -50.0 -63.4 0.96 12.1 -48.7 -113.4 
9 kHz -50.0 -62.2 0.94 10.2 -48.0 -112.2 

*11 kHz -50.0 61.6 0.97 11.6 -50.8 -110.8 
Average -50.0 -62.8 0.95 11.2 -48.3 -112.8 

Standard Deviation 0.0 0.8 0.02 1.4 0.5 0.8 

5F-DL-
tryptophan 

9.4 T 

*5 kHz -47.2 55.4 0.64 8.2 -57.2 -92.6 
7 kHz -47.2 51.7 0.56 4.5 -58.6 -87.4 
9 kHz -47.2 54.7 0.48 7.5 -61.3 -87.7 

*11 kHz -47.2 55.8 0.57 8.6 -59.2 -91.0 
Average -47.2 53.2 0.52 6.0 -60.0 -87.6 

STD 0.0 2.1 0.05 2.1 1.9 0.2 

11.7 T 

5 kHz -47.2 52.0 0.45 4.8 -61.4 -85.0 
7 kHz -47.2 51.7 0.52 4.5 -59.7 -86.4 

11 kHz -47.2 51.4 0.47 4.1 -60.9 -85.1 
Average -47.2 51.7 0.48 4.4 -60.7 -85.5 

STD 0.0 0.3 0.03 0.3 0.9 0.8 
14.1 T 8 kHz -47.2 51.8 0.53 4.6 -59.4 -86.8 

19.96 T 

11 kHz -47.2 50.6 0.49 4.8 -61.4 -85.0 
15 kHz -47.2 50.5 0.49 4.5 -59.7 -86.4 
Average -47.2 50.6 0.49 4.1 -60.9 -85.1 

STD 0.0 0.1 0.00 0.2 1.2 1.0 
Average -47.2 51.8 0.5 4.8 -60.5 -86.1 

Standard Deviation 0.0 1.3 0.03 1.3 1.0 1.2 

5F-L-
tryptophan 

9.4 T 

*5 kHz -48.4 55.3 0.59 5.9 -60.6 -93.4 
7 kHz -48.4 50.1 0.49 0.8 -62.2 -86.6 
9 kHz -48.4 52.7 0.50 3.4 -62.5 -89.0 

*11 kHz -48.4 53.5 0.52 4.1 -62.1 -90.1 
Average -48.4 51.4 0.50 2.1 -62.4 -87.8 

STD 0.0 1.8 0.01 1.8 0.2 1.7 

14.1 T 

8 kHz -47.1 44.4 0.43 -5.0 -62.1 -81.1 
11 kHz -47.1 47.0 0.34 -2.4 -65.0 -80.8 
Average -47.1 45.7 0.38 -3.7 -63.5 -80.9 

STD 0.0 1.9 0.07 1.9 2.1 0.2 
Average -47.7 48.6 0.44 -0.8 -62.9 -84.4 

Standard Deviation 0.8 3.7 0.08 3.7 1.4 4.1 
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Compound Field 
Strength 

Spinning 
Frequency 

δiso 
(ppm) 

δ 
(ppm) η δ11 

(ppm) 
δ22 

(ppm) 
δ33 

(ppm) 

6F-DL-
tryptophan 

9.4 T 

7 kHz -43.3 55.2 0.70 11.9 -51.7 -90.1 
9 kHz -43.3 57.4 0.72 14.2 -51.2 -92.8 

*11 kHz -43.3 56.0 0.91 12.7 -45.9 -96.8 
Average -43.3 56.3 0.71 13.1 -51.5 -91.5 

STD 0.0 1.5 0.02 1.6 0.3 1.9 

14.1 T 

8 kHz -43.3 57.4 0.73 14.1 -51.2 -92.8 
11 kHz -43.3 54.8 0.74 11.5 -50.5 -90.8 
Average -43.3 56.1 0.73 12.8 -50.9 -91.8 

STD 0.0 1.8 0.01 1.8 0.5 1.4 
Average -43.3 56.2 0.72 12.9 -51.2 -91.6 

Standard Deviation 0.0 1.4 0.02 1.4 0.5 1.4 

F-L-tryptophan 

9.4 T 

*5 kHz -43.2 58.9 0.70 15.7 -52.1 -93.2 
7 kHz -43.2 55.4 0.67 12.2 -52.3 -89.5 
9 kHz -43.2 57.5 0.64 14.3 -53.5 -90.3 

*11 kHz -43.2 59.3 0.64 16.1 -53.9 -91.8 
Average -43.2 56.4 0.66 13.2 -52.9 -89.9 

STD 0.0 1.5 0.02 1.5 0.9 0.6 

14.1 T 

8 kHz -43.2 55.1 0.76 12.1 -49.7 -91.4 
11 kHz -43.2 55.0 0.85 12.0 -47.2 -93.8 
Average -42.0 55.0 0.80 12.0 -48.4 -92.6 

STD 0.0 0.1 0.06 0.1 1.8 1.7 
Average -43.2 55.7 0.73 12.6 -50.7 -91.3 

Standard Deviation 0.0 1.2 0.09 1.1 2.8 1.9 

7F-DL-
tryptophan 

9.4 T 
7 kHz -55.7 -68.7 0.80 5.9 -48.7 -124.4 
9 kHz -55.7 -66.6 0.77 3.2 -48.0 -122.3 

*11 kHz -55.7 -68.1 0.77 4.7 -48.0 -123.8 
Average -55.7 -67.6 0.78 4.6 -48.3 -123.3 

Standard Deviation 0.0 1.4 0.02 1.9 0.5 1.4 
*At 9.4 T, the spectra acquired with 5 kHz spinning exhibit lower sensitivity, and the 
spectra acquired with 11 kHz spinning have fewer spinning side bands than those 
obtained with 7 kHz and 9 kHz spinning. Due to the lower accuracy, the values 
obtained with 5 kHz and 11 kHz spinning at 9.4 T are not included in the calculation 
of the average values of the CST parameters.  
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5.3 19F MAS NMR of HIV-1 CA Protein Assemblies 

To explore the potential of 19F MAS NMR for the structural analysis of protein 

assemblies, we conducted an investigation of HIV-1 CA protein tubular assemblies. 

The aromatic rings of tryptophan (Trp) residues were chosen for fluorine incorporation 

because of its relative sparseness in the CA sequence. HIV-1 CA protein was 

uniformly labeled with 5F-Trp. 

5.3.1 Methods and Experiments 

5.3.1.1  Materials 

Common chemicals were purchased from Fisher Scientific or Sigma Aldrich. 

Chromatography columns were purchased from GE Healthcare. 15NH4Cl and U-13C6-

glucose were purchased from Cambridge Laboratories, Inc. The Rosetta (DE3) 

competent cells used for protein expression were purchased from Novagen.  

5.3.1.2  Sample Preparation of Fluorinated CA Protein  

5-Fluoroindole (Sigma Aldrich) was used as a precursor to uniformly 

incorporate fluorine into all Trp residues of the HIV-1 CA protein.22 5-19F-Trp,U-
13C,15N-labeled CA, 5-19F-Trp,U-15N-labeled CA, 5-19F-Trp,U-13C,15N-labeled 

A14C/E45C/W184A/M185A CA, and 5-19F-Trp,15N-labeled CA Trp-substituted 

mutant proteins were expressed and purified as reported previously with 

modifications.23,24 In brief, 5-19F-Trp,U-13C,15N-enriched CA was expressed in a 

modified M9 medium, containing 15NH4Cl, U-13C6-glucose. 20 mg of 5-fluoroindole 

for 1 L medium was added prior to inducing expression with 0.8 mM IPTG. Cells 

were grown at 18 °C and harvested after 16 h by centrifugation. Cell pellets were 

resuspended in 25 mM sodium phosphate buffer (pH 7.0), ruptured by sonication on 
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ice, and the cell debris was removed by centrifugation at 27,000 g at 4 °C for 1 h. The 

pH of the supernatant was adjusted to 5.8 with acetic acid, and the conductivity was 

adjusted to below 2.5 ms/cm by dilution, followed by an additional centrifugation at 

27,000 g at 4 °C for 1 h. The final supernatant was loaded onto a cation exchange 

column (HiTrap SP HP 5 mL, GE Healthcare), and the protein was eluted with a 0-1 

M NaCl gradient in 25 mM sodium phosphate buffer (pH 5.8), 1 mM DTT, and 0.02% 

NaN3. Fractions containing CA protein were further purified by gel filtration using a 

size-exclusion column (HiLoad 26/600 Superdex 75 prep grade, GE Healthcare), 

equilibrated with 25 mM sodium phosphate buffer (pH 5.5), 1 mM DTT, and 0.02% 

NaN3. Fractions containing CA protein were combined and concentrated to 20-30 

mg/mL. 

To prepare 5-19F-Trp,U-13C,15N-labeled CA A14C/E45C/W184A/M185A 

cross-linked hexamers, monomeric protein was buffer exchanged into 25 mM sodium 

phosphate buffer (pH 8.0) without DTT or other redox reagents overnight and purified 

by gel filtration on a size-exclusion column (HiLoad 16/600 Superdex 200 prep grade, 

GE Healthcare). Fractions containing cross-linked hexamer protein were collected and 

concentrated to 28 mg/mL, buffer exchanged into 50 mM Tris, 1.0 M NaCl (pH 8.0) 

for 2.5 days, for assembly into tubes. To prepare 5-19F-Trp CA cross-linked hexamer 

polyethylene glycol (PEG) precipitate, 30% PEG 4000 solution was added to an equal 

volume of the solution of 28 mg/mL CA cross-linked hexamer, followed by 

incubation at 37 °C for 1 h and then 4 °C overnight. By dialyzing the tubular 

assemblies (1M NaCl) against 25 mM sodium phosphate (pH 6.5), 7.5 mg (300 mM) 

soluble clean hexamer protein solution, containing 7 % D2O were prepared for 

solution NMR experiments. 
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For solution NMR experiments, the concentrated 5-19F-Trp,15N-labeled CA 

wild type (WT) and Trp-substituted mutant proteins were buffer exchanged to 25 mM 

sodium phosphate (pH 6.5) and diluted to 7.5 mg (300 mM) soluble protein, 

containing 7 % D2O. 5-19F-Trp,U-13C,15N-labeled and 5-19F-Trp,15N-labeled CA wild 

type (WT), 5-19F-Trp,15N-labeled CA A204, and 5-19F-Trp,15N-labeled CA W80Y 

assemblies were prepared from 20-26 mg/mL protein solutions in 25 mM phosphate 

buffer, 1.0 M NaCl (pH 6.5), followed by incubation at 37°C for 1 h and 4°C 

overnight. 5-19F-Trp,15N-labeled CA W23I assemblies were prepared from 22 mg/mL 

protein solution in 25 mM phosphate buffer, 2.4 M NaCl (pH 6.5), followed by 

incubation at 37°C for 1 h and 4°C overnight. The 5-19F-Trp CA WT and mutant 

assemblies were pelleted at 10,000 g and packed into Bruker MAS NMR rotors of 

appropriate sizes. 

5.3.1.3 Transmission Electron Microscopy (TEM) 

The morphologies of 5-19F-Trp CA WT and mutants assemblies were 

characterized by transmission electron microscopy (TEM). TEM images were 

collected at the Delaware Biotechnology Institute (DBI) in the Bioimaging Center, 

using 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, 

formvar/carbon-coated copper grids, and dried for 45 min in the air. The copper grids 

were glow discharged prior to staining, so that the tubular assemblies are uniformly 

spread on the grid surface and adhere to it. 
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5.3.1.4  MAS NMR Experiments 
19F MAS NMR experiments were performed on a Bruker 20.0 T Bruker 

AVANCE III spectrometer, outfitted with a 1.9 mm MAS HX probe. The samples 

consisted of 14.1 mg of 5-19F-Trp, 15N-labled CA (1M NaCl) assemblies, 13.8 mg of 

5-19F-Trp, 15N-labled CA W80Y (1 M NaCl) assemblies, 12.1 mg of 5-19F-Trp, 15N-

labled CA W23I (2.4 M NaCl) assemblies, 15.9 mg of 5-19F-Trp, 15N-labled CA 

A204C (1M NaCl) assemblies, 13.1 mg of 5-19F-Trp, U-13C, 15N-labled CA cross-

linked hexamer (1M NaCl) assemblies, and 5-19F-Trp, U-13C, 15N-labled CA cross-

linked hexamer (PEG 4000) precipitates were packed into 1.9 mm thin-wall Bruker 

rotors. The 19F Larmor frequency was 800.1 MHz. 19F MAS NMR spectra were 

collected at MAS frequencies of 15 kHz, 35 kHz and 40 kHz, and the frequencies 

were controlled to within ± 5 Hz by a Bruker MAS controller. The actual sample 

temperature was at 15±1 °C throughout the experiments using a Bruker temperature 

controller. The typical 90° pulse length for 19F was 1.9-3.2 µs. The recycle delay was 3 

s for all experiments. For 2D 19F-19F spin diffusion spectra, the mixing time is 1 s. For 

2D 19F-19F RFDR spectra, the RFDR mixing time was 8 ms. The 19F-19F RFDR 

buildup curves for the 5-19F-Trp CA A14C/E45C/W184A/M185A cross-linked 

hexamer tubes were prepared by using a series of different mixing time, 1.6 ms, 4 ms, 

5.6 ms, 20 ms, 51.2 ms, and 100 ms. 

To understand the effect of fluorine incorporation and the effect of fluorine 

linewidths at fast spinning frequencies, hetero-nuclear proton detected HETCOR and 
19F MAS NMR spectra of tubular assemblies of 5-19F-Trp, U-13C, 15N-labled CA and 

U-13C, 15N-labled CA were acquired at 20.0 T, with a narrow bore Avance III 

spectrometers outfitted with 1.3 mm E-Free HCN probe, at MAS frequency of 60 kHz, 

and the frequencies were controlled to within ± 5 Hz by a Bruker MAS controller. The 
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actual sample temperature was at 15±1 °C throughout the experiments using a Bruker 

temperature controller. The operating Larmor frequencies were 850.4 MHz (1H), 

213.8 MHz (13C), 86.2 MHz (15N), and 800.1 MHz (19F). For subsequent NMR 

experiments, 3.7 mg of 5-19F-Trp, U-13C, 15N-labled CA (1M NaCl), and 4.4 mg of U-
13C, 15N-labled CA (1M NaCl) tubular assemblies were packed into 1.3 mm Bruker 

rotors. The typical 90° pulse lengths were 2.1 µs (1H), 3.1-3.5 µs (13C), 3.25-3.35 µs 

(15N), and 3.35 µs (19F). For 2D 13C -13C RFDR spectra, the RFDR mixing time was 

3.2 ms, and 1H field strength performed swfTPPM25 decoupling (10 kHz) during 

RFDR. For 2D (H)N and (H)C HETCOR, the WALTZ-16 broadband decoupling (10 

kHz) was used during the FID acquisition periods. 

The effects of various magnetic field strengths and 1H decoupling were 

examined by using 19F MAS NMR experiments with 5-19F-Trp, 15N-labled CA tubular 

assemblies carried out on an 11.7 T wide-bore Bruker AVANCE III spectrometer 

outfitted with a 2.5 mm MAS HFX probe. Larmor frequencies were 500.1 MHz (1H) 

and 470.6 MHz (19F). 19.6 mg of 5-19F-Trp, 15N-labled CA (2.4 M NaCl) assemblies 

were packed into a 2.5 mm thin-wall Bruker rotor. 19F MAS NMR spectra were 

collected at MAS frequencies of 4 kHz and 30 kHz, controlled to within ± 5 Hz by a 

Bruker MAS controller. The actual sample temperature was calibrated using KBr as a 

temperature sensor and was maintained at 15±1°C throughout the experiments using a 

Bruker temperature controller. The typical 90° pulse lengths were 2.5 µs (1H), and 3.2 

µs (19F). The recycle delay was 3 s for all experiments. At MAS of 30 kHz and 4 kHz, 

17kHz and 100 kHz of 1H swfTPPM decoupling were used during the acquisition 

period, respectively.  
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19F chemical shifts were indirectly REFERENCESd to the adamantane-

REFERENCESd 13C chemical shifts.26 A sample of 5-19F-DL-Trp powder was used as 

a secondary REFERENCES standard, -44.6 ppm at 290 K. The 1H, 13C and 15N 

chemical shifts were REFERENCESd with respect to DSS, adamantane and 

ammonium chloride used as external referencing standards. 

All 19F MAS spectra were processed using TopSpin. Baseline correction was 

employed using manually defined baseline points for 1D spectra. Two dimensional 
13C-13C RFDR and HN/HC HETCOR spectra were processed in TopSpin and with 

NMRpipe27, and analyzed using SPARKY28. For 2D data sets, 30° or 60° shifted sine 

bell apodization followed by a Lorentzian-to-Gaussian transformation was applied in 

both dimensions. Forward linear prediction to twice the number of the original data 

points was used in the indirect dimension in some data sets followed by zero filling to 

twice the total number of points. 

The principal components of 19F chemical shift tensors were determined by the 

same protocol as described in section 5.2.1.3. 

5.3.2 Introduction of 19F into HIV-1 CA Protein  

CA protein contains five tryptophan residues, four in the NTD (W23, W80, 

W117, and W133) and one in the CTD, W184, which is located at the CTD-CTD 

dimerization interface (Fig 5.5). Replacement of all native tryptophans by 5F-Trp has 

no measurable effect on the in vitro tubular assemblies, given that the morphology and 

the dimensions of U-15N-CA and 5F-Trp,U-15N CA tubes are indistinguishable (Fig 

5.5b). Furthermore, no significant chemical shift perturbations (other than those 

associated with residues close to the substitution sites) were noted in the 2D 13C- and 

1H-detected MAS RFDR, (H)NH HETCOR and (H)CH HETCOR correlation spectra 
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(Fig 5.6 b-d). Small perturbations (0.4 ppm or less) were observed in the vicinity of 

the tryptophans (Table 5.4 and Fig 5.6). The only relatively large chemical shift 

perturbations, 0.8 and 0.5 ppm in 15N, were detected for S102 and A77, both of which 

are within 4.6 Å and have direct electrostatic interactions with the F atom of W133. 

Taken together, the TEM and MAS NMR results confirm that the introduction of 

fluorine into CA does not interfere with its assembly and does not perturb local 

structure to any noticeable extent. 5F-Trp residues are thus suitable endogenous 

probes of structure in both the monomeric and assembled states of CA.  

 

Figure 5.5 Structures of the HIV-1 CA monomer (W23, W80, W117, W133 and 
W184 are shown in purple stick representation with fluorine atoms as 
yellow spheres), a section of the CA tube and the A14C/E45C/ 
W184A/M185A CA cross-linked hexamer (NTD; grey, CTD; teal). 
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Figure 5.6 (a) 3D structure of an HIV-1 CA monomer showing the positions where 
5-F-Trp was incorporated. Five 5-19F-Trp residues (W23, W80, W117, 
W133 and W184) are shown in purple sticks, and the fluorine atoms in 
yellow spheres. (b-d) 2D (H)NH HETCOR (b), (H)CH HETCOR (c) 
spectra, and 13C-13C RFDR spectra in aliphatic region (d) of tubular 
assemblies of U-13C,15N CA (grey), and 5-19F-Trp, U-13C,15N CA (teal), 
acquired at 19.96 T; the MAS frequency of 60 kHz. Note the 
disappearance of resonances corresponding to the indole ring of Trp 
residues in the fluorinated sample. The residues for which large chemical 
shift perturbations were detected in the MAS NMR spectra (b-d) are 
shown as sticks. Nitrogen and hydrogen atoms are shown in blue and red, 
respectively. 
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Table 5.4 Chemical shift perturbations detected in (H)NH HETCOR, (H)CH 
HETCOR, and 13C-13C RFDR MAS NMR spectra of tubular assemblies 
of 5-19F-Trp, U-13C,15N CA vs. U-13C,15N CA.  

Experiments (H)NH / (H)CH HETCOR 13C-13C RFDR 

Amino Acid Cross 
peak 

|Δ N/C| 
(ppm) 

|Δ H| 
(ppm) 

Cross 
peak 

|Δ C1| 
(ppm) 

|Δ C2| 
(ppm) 

P1 CG-HG2 0.1 (C) 0.14    
M10    CA-CB 0.0 0.2 
P17    CD-CO 0.3 0.8 
T19 CG2-HG2 0.3 (C) 0.00    
L20 CB-HB3 Missing in fluorinated CA    

W23 
CE3-HE3 0.2 (C) 0.03    
CD1-HD1 Missing in fluorinated CA    
CZ2-HZ2 Missing in fluorinated CA    

V24/V26    CA-CG 0.3 0.4 
E29    CA-CB 0.3 0.2 
K30 N-H 0.4 (N) 0.00    
A31    CA-CB 0.3 0.1 
P34    CB-CG 0.5 0.7 

P34/P196    CA-CG 0.5 0.2 

I37 
N-H 0.2 (N) 0.09    

CA-HA 0.1 (C) 0.08    
P38/P99    CD-CB 0.3 0.1 

M39/M68    CA-CB 0.4 0.0 
F40/F168    CA-CB 0.3 0.0 

S44 N-H 0.2 (N) 0.08    
Q50    CA-CB 0.1 0.3 
T54 CB-HB 0.2 (C) 0.09    
H62    CB-CO 0.3 0.3 
T72 CB-HA 0.1 (C) 0.10    
E75    CA-CB 0.0 0.4 
A77 N-H 0.5 (N) 0.16    

W80 
CD1-HD1 0.2 (C) 0.09 CA-CB 0.3 0.1 
CZ3-HZ3 Missing in fluorinated CA    

M96    CA-CG 0.3 0.3 
E98 N-H 0.3 (N) 0.03    

P38/P99    CD-CB 0.3 0.1 
R100    CA-CB 0.2 0.4 
G101    CA-CO 0.1 0.9 
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S102 N-H 0.8 (N) 0.12    
D103    CA-CG 0.1 0.6 

    CA-CB 0.1 0.4 

I104 
CA-HA 0.2 (C) 0.00 CB-CG2 0.2 0.2 

   CB-CD 0.1 0.2 

A105 
N-H 0.3 (N) 0.14 CA-CB 0.6 0.0 

   CA-CO 0.3 0.0 
G106 N-H 0.4 (N) 0.14    
T107 N-H 0.4 (N) 0.00 CA-CG2 0.3 0.0 
T108 N-H 0.2 (N) 0.09    

S109 
CA-HA 0.2 (C) 0.15 CB-CO 0.4 0.3 

   CB-CA 0.3 0.1 

   CA-CO 0.1 0.4 
T110 N-H 0.4 (N) 0.04 CB-CA 0.0 0.2 
Q112    CA-CB 0.0 0.2 
I115    CB-CD 0.6 0.3 
G116 N-H 0.1 (N) 0.11    

W117 
CE3-HE3 0.2 (C) 0.08    
CD1-HD1 Missing in fluorinated CA    

M118    CB-CG 0.0 0.2 

I124 
CG2-HG2 0.1 (C) 0.08 CG1-CG2 0.2 0.1 
CD1-HD1 0.2 (C) 0.03    

I129 CG2-HG2 0.3 (C) 0.08 CG1-CG2 0.0 0.3 
I129/I134    CA-CG2 0.1 0.2 

Y130 CE1-HE1 Missing in fluorinated CA    

W133 
CA-HA 0.5 (C) 0.02    

CD1-HD1 Missing in fluorinated CA    
I134 CG2-HG2 0.2 (C) 0.10 CG2-CD 0.3 0.0 

I129/I134    CA-CG2 0.1 0.2 

I135 
CD1-HD1 0.3 (C) 0.01    
CG2-HG2 0.2 (C) 0.04    

G137 N-H 0.2 (N) 0.11    
K140 CG-HG2 0.2 (C) 0.16    
T148    CA-CO 0.3 0.0 
I150    CB-CG2 0.2 0.1 
I153    CA-CB 0.1 0.5 

Y164 
CD1-HD1 0.1 (C) 0.10    

CG-HG Missing in fluorinated CA    
F40/F168    CA-CB 0.3 0.0 

Y169 CG-HG 0.0 (C) 0.10    
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V181 CG1-HG1 0.0 (C) 0.10 CG1-CG2 0.1 0.3 
V191 N-H 0.0 (N) 0.12    
N193 CB-HB2 0.1 (C) 0.14    
N195 CA-HA 0.1 (C) 0.08 CA-CO 0.1 0.2 

    CB-CO 0.1 0.2 
P34/P196    CA-CG 0.5 0.2 

K199 
N-H 0.3 (N) 0.08    

CA-HA 0.1 (C) 0.15    
I201    CA-CG2 0.3 0.1 
G206    CA-CO 0.2 0.4 
A209 CB-HB 0.2 (C) 0.03    

The spectra were recorded at 19.96 T (1H Larmor frequency 850 MHz); the MAS 
frequency was 60 kHz. Perturbations with ΔN ≥ 0.3 ppm, ΔC ≥ 0.2 ppm, and ΔH ≥ 
0.08 ppm are considered large, using 2*STD (standard deviation) as a cutoff. 

5.3.3 Resonance Assignments of Fluorine Sites 

The 19F solution NMR spectrum of monomeric CA (Fig. 5.7a) exhibits several 

resonances of varying intensity. To assign the multiple peaks, several tryptophan-

substituted CA mutants were generated: W23I, W80Y, W117L, W133Y, 

W184A/M185A. Some mutants exhibit low stability or low yield, such as W117L and 

W133Y, and pronounced chemical shift perturbations have been observed in the 19F 

solution NMR spectra (Fig. 5.7a). Accordingly, five 5F-Trp sites were assigned and 

analyzed, where W80, W117 and W133 possess unit intensity resonances at -47.91 

ppm, -49.36 ppm and -44.90 ppm, while W23 and W184 exhibit several, smaller 

intensity resonances at -45.85, -46.3, -46.7 ppm and -48.1, -47.2, -47.8 ppm, 

respectively. This observation is consistent with prior findings that W184 exists in 

several conformations in solution, arising from monomeric and dimeric quaternary 

structures.29 The 19F chemical shifts are summarized in Table 5.5.  

5-19F-Trp CA WT and mutants were assembled and investigated by solid-state 
19F NMR spectra. The following assemblies were prepared: W23I, W80Y, and 
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A14C/E45C/W184A/M185A. The morphologies of protein assemblies were 

characterized by transmission electron microscopy (Fig 5.8). 5-19F-Trp CA WT and 

W80Y form tubes; in contrast, W23I forms non-tubular assembles. 5-19F-Trp CA 

A14C/E45C/W184A/M185A was cross-linked into a hexamer (Fig 5.8d), and 

assembled into tubes with 1M NaCl. All solid-state 19F NMR spectra of CA 

assemblies were shown in Fig 5.7b and Fig 5.9. The general chemical shift range (-

44.7 to -49.1 ppm, MAS NMR) for all five 5F-Trp side-chain resonances is similar to 

that for CA in solution (-44.9 to -48.1 ppm, solution NMR), while noticeable 

differences exist. Assemblies of CA W23I, W80Y, and A14C/E45C/W184A/M185A 

samples permitted unambiguous assignments (Fig 5.7b). Interestingly, no noticeable 

chemical shift changes were observed due to the different conformations. CA 

A14C/E45C/W184A/M185A was cross-linked into a hexamer, and the spectrum of 

this hexamer in the tubular assembly was very useful in this regard. In the CA WT 

assemblies, the 5F-Trp resonances of W133 and W117 are at -44.7 and -49.1 ppm, 

respectively. W80 exhibits a relatively narrow resonance, superimposed on the broad 

resonance of W184 at -47.3 ppm. W23 resonates are at -46.3 ppm in the WT assembly 

and is downfield-shifted to -45.4 ppm in the A14C/E45C/W184A/M185A hexamer 

mutant. We also notice that there is a minor peak at -46.8 ppm that is associated with 

W80 in the A14C/E45C/W184A/M185A hexamer mutant. The chemical shifts are 

summarized in Table 5.6.  

The line widths of the W23 and W184 resonances are larger than the others 

and of the order of 1.3 ppm, suggesting some degree of conformational heterogeneity. 

A much narrower resonance is observed for W23 at -46.3 ppm for the tubular 
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assembly of the hexamer, suggesting that a single conformer with a slightly different 

local environment compared to the WT assembly is present.  

It is not surprising to detect the conformational heterogeneity for W184 at the 

CTD-CTD dimer interface, since different side-chain conformers have been observed 

by X-ray (PDB 3NTE, 4XFX, 4XFY)30,31 and NMR29. W23 was found to be 

heterogeneous by solution NMR.29 The side chain of W23 is buried in the NTD core 

and is essential for proper core assembly.32 Interestingly, the W23 side chain was 

shown to be displaced by more than 3 Å in complexes of CA with potent antiviral 

capsid inhibitors, derivatives of benzodiazepines and benzoimidazoles,33 supporting 

potential side chain conformational variability.  
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Figure 5.7 19F solution NMR (a) and MAS NMR (b) spectra of 5-19F-Trp CA WT, 
fluorosubstituted CA mutants and CA cross-linked hexamer (A14C/E45C 
/W184A/M185A). The solution spectra were recorded at 14.1 T. The 
MAS spectra were recorded at 19.96 T and a MAS frequency of 40 kHz. 
Assignments for each fluorine site are shown in purple labels.  
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Table 5.5 19F chemical shifts of HIV-1 CA protein in solution.  

Residue 19F chemical shift (ppm)* 

W23  -45.9, -46.3, -46.7 

W80 -47.9 

W117 -49.4 

W133 -44.9 

W184 -48.1, -47.2, -47.8 

 
T = 298 K; 25 mM Na phosphate, pH 6.5, 5 mM DTT, 0.02% NaN3, 7% D2O. 

 

 

Figure 5.8 TEM images of 5-19F-Trp CA WT and mutant assemblies, including 5-
19F-Trp, U-15N CA tubes (a), 5-19F-Trp, U-15N W80Y tubes (c), 5-19F-
Trp, U-15N W23I non-tube assemblies (b), 5-19F-Trp, U-13C,15N 
A14C/E45C/W184A/M185A tubes and soluble cross-linked hexamers 
(d). 
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Table 5.6 MAS NMR experimental 19F isotropic chemical shifts for the CA 
assemblies of WT and 5F-Trp-substituted mutant. All spectra were 
recorded at 19.96 T. 

Sample Residue δiso (ppm) 

CA tubes 

W23 -46.3 
W80/W184 -47.3 

W117 -49.1 
W133 -44.7 

CA W23I assemblies 
W80/W184 -47.2 

W117 -48.9 
W133 -44.8 

CA W80Y tubes 

W23 -46.3 
W117 -49.1 
W133 -44.7 
W184 -47.2 

CA A14C/E45C/W184A/M185A 
hexamer tubes  

W23 -45.3 
W23a* -46.8 
W80 -47.7 

W117 -49.1 
W133 -44.6 

CA A14C/E45C/W184A/M185A 
hexamer PEG precipitate 

W23 -45.4 
W23a* -46.5 
W80 -47.8 

W117 -49.2 
W133 -44.6 

* In the samples of cross-linked CA hexamer assembled with NaCl and PEG-4000, 
Trp 23 is assigned to a major peak (W23) and a minor peak (W23a).  
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Comparison of the spectra of 5F-Trp CA tubular assemblies at various MAS 

frequencies of 30, 40, and 60 kHz (Fig 5.9) reveals that proton decoupling is necessary 

for observing sharp resonances as MAS frequencies below 60 kHz. The 19F linewidths 

in the MAS NMR spectrum acquired at ωr = 30 kHz with high-power proton 

decoupling (0.5-1.3 ppm) are still broader than those in the spectrum recorded at ωr = 

60 kHz without decoupling (0.3-1.0 ppm). The spectra collected at ωr = 40 kHz, 

without decoupling, exhibit linewidths of 1.1 ppm. This observation is in agreement 

with our findings for fluorosubstituted tryptophan solids34 and clearly illustrates the 

benefits of fast MAS conditions. 



 155 

 

Figure 5.9 Comparison of 19F MAS NMR spectra of 5-19F-Trp, U-15N CA tubular 
assemblies that were recorded at different magnetic fields and MAS 
frequencies.  

5.3.4 Chemical Shift Anisotropy and Relaxation Time Measurements 

While isotropic chemical shifts are a key NMR observable, orientation-

dependent chemical shift anisotropy (CSA) tensors are an even richer source for 

exploring local electronic and geometric structure. It also is necessary to assess CSA 

parameters for interfluorine distance measurements by spin exchange experiments.11 
19F CSA tensors for the WT CA tubular assemblies were recorded, using two sets of 

experiments: (i) at 11.74 T with a MAS frequency of 4 kHz and high-power 1H 

decoupling, and (ii) at 19.96 T with a MAS frequency of 15 kHz without 1H 

decoupling. As shown in Fig 5.10 & 5.11 and summarized in Table 5.7, good 
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agreement for the 19F CSA tensor parameters is obtained for slow MAS frequency 

measurements, with uncertainties of ±0.6 ppm and ±0.3 for the reduced anisotropy and 

the asymmetry parameters, respectively. We note that even at slow MAS frequencies, 

accurate CSA parameters can be obtained, even in the absence of 1H decoupling, since 

no contribution from 19F-19F homonuclear dipolar interactions are present. Besides CA 

WT assemblies, CSA parameters of 19F-Trp CA mutant assemblies were measured at 

19.96 T with a MAS frequency of 15 kHz without 1H decoupling.  

We notice that CSA parameters for each 5-Trp site in different mutants are 

variable; the largest difference is 9.3 ppm in the W23 of CA assemblies (44.4 ppm) 

and that of CA cross-linked hexamer PEG precipitates (53.7 ppm), which possibly 

imply that high sensitivity of 19F to different local environments as a structural probe. 

Interestingly, no correlation between the magnitude of the reduced anisotropy and the 

isotropic chemical shift is observed.  

We recorded 19F T1 and T2 relaxation times for each 5-Trp site in CA and CA 

A14C/E45C/W184A/M185A mutant assemblies (Fig 5.12 and Table 5.8). The 5-Trp 

sites exhibit very different T1s ranging from 1.1 to 9.2 s. The T2s are in the range of 

0.4 to 1.3 ms. The relaxation times were not found to correlate to the structural 

differences in these three 5-F-Trp CA assemblies. 
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Figure 5.10 19F MAS NMR spectra of 5-19F-Trp,U-15N CA tubes (11.74 T; MAS 
frequency 4 kHz (a), and 19.96 T; MAS frequency 15 kHz (b)) 

 

Figure 5.11 19F MAS NMR spectra of 5-19F-Trp CA mutant assemblies acquired at 
19.96 T; the MAS frequency was 15 kHz without 1H decoupling. 
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Table 5.7 Summary of MAS NMR experimental isotropic chemical shifts, reduced 
anisotropy, and asymmetry for the 5-19F-Trp CA wild type and mutants 
acquired at 11.74 T and 19.96 T. 

Sample Field 
Strength 5-19F-Trp Sites δiso (ppm) δσ (ppm) (±1.0) η 

CA assemblies 

11.74 T  
4 kHz 

W23 -46.1 -- -- 
W80/W184 -47.3 46.7 0.4 

W117 -49.2 44.1 0.4 
W133 -45.0 44.8 0.7 

19.96 T 
15 kHz 

W23 -46.3 44.4 0.4 
W80/W184 -47.3 46.1 0.0 

W117 -49.1 44.6 0.0 
W133 -44.7 45.3 0.3 

CA hexamer 
assemblies  

19.96 T 
15 kHz 

W23 -45.3 49.6 0.0 
W23a* -46.8 -- -- 
W80 -47.7 47.5 0.0 

W117 -49.1 45.2 0.6 
W133 -44.6 51.3 0.0 

CA W80Y 
assemblies 

19.96 T 
15 kHz 

W23 -46.3 46.2 0.3 
W117 -49.1 44.2 0.0 
W133 -44.7 42.8 0.4 
W184 -47.2 48.5 0.2 

CA W23I 
assemblies 

19.96 T 
15 kHz 

W80/W184 -47.2 42.4 0.2 
W117 -48.9 39.1 0.0 
W133 -44.8 40.7 0.5 

CA hexamer 
assemblies 
with PEG 

19.96 T 
15 kHz 

W23 -45.4 53.7 0.3 
W23a* -46.5 -- -- 
W80 -47.8 49.4 0.2 

W117 -49.2 51.0 0.0 
W133 -44.6 49.6 0.6 

* In the samples of cross-linked CA hexamer assembled with NaCl and PEG-4000, 
Trp 23 is assigned to a major peak (W23) and a minor peak (W23a). “--” Due to the 
relatively low sensitivity or resolution, some Trp sites cannot be used for reduced 
anisotropy and asymmetry fitting.  
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Figure 5.12 T1 buildup curves and T2 decay curves of 5-19F-Trp CA wild type (a) and 
A14C/E45C/W184A/M185A mutant assemblies (b). Experiments were 
acquired at 19.96 T and MAS frequency of 40 kHz. 
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Table 5.8 T1 and T2 relaxation time of 5-19F-Trp CA wild type (tubular assembly), 
and A14C/E45C/W184A/M185A mutant (cross-linked hexamer tubular 
assembly). 

Sample 5-19F-Trp Sites T1 (s) T2 (ms) 

CA assemblies 

W23 1.4 0.6 
W80/W184 2.6 1.0 

W117 5.2 0.4 
W133 3.8 0.8 

CA hexamer 
assemblies  

W23 2.0 0.7 
W23a* 1.1 0.8 
W80 2.4 0.4 

W117 9.2 1.3 
W133 4.9 0.5 

* In cross-linked CA hexamer assemblies, Trp 23 is assigned to a major peak (W23) 
and a minor peak (W23a). 
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5.3.5 19F-19F Correlation Experiments 

Intra- and intermolecular 19F-19F distances in 5F-Trp labeled CA assemblies 

are expected to range between 8.8 and 42.5 Å. Based on the X-ray structures of wild 

type CA and cross-linked hexamers of A14C/E45C/W184A/M185A CA (Table 5.9), 

four pairs of Trp residues are separated by distances that are within the range 

potentially accessible for the detection in dipolar-based experiments 5F-Trp 

interactions: W80-133 (8.8 Å), W117-W133 (9.8 Å), W80-117 (12.6 Å), and W23-

W133 (19.1 Å). For fluorine distance measurements by MAS NMR, several methods 

are available: RFDR35, CODEX36, and, more recently, PDSD37 and CORD35. In a 

recent study at 14.1 T which employed PDSD and CORD mixing at a MAS frequency 

of 25 kHz, correlations were observed for distances as long as 16 Å for long CORD 

mixing times of 306 ms.  

Here, for CA assemblies, we established that ideally MAS frequencies 

exceeding 35 kHz are necessary to ensure sufficiently narrow lines in the absence of 
1H decoupling (Fig 5.9). This is a requirement for probes without separate 19F and 1H 

channels available for decoupling. We explored MAS frequencies of 35, 40, and 60 

kHz, and two mixing schemes, PDSD and RFDR, to look for 19F-19F correlations in 

the fluorinated CA assemblies. 

PDSD spectra of fluorinated CA and A14C/E45C/W184A/M185A CA cross-

linked hexamer assemblies, recorded at a MAS frequency of 35 kHz, using a mixing 

time of 1 s (Fig 5.13a, b) contain cross peaks between W80-W133 resonances and 

W80-W117 resonances, and W23-W133 resonances. The associated 5F positions are 

separated by 8.8 Å, 12.6 Å, and 19.1 Å, respectively (PDB 4XFX). In addition, a 

W23-W80 cross peak is also detected, which corresponds to a F-F distance of 23.1 Å. 

Since PDSD is no longer an efficient mixing scheme for 40 and 60 kHz spinning 
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frequencies at any practically attainable conditions38, we employed RFDR mixing at 

these higher MAS frequencies. At both spinning frequencies, correlations between 

W80-W133 and W80-W117 resonances are observed with an RFDR mixing time of 8 

ms (Fig 5.13). At 40 kHz, an additional cross peak between W80-W23 is present. At 

60 kHz, the W133-W117 correlation appears, while the equivalent W117-W133 cross 

peak is not seen. PDSD spectra of 5F-Trp-substituted CA mutants and 

A14C/E45C/W184A/M185A CA cross-linked hexamer PEG precipitates were 

recorded at a MAS frequency of 35 kHz, using a mixing time of 1 s (Figure 5.13c), 

which further verified the assignments of 5-Trp sites.  
19F-19F RFDR buildup curves were recorded at an MAS frequency of 40 kHz 

for tubular assemblies of cross-linked A14C/E45C/W184A/M185A hexamer (Fig 

5.13d). This assembly was used since W184 is not present and the resonance of W80 

is no longer overlapped. It should be noted that, by monitoring the W80-W133 cross 

peak intensity at a MAS frequency of 40 kHz, the polarization buildup has not reached 

maximum intensity, even at a mixing time as long as 100 ms. The simulated RFDR 

buildup curves for the MAS frequencies of 20, 40, and 60 kHz and 19F-19F distances 

ranging from 5 to 20 Å are shown in Fig 5.13e. We note that quantitative comparisons 

with the experimental buildup rates are not possible, because the SIMPSON 

simulations do not include relaxation and multiple protons, and the polarization 

transfer occurs significantly faster in these experiments. Nevertheless, it is clear that 

observation of correlations corresponding to 15-20 Å distances requires long mixing 

times, of the order of hundreds of milliseconds. The future studies will focus on 

establishing efficient 19F-19F polarization transfer schemes at MAS frequencies of 60 
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kHz and above, to enable efficient recording of interfluorine distances longer than 15 

Å. 

Table 5.9 19F-19F distances in HIV-1 CA WT and A14C/E45C/W184A/M185A 
protein. 

CA NL4-3, PDB 4XFX (modified with F-Trp, C-F bond is 1.372 Å). *W184-W184 
intermolecular distances are measured in PDB 3J34 HOH building block. 

5-F-Trp-CA 
W23 W80 W117 W133 W184 

Intramolecular Distance (Å) 
W23 20.0 23.1 23.4 19.1 28.6 

W80 33.3 34.1 12.6 8.8 33.1 

W117 25.1 21.7 28.5 9.8 42.5 

W133 26.2 28.5 27.2 33.0 33.8 

W184 33.0 35.8 32.2 27.5 2.1-9.4* 

F-F Intermolecular Distance (Å) 
 
CA cross-linked hexamer, PDB 3H4E (modified with F-Trp, C-F bond is 1.372 Å) 

5-F-Trp-CA 
A14C/E45C/W184A/M185A 

W23 W80 W117 W133 
Intramolecular Distance (Å) 

W23 19.9 22.9 23.8 19.3 
W80 33.2 34.3 12.5 8.8 

W117 25.1 22.1 29.3 9.9 
W133 26.1 28.5 27.9 33.2 

F-F Intermolecular Distance (Å) 
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Figure 5.13 2D 19F-19F correlation spectra of 5-19F-Trp CA (a), CA A14C/E45C/ 
W184A/M185A (b), 5F-Trp-substituted CA mutant assemblies (c). (d) 
Experimental 19F-19F RFDR buildup curves of the W80-W133 and 
W133-W80 cross-peak intensities in the 5-19F-Trp A14C/E45C/W184A/ 
M185A CA cross-linked hexamer tubes (MAS frequency of 40 kHz). (e) 
Simulated 19F-19F RFDR buildup curves for 19F-19F distances of 5-20 Å, 
prepared by Matthew Fritz in our lab. 
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5.4 Conclusions and Future Outlook 

Our investigation of 19F NMR parameters for a series of fluorosubstituted 

tryptophans (section 5.2) provides a comprehensive evaluation of the influence of the 

local environment on the 19F chemical shift tensor. Our results demonstrate that at a 

MAS frequency of 60 kHz, the 19F lines are sufficiently narrow, which obviates the 

need for 1H decoupling. The experimental conditions developed here are broadly 

applicable for studying not only other organic solids, but also large biological 

molecules and assemblies and is practically accessible in many laboratories. 

The results presented in section 5.3, highlight the potential of 19F MAS NMR 

spectroscopy to employ 5F-Trp substituted HIV-1 capsid assemblies for analysis of its 

structural properties and interactions. To our knowledge, this is the first 19F MAS 

NMR application on a large protein assembly. The chemical shift dispersion is high 

with separation of at least three of the five resonances (W80, W117, and W133). An 

intriguing observation is the fact that for two tryptophans, W23 and W184, multiple 

resonances are present in both solution and solid-state spectra, indicating 

conformational heterogeneity.  

One important outcome of the current investigation is that at fast MAS 

conditions (frequencies of 35-60 kHz), the lines are sufficiently narrow that proton 

decoupling is not required, consistent with our findings in fluorosubstituted tryptophan 

solids15. At these fast MAS conditions, nanometer-range interfluorine distance 

restraints may be extracted from PDSD and RFDR experiments.  

In conclusion, our results demonstrate exciting possibilities for widespread use 

of 19F fast MAS, including characterization of proteins and protein assemblies without 

the need to employ specialized probes where rf irradiation can be applied on 19F and 
1H channels simultaneously. We envision that 19F probes that permit MAS frequencies 
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over 100 kHz, ‘ultrafast’ MAS conditions, will bring further benefits with respect to 

resolution and will enable 19F MAS NMR spectroscopy in a wide range of biological 

assemblies. Moreover, dynamic nuclear polarization (DNP) technique will bring assets 

with respect to sensitivity, and will allow more novel investigations on large protein 

assemblies by 19F MAS NMR spectroscopy. 
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CONCLUSIONS 

In this dissertation, I employed MAS solid-state NMR spectroscopy and 

integrated biophysical methods to characterize the structural rearrangement and 

dynamic changes accompanying HIV-1 capsid maturation and capsid assembly. 

Additionally, for method development of 19F MAS NMR at fast MAS frequencies of 

35-60 kHz, I explored 19F as structural probe to large biological molecules and 

assemblies, and obtained the longer interfluorine distance (15-20 Å), which benefits 

the structural determination of capsid assemblies by MAS NMR spectroscopy.  The 

fast and ultrafast MAS frequencies allow 19F NMR to be broadly applied even without 

the need of employing specialized 19F-1H dual mode probes. 

In chapter 3, I examined two covalently cross-linked CA constructs 

A14C/E45C/W184A/M185A and N21C/A22C/W184A/M185A, which form the 

cross-linked hexamer and pentamer, respectively. Using the MAS NMR approach, 

89% of the backbone assignments of CA cross-linked hexamer tubular assemblies 

have been completed. Comparing WT and cross-linked tubular assemblies, I observed 

that the effect of cross-linking was pronounced on the inter-hexamer interfaces, but 

not on the protein secondary structure and tertiary structure. The uniformly 13C,15N 

pentamer/natural abundance hexamer co-assembly sample was first prepared to 

investigate the model pentamer building blocks in the HIV-1 capsid core, exhibiting 

sphere-like morphology. By analyzing 2D 13C-13C correlations of pentamer MAS 

NMR spectra in the context of co-assembly, the multiple conformational changes 

Chapter 6 
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indicated the distinct assembly in hexamer and pentamer. Further investigation will be 

performed on dynamic properties of cross-linked pentamers as well as cross-linked 

hexamers to understand the HIV-1 capsid core structure and its stability in different 

phases. 

In chapter 4, I inspected the maturation intermediate, CA-SP1 and its 

maturation-inhibiting CA-SP1(T8I) mutant using the integrated method of MAS NMR 

and MD simulations. The data reveal that the CTD tail and SP1 subdomain exists in a 

highly dynamic helix-coil equilibrium. Such a flexible, dynamic conformation 

elucidates that SP1 plays the molecular switch in the last step of capsid maturation. 

T8I mutation in SP1 that phenocopies the MI bound state, introduces dramatic 

dynamics and structure changes: i) molecular motions being suppressed, and ii) a 

stable helical structure formed in CTD-SP1 junction, which indicates key mechanistic 

insights into SP1 cleavage inhibition by maturation inhibitors. In this case, our data 

suggest that modulation of protein dynamics appears to be a determining factor in 

capsid maturation, and small-molecule ligands can influence these motions, with 

profound effects for viral maturation. Overall, this integrated experimental-

computational approach has demonstrated the power to facilitate atomistic 

understanding of the mechanisms in such highly dynamic systems. It offers unique 

transient structural features that are significantly important to elucidate the details of 

capsid maturation and the influences of MIs on this step. 

In the last chapter, I investigated a series of fluorosubstituted tryptophans by 
19F MAS NMR, which provides a comprehensive evaluation of the influence of the 

local environment on the 19F chemical shift tensor. The results demonstrate that at a 

MAS frequency of 60 kHz, the 19F lines are sufficiently narrow, which obviates the 
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need for 1H decoupling. Furthermore, we explored 19F MAS NMR to 5F-Trp 

substituted HIV-1 capsid assemblies for analysis of its structural properties and 

interactions. The chemical shift dispersion is high with separation of at least three of 

the five resonances (W80, W117, and W133). Multiple resonances are present for two 

tryptophans, W23 and W184 in 19F spectra, indicating conformational heterogeneity. 

One important finding is that at fast MAS conditions (frequencies of 35-60 kHz), the 

lines are sufficiently narrow that proton decoupling is not required. At these fast MAS 

conditions, the 19F-19F correlations that yield interatomic distances as long as 23 Å 

were observed in the capsid assemblies, which suggests that nanometer-range 

interfluorine distance restraints may be extracted from PDSD and RFDR experiments. 

Our results demonstrate exciting possibilities for widespread use of 19F fast MAS, 

including characterization of proteins and protein assemblies without the need to 

employ specialized probes where rf irradiation can be applied on 19F and 1H channels 

simultaneously. 
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