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Abstract

Recent studies of noncrystalline HIV-1 capsid protein (CA) assemblies by our laboratory and by 

Polenova and coworkers have established the capability of solid state nuclear magnetic resonance 

(NMR) measurements to provide site-specific structural and dynamical information that is not 

available from other types of measurements. Nonetheless, the relatively high molecular weight of 

HIV-1 CA leads to congestion of solid state NMR spectra of fully isotopically labeled assemblies 

that has been an impediment to further progress. Here we describe an efficient protocol for 

production of segmentally labeled HIV-1 CA samples in which either the N-terminal domain 

(NTD) or the C-terminal domain (CTD) is uniformly 15N,13C-labeled. Segmental labeling is 

achieved by trans-splicing, using the DnaE split intein. Comparisons of two-dimensional solid 

state NMR spectra of fully labeled and segmentally labeled tubular CA assemblies show 

substantial improvements in spectral resolution. The molecular structure of HIV-1 assemblies is 

not significantly perturbed by the single Ser-to-Cys substitution that we introduce between NTD 

and CTD segments, as required for trans-splicing.
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Introduction

The mature human immunodeficiency virus type 1 (HIV-1) contains a conical capsid shell 

that encloses the viral genome to ensure its infectivity in a new host cell1–3. The capsid shell 

is comprised exclusively of approximately 1500 copies of the capsid protein (CA). As shown 

in Fig. 1A, CA consists of two independently foldable α-helical domains, an N-terminal 

domain (NTD) that includes helices 1-7 and a C-terminal domain (CTD) that includes 

helices 8-114–6. These two domains are joined by a short linker that influences the relative 

orientation of CTD and NTD in CA assemblies7. The capsid shell has been shown to follow 

a fullerene geometry, comprised largely of CA hexamers6,8–11. Each CA hexamer contains a 

central ring formed by NTD units and an external ring formed by CTD units. Individual 
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hexamers are stabilized by the intermolecular NTD-NTD and NTD-CTD interactions around 

six-fold symmetry sites. Inter-hexamer contacts involve CTD-CTD contacts around two-fold 

and three-fold symmetry sites. Closure of the capsid shell requires twelve CA pentamers at 

specific locations8,11–13.

Much information about the molecular structure of CA and CA assemblies has been 

obtained from electron microscopy8,10,13,14, x-ray crystallography4,6,9,12, and 

multidimensional liquid state nuclear magnetic resonance spectroscopy (NMR)5,7,15–17. 

Solid state NMR studies by Polenova and coworkers18–22 and by our laboratory23–26 have 

provided additional information about non-crystalline CA assemblies, including information 

about site-specific dynamics and conformational variations, the structure of CTD-CTD 

dimerization interfaces, the molecular basis for variable CA lattice curvature, and structural 

aspects of the HIV-1 maturation process.

The applicability of solid state NMR methods to HIV-1 CA assemblies has been limited by 

the relatively high molecular weight of the CA monomer (25.6 kDa) and the resulting 

spectral congestion. In work from our laboratory, 15N and 13C chemical shift assignments 

for the majority of immobilized residues in tubular CA assemblies were obtained from three-

dimensional (3D) solid state NMR spectra of samples that were uniformly 15N,13C-labeled 

and samples that were uniformly 15N-labeled and partially 13C-labeled24. Roughly 10% of 

the solid state NMR signals from immobilized residues did not have definite assignments 

and various sidechain signals could not be resolved or assigned. Our determination of the 

CTD-CTD dimerization interface structure in tubular CA assemblies required selective 

isotopic labeling of certain residue types25. In our study of the immature HIV-1 lattice in 

virus-like particles formed by a larger HIV-1 Gag protein construct (38.5 kDa), chemical 

shift assignments were obtained only for a critical segment at the C-terminal end of CA27.

Segmental isotopic labeling is a promising approach for extending the applicability and 

enhancing the information content of solid state NMR measurements in studies of non-

crystalline assemblies that are formed by high-molecular-weight proteins. Although the 

potential advantages of segmental isotopic labeling in NMR are well known28–35, relatively 

few successful examples of solid state NMR spectroscopy of segmentally labeled protein 

assemblies have been reported. These include uniform 15N,13C-labeling of either the N-

terminal or the C-terminal portion of the HET-s prion domain in HET-s(218-289) fibrils36, 

uniform labeling of various N-terminal or C-terminal portions of the low-complexity domain 

of the fused-in-sarcoma (FUS-LC) protein in FUS-LC fibrils37, uniform labeling of one 

repeat segment of the CsgA protein in CsgA fibrils38, and uniform labeling of the first 14 

residues in the Sup35NM prion protein39. In related work, a 50-residue segment of the 

influenza M2 protein was prepared by ligation of synthetic transmembrane and extra-

membrane segments, with complementary selective labeling of the two segments, and 

examined in membrane-bound form40; selectively labeled and lipidated peptides were 

ligated to an N-terminally truncated, unlabeled Ras protein construct, producing full-length, 

membrane-associated Ras samples that were examined by 13C and 2H NMR41; full-length 

HIV-1 Vpu was produced for solid state NMR studies of transmembrane Vpu oligomers by 

ligation of synthetic, selectively labeled transmembrane and extra-membrane segments42; 
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microcrystalline thioredoxin was prepared for solid state NMR studies by co-precipitation of 

N-terminal and C-terminal fragments that were labeled in a complementary manner43.

In this paper, we report segmental 15N,13C-labeling of NTD and CTD units in full-length 

HIV-1 CA by a split intein method, formation of morphologically homogeneous tubular 

assemblies by segmentally-labeled CA on the 10–20 mg scale, and two-dimensional (2D) 

solid state NMR spectroscopy of the segmentally-labeled CA tubes. Our results show that 

the single-site mutation required for segmental labeling does not interfere with CA folding 

and self-assembly and that segmental labeling leads to significant improvements in spectral 

resolution without otherwise compromising spectral quality. To our knowledge, this work 

represents the first successful demonstration of segmental labeling of a viral capsid protein. 

We expect that these results will facilitate future efforts to characterize local structural 

details and site-specific dynamics in noncrystalline capsid assemblies by solid state NMR.

Materials and methods

Plasmid design

Several different ligation techniques have been used for segmental labeling of proteins, 

including native chemical ligation44–47, expressed protein ligation32,48–52, protein trans-

splicing36,38,53–56, and enzyme based protein ligation57–61. We chose to use the split intein 

DnaE from Nostoc punctiforme because it tolerates different amino acids at the splicing 

junction and remains active under a wide range of buffer conditions, including high 

concentration of denaturants36,62,63.

The splicing site was chosen in the flexible linker region between NTD and CTD of HIV-1 

CA to reduce the chances of misfolding and aggregation of the ligated protein. As shown in 

Fig. 1B, our NTD-intein fusion sequence codes for residues 1-148 of HIV-1 CA along with 

the N-terminal intein segment of Npu DnaE (total molecular weight = 29.4 kDa for 

unlabeled material). Our CTD-intein fusion sequence codes for residues 149-231 of HIV-1 

CA, with a Ser-to-Cys substitution at residue 149 (see below), along with the C-terminal 

intein segment of Npu DnaE (total molecular weight = 14.2 kDa for unlabeled material). 

Our HIV-1 CA sequence corresponds to the HIV-1 group M subtype B, HXB2 isolate. The 

NTD-intein sequence was cloned into the expression vector pET21 using NdeI and XhoI 

restriction sites. The CTD-intein sequence was cloned into a pET11a vector using NdeI and 

BamHI sites. The NTD- and CTD-intein sequences contain His6 tags at their C-terminal and 

the N-terminal ends, respectively.

Protein expression and purification

Transformed Escherichia coli BL21 (DE3) competent cells were added into 2.0 ml of Luria-

Bertani (LB) medium with 100 μg/ml ampicillin and grown at 37° C for 3 h. The culture was 

then transferred into 100.0 ml of either LB or isotopically labeled minimal medium to 

prepare the subculture, then grown overnight at 37° C. One liter of the minimal medium 

contained 33.2 ml of 30X salt solution (1 M Na2HPO4-7H2O, 1 M KH2PO4, and 100 mM 

Na2SO4), 3.2 g of 13C6-glucose, 1.5 g of 15NH4Cl, 1 ml of 2 M MgCl2, 100 μl of 2 M 

CaCl2, 50 mg of thiamine, 10 ml of minimum essential medium (MEM) vitamin solution 
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(100X) and 100 μg/ml ampicillin. One liter of LB or minimal medium (for production of 

either unlabeled or labeled proteins, respectively) was then inoculated with 100 ml of the 

overnight culture. The cells were grown at 37° C with shaking at 220 rpm. Protein 

expression was initiated by the addition of 0.2 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) at the optical density (OD) of 1.2–1.5 for both intein fusion proteins. After 

induction, NTD-intein-expressing cells were grown at 37° C for 4 h, whereas CTD-intein-

expressing cells were grown at 20° C overnight. These growth conditions were selected by 

screening different IPTG concentrations, temperatures, and expression times, using sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis to estimate protein 

production. The cells were harvested by centrifugation at 9000 rpm (12100 X g) for 30 min. 

The OD of the culture before harvesting was 4–5. Cell pellets were stored at −80° C or 

purified immediately.

For purification, cell pellets from each 1 l culture were resuspended in roughly 50 ml of lysis 

buffer [25 mM Tris, 50 mM NaCl, 1 mM TCEP, 1 tablet of EDTA-free complete protease 

inhibitor cocktail (Roche), 200 μl of lysozyme from the stock of 20 mg/ml, and 7 M urea at 

pH 8.0]. The solution was then sonicated (Branson sonifier model 250 with Branson tapered 

microtip, 3 mm diameter) at a duty cycle of 40% and an amplitude of 4 for 15 min. The cell 

debris was pelleted by centrifugation at 18000 rpm (26500 X g) for 40 min. The supernatant 

was then used for affinity-based purification on a Ni-NTA column (Qiagen). His6-tagged 

fusion proteins were then eluted using elution buffer (25 mM Tris, 50 mM NaCl, 1 mM 

TCEP and 7 M urea at pH 8.0) with 400 mM imidazole.

Trans-splicing and refolding reactions occurred simultaneously while dialyzing a 1:1 

mixture of eluted NTD-intein and CTD-intein fusion proteins at room temperature for 40–42 

h. The dialysis buffer contained 25 mM Tris, 50 mM NaCl, 1.0 mM TCEP, and 2.5 M urea at 

pH 6.8. Protein concentrations, estimated by UV absorption at 280 nm, were kept below 60 

μM during dialysis. Large scale preparations were conducted in 30 ml dialysis bags 

(ThermoFisher Scientific, 3.5 kDa cutoff). Samples for SDS-PAGE and reverse-phase high-

performance liquid chromatography (HPLC) were taken at several time points to follow the 

ligation reaction. The protein mixture was then incubated with Ni-NTA beads, which had 

been equilibrated with dialysis buffer, and subsequently passed through a gravity column to 

remove intein proteins and residual fusion proteins, which remained bound to the column. 

The purified ligated product was then completely refolded by dialyzing overnight at 4° C 

against Tris buffer (25 mM Tris, 50 mM NaCl, 1.0 mM TCEP) at pH 6.8. Ligation of NTD 

and CTD was confirmed by mass spectrometry. Segmentally labeled HIV-1 CA was 

prepared from either labeled NTD-intein and unlabeled CTD-intein or unlabeled NTD-intein 

and labeled CTD-intein. In both cases, the final yield of ligated HIV-1 CA was 

approximately 72% (see below).

Fully 15N,13C-labeled, wild-type HIV-1 CA was also prepared using the protocols described 

previously23,24.

Formation of tubular CA assemblies

Purified, ligated HIV-1 CA was concentrated to 30 mg/ml in Tris buffer (50 mM Tris, 50 

mM NaCl, 1 M TCEP, pH 8.0), using centrifugal filter units (Amicon Ultra, 15 ml volume, 3 
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kDa cutoff or 0.5 ml volume, 10 kDa cutoff). CA self-assembly was triggered by increasing 

the NaCl concentration to 0.8 M (using a stock solution of 5 M NaCl in 50 mM Tris) while 

adjusting the final protein concentration to approximately 20 mg/ml. The protein solution 

became turbid immediately after addition of NaCl. The CA solution was then incubated at 

37° C for 15 min to promote nucleation of the structurally ordered CA lattice. Subsequently, 

the milky white solution was incubated at room temperature for 16–18 h to promote the 

formation of long, uniform CA tubes64. Formation of wild-type CA tubes was performed as 

described earlier, at 1.0 M NaCl24. The quality of the tubular CA assemblies was verified by 

transmission electron microscopy (TEM). To remove CA aggregates that were apparently 

amorphous, the solution of CA assemblies was then gently centrifuged and washed several 

times with 0.8 M or 1.0 M NaCl (for ligated or wild-type CA) containing Tris buffer. For 

solid state NMR, thin-wall 3.2 mm magic-angle spinning (MAS) rotors were packed by 

centrifugation with approximately 27–35 mg of sample, containing approximately 10–15 mg 

of CA assemblies.

Mass spectrometry

Mass data for CTD-labeled HIV-1 CA were obtained with a Waters LCT Premier time-of-

flight mass spectrometer, operating in positive ion mode and using electrospray ionization. 

Sample introduction was via a Thermo Proswift RP-4H monolithic column (1 mm inner 

diameter, 50 mm length), using a 100 μl/min flow rate and a solvent gradient from 100% 

H2O to 80% methanol/20% acetonitrile (with 0.1% trifluoroacetic acid and 0.2% formic 

acid) in 9 min. The multi-charged m/z spectrum was deconvolved using the MaxEnt I 

program. Mass data for NTD-labeled HIV-1 CA were obtained with a Thermo MSQ Plus 

single quadrupole mass spectrometer, also operating in positive ion mode and using 

electrospray ionization. Sample introduction was via a Thermo Acclaim Pepmap 300 C18 

column (1.0 mm inner diameter and 150 mm in length), using a 0.2 ml/min flow rate and a 

solvent gradient from 88% water/12% acetonitrile to 34% water/66% acetonitrile (with 

0.01% trifluoroacetic acid) in 22 min. The multi-charged m/z spectrum was deconvolved 

using the MagTran program. Expected and measured masses for NTD-labeled CA were 

26695.8 Da and 26527 Da respectively. Expected and measured masses for CTD-labeled CA 

were 26282.85 Da and 26134 Da respectively. From these data, we infer isotopic enrichment 

levels of about 99.4% for both segmentally labeled products.

Transmission electron microscopy

TEM images were recorded with an FEI Morgagni microscope, operating at 80 keV. 

Negatively stained samples were prepared on glow-discharged carbon films, supported by 

lacey carbon on 300-mesh copper grids. After diluting the CA assembly solution by a factor 

of ten (in 0.8 M NaCl containing Tris buffer), a 10 μl aliquot was adsorbed to the carbon 

film for 30 s, then blotted with filter paper, rinsed with Tris buffer containing 0.8 M or 1.0 M 

NaCl, blotted, rinsed with deionized water, blotted, stained with 2% uranyl acetate for 20–30 

s, blotted, and dried in air.

Solid state NMR

Solid state NMR measurements were performed with a Varian Infinity spectrometer, 

operating at a 1H NMR frequency of 746.05 MHz with a Magnex 17.5 T magnet. The three-
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channel 3.2 mm MAS probe was produced by Peter Gor’kov (Black Fox, Inc., Tallahasse 

FL), and contains a low electric field design described previously65. Sample temperatures 

were maintained at 10° C with cooled nitrogen gas. All spectra were recorded with a MAS 

frequency of 12.0 kHz and with 1H decoupling fields of 85 kHz, using two-pulse phase 

modulation66. 1H-13C cross-polarization was performed with a 62 kHz 1H field and an 

amplitude-ramped 13C field centered at 50 kHz, with 1.2 ms contact time. 1H-15N cross-

polarization was performed with a 48 kHz 1H field and an amplitude-ramped 15N field 

centered at 36 kHz, with 1.2 ms contact time. 2D 13C-13C spectra were recorded with 50 ms 

mixing periods, using radio-frequency-assisted spin diffusion (RAD)67,68. 2D NCACX and 

NCOCX experiments were recorded with 4.0 ms of band-selective 15N-13C cross 

polarization, using a 30 kHz 13C field and a 18 kHz 15N field for NCACX spectra (13C 

carrier frequency centered in the 13Cα region) and a 40 kHz 13C field and a 28 kHz 15N field 

for NCOCX spectra (13C rf carrier centered in the 13CO region), followed by 50 ms 13C-13C 

RAD mixing periods. 2D 13C-13C spectra were obtained with 312 complex t1 points and 

1024 complex t2 point, with 44.6 kHz and 66.7 kHz spectral widths in the t1 and t2 

dimensions. 2D NCACX and NCOCX experiments were recorded with 89 complex t1 points 

and 768 complex t2 points, with 8.9 kHz and 66.7 kHz spectral widths in the t1 and t2 

dimensions. Recycle delays were 2.0 s in all experiments. Each 2D spectrum was acquired 

as a series of nominally identical 2D blocks, with measurement times of 3.9 h for 2D 
13C-13C and 2D NCACX blocks, and 5.5 h for 2D NCOCX blocks. Total measurement 

times for 2D 13C-13C, NCACX, and NCOCX spectra of NTD-labeled CA assemblies were 

approximately 16 h, 22 h, and 22 h respectively. Total measurement times for 2D 13C-13C, 

NCACX, and NCOCX spectra of CTD-labeled CA assemblies were approximately 16 h, 

187 h, and 187 h, respectively. (Longer measurement times for the CTD-labeled sample 

were required in part because of a smaller quantity that was packed in the MAS rotor. In 

addition, 15N-13C cross-polarization efficiencies were somewhat lower for the CTD-labeled 

sample, possibly due to differences in molecular motions in the NTD and CTD subunits.)

2D spectra were processed with NMRPipe69. As described below, spectra of NTD-labeled 

and CTD-labeled samples were compared by subtracting spectra of segmentally labeled 

samples from spectra of a uniformly labeled sample. This subtraction was done with the 

addNMR command in NMRpipe, including scale factors that were adjusted to account for 

differences in sample quantities and total measurement times.

3D NCACX and 3D NCOCX spectra of segmentally-labeled CA assemblies were also 

obtained at 1H NMR frequencies of 746.05 MHz and 599.09 MHz. Data at the lower 

frequency were acquired with a Varian InfinityPlus spectrometer, an Oxford Instruments 

14.1 T magnet, and a Varian 3.2 mm BioMAS probe. Experimental details are given in Table 

S1.

Results

In vitro trans-splicing for preparation of segmentally labeled HIV-1 CA assemblies

The objective of this work was to prepare tubular HIV-1 CA assemblies (which are known to 

contain the same triangular lattice of CA hexagons as conical capsids within mature 

HIV-113,14) with segmental labeling of either their NTD or their CTD segments, and without 
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introducing significant chemical or structural differences from wild-type CA assemblies. 

Intein-based trans-splicing techniques have been used previously for this purpose36,38,70. 

Cysteine is required as the first residue of the C-terminal extein because of its efficient 

involvement in the protein trans-thioesterification and acyl transfer reactions during trans-

splicing71,72. HIV-1 CA contains only two native cysteines (C198 and C218), which are 

involved in intramolecular disulfide bond formation in the CTD. The location and 

importance in domain structure of these cysteines make them inappropriate for use as 

splicing sites. Accordingly, a serine-to-cysteine substitution was planned to create the 

splicing site, with serine chosen because it differs from cysteine by only one atom. The 

linker segment of HIV-1 CA, between NTD and CTD segments, was chosen as a desirable 

segment for the splicing site to minimize the chance of adverse effects on protein structure 

and function, even considering the importance of linker region in viral core assembly and 

stability73. The linker segment contains two serine residues, S146 and S149. S149C has 

been reported to be a viable CA mutant74, suggesting that cysteine substitution at residue 

149 does not interfere with CA lattice formation. S146 was disfavored as a substitution site 

on the grounds that P147 would become the +2 residue of the C-terminal extein and that 

proline at this position may not be favorable for the splicing reaction.

Consequently, HIV-1 CA was divided into two parts, namely (i) NTD plus linker residues up 

to T148 and (ii) C149 to the C-terminus of CTD. As shown in Fig. 1B, the NTD-containing 

part of CA was fused with the first 105 residues of Npu DnaE intein (NTD-intein fusion), 

while the C-terminal 35 amino acids of Npu DnaE were fused with the CTD-containing part 

of CA (CTD-intein fusion). The fusion proteins were purified from inclusion bodies with 

high yield. Approximately 290 mg of the NTD-intein fusion protein was obtained per liter of 

LB medium, and approximately 100 mg per liter of minimal medium. Approximately 120 

mg of the CTD-intein fusion protein was obtained per liter of LB medium, and 

approximately 105 mg per liter of minimal medium. (For comparison, 46 mg of full-length 

HIV-1 CA was obtained per liter of minimal medium, indicating that higher expression in 

inclusion bodies was obtained with the intein fusions.) Figs. 2A and 2B show SDS-PAGE 

analyses of the over-expression profiles for the two fusion proteins. The trans-splicing 

activity of the intein was restored by dialyzing the ligation mixture against buffer with a 

lower denaturant concentration36. Progress of the trans-splicing reaction was regularly 

monitored by SDS-PAGE and reverse-phase HPLC. After 40–42 h of incubation at room 

temperature, the precursor fusion proteins and ligated product remained soluble in the 

ligation mixture, with some precipitation of the N-terminal and C-terminal intein fragments 

(Fig. 2C, lane 4). The ligated product was readily separable from other components of the 

ligation mixture by Ni-NTA bead-based purification (Fig. 2C, lanes 2 and 3). Approximately 

28 mg of the ligated product (1.1 μmol) was obtained from a total of 64 mg of the two fusion 

proteins in an equimolar mixture (1.5 μmol each), corresponding to a yield of approximately 

72%.

Segmentally labeled HIV-1 CA samples were prepared by expressing either the NTD-intein 

or the CTD-intein fusion protein in labeled minimal media. Figs. 2D and 2E show reverse-

phase HPLC analyses of the segmentally labeled ligation mixtures after incubation for 40 hr. 

The HPLC profiles indicate the high conversion rate from precursors to product protein. 

Mass spectra confirm the successful preparation of segmentally labeled HIV-1 CA (insets to 
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Figs. 2D and 2E). Segmentally labeled HIV-1 CA assemblies with tubular morphology were 

then prepared by spontaneous self-assembly of the CA monomers upon addition of 0.8 M 

NaCl to the protein solution at pH 8.0. TEM images of the CA tubes with negative staining 

are shown in Fig. 3. The overall appearance and dimensions of segmentally labeled and 

wild-type CA tubes were similar. A minor component of CA assemblies with cone-like 

morphologies was also observed, especially in the NTD-labeled CA sample (e.g., Fig. 3B, 

right-hand panel).

Solid state NMR of segmentally labeled HIV-1 CA assemblies

Tubular CA assemblies prepared from both uniformly labeled and segmentally labeled 

samples were washed 3–4 times with Tris buffer (pH 8.0, 1.0 or 0.8 M NaCl). CA tubes 

were then pelleted directly into 3.2 mm MAS NMR rotors. 2D solid state NMR spectra were 

recorded to indicate the sample quality (i.e., labeling efficiency, structural homogeneity) and 

to compare the spectral complexity of uniformly and segmentally labeled CA assemblies. 

Figs. 4, 5, and 6 show the 2D 13C-13C, NCACX, and NCOCX spectra of CTD-labeled and 

NTD-labeled assemblies (panels A and B, respectively), as well as 2D difference spectra in 

which spectra of segmentally labeled assemblies were subtracted from spectra of uniformly 

labeled assemblies (panels C and D). In general, 2D spectra of the CTD-labeled assemblies 

are different from 2D spectra of NTD-labeled assemblies, as expected. Significantly, 2D 

spectra of the CTD-labeled assemblies closely resemble 2D difference spectra obtained by 

subtracting spectra of NTD-labeled assemblies from spectra of uniformly labeled 

assemblies. This observation shows that segmentally labeled CA tubes have the same 

molecular structure and level of structural order as uniformly labeled CA tubes, despite the 

S149C substitution required for intein trans-splicing and minor differences in optimal 

assembly conditions.

For comparison, 2D spectra of uniformly labeled CA assemblies (which were used to 

generate the difference spectra in Figs. 4–6) are shown in Figs. S1–S3 of Supporting 

Information. As expected, 2D spectra of segmentally labeled assemblies are less congested 

than 2D spectra of uniformly labeled assemblies, especially for CTD-labeled assemblies, 

which are labeled at approximately one third of the roughly 186 residues that contribute to 

solid state NMR signals from uniformly labeled assemblies24. Figs. S1–S3 also show one-

dimensional (1D) slices from all 2D spectra and 2D difference spectra.

The S149C substitution does produce certain differences in the spectra, most prominently 

the absence of S149 signals and presence of signals from C149 or C198 (ambiguous 

assignment) in the 2D 13C-13C spectrum of CTD-labeled assemblies (green and red arrows 

in Figs. 4A and 4C, blue arrows in Figs. 5A and 5C). The fact that segmentally labeled 

assemblies were prepared under reducing conditions, whereas uniformly labeled assemblies 

were prepared under oxidizing conditions, leads to a shift in the well-resolved NCACX 

signals from C218 (blue arrows in Figs. 5A and 5C). Minor chemical shift perturbations at 

other sites arising from the S149C substitution and the use of reducing conditions probably 

contribute to differences in the 1D slices in Figs. S1–S3.

From a preliminary analysis of 3D NCACX and NCOCX spectra of the NTD-labeled and 

CTD-labeled assemblies (Table S2 and Figs. S4–S6), it was possible to obtain chemical shift 
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assignments for nine residues that lacked unambiguous assignments in earlier work by 

Bayro et al.24 Newly assigned signals are relatively weak, for the most part, arising from 

residues in inter-helical loops (G106, E175) or near the ends of helical segments (I141, 

V142, S146, R173, A174, E212, E213), which may be partially disordered in these 

noncrystalline assemblies.

Discussion

Information obtained in previous solid state NMR studies of HIV-1 CA assemblies using 

fully labeled CA has been limited by spectral congestion and associated ambiguities in 

signal assignments. Results presented above demonstrate an efficient method for preparation 

of segmentally labeled CA. The high expression level of the intein fusion proteins, high 

yield of ligated HIV-1 CA, and minimal modification in the native sequence make this 

strategy suitable for solid state NMR studies. NMR linewidths in spectra of segmentally 

labeled samples are indistinguishable from linewidths in spectra of uniformly labeled 

samples (Figs. 4–5 and S1–S3). There is a significant reduction in spectral congestion, 

especially in case of CTD-labeled CA assemblies. Further reductions in line widths and 

spectral congestion can be obtained by combining this ligation technique with specific 

amino acid labeling or sparse labeling schemes. A similar ligation approach can in principle 

be used to prepare segmentally labeled samples of the HIV-1 Gag polyprotein for studies of 

the immature HIV-1 protein lattice27,75,76.

The high yield of segmentally labeled CA obtained in this work may be attributed to the 

following factors: (i) Expression levels of the NTD-intein and CTD-intein fusion proteins 

from the inclusion bodies were high (approximately 290 mg/l and 124 mg/l, respectively), so 

that adequate material was available for optimization of the trans-splicing reaction and for 

subsequent production of samples for solid state NMR; (ii) The stability of the fusion 

proteins and ligated HIV-1 CA during the long reaction time (40–42 h) at room temperature 

allowed the trans-splicing reaction to proceed to near completion (approximately 72% of the 

theoretical yield). Recent developments in intein engineering may accelerate the trans-

splicing reaction and improve the final yield of ligated product77; (iii) Implementation of 

His6 tags on the C-terminus of the NTD-intein fusion protein and the N-terminus of the 

CTD-intein fusion protein segment allowed a single-step separation of the ligated CA 

product from the unligated precursor proteins and the cleaved intein segments, thereby 

minimizing product loss in the purification process; (iv) The HIV-1 CA protein refolds 

readily from urea-denatured components, leading to only minor losses from misfolding or 

amorphous aggregation during the trans-splicing, purification, refolding, and self-assembly 

steps.

Together with other recent demonstrations of segmental labeling36–39, results presented 

above indicate that intein-based methods have the potential to expand the applicability of 

solid state NMR to high-molecular-weight protein assemblies, by allowing the NMR 

measurements to focus on protein segments that are of particular interest or by allowing 

different segments within a protein to be labeled in complementary ways that facilitate 

signal assignments or the detection of intramolecular or intermolecular contacts. Segmental 

labeling approaches may also be of particular interest in low-temperature solid state NMR 
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studies, including studies that employ dynamic nuclear polarization, where inhomogeneous 

broadening of solid state NMR lines often interferes with the interpretation of 

multidimensional spectra of fully labeled proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) HIV-1 CA sequence, with secondary structure elements indicated above the sequence. 

The splicing site is at the NTD-CTD linker region, highlighted in green. A cartoon 

representation of the CA monomer structure (Protein Data Bank file 4XFX) shows the 

eleven helical segments (H1–H7 of NTD, H8–H11 of CTD), the cyclophilin A binding loop 

(CypA-BL), and a 310 helix immediately after the linker segment between NTD and CTD. 

(B) Schematic representation of the plasmid design and the purification strategy for the 

preparation of segmentally labeled HIV-1 CA. In this case, the CTD segment would be 

labeled.
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Figure 2. 
(A) SDS-PAGE analysis of the cell lysate from overexpresssion of the CTD-intein fusion 

protein. Lane 1 contains molecular weight markers. Lanes 2–4 contain decreasing quantities 

of the lysate. The band near 15 kDa is the CTD-intein fusion protein. Gels were stained 

using Imperial protein stain from ThermoFisher Scientific. (B) Same as panel A, but for the 

NTD-intein fusion protein, which is the band near 30 kDa. (C) SDS-PAGE analysis of the 

ligation mixture after 40 h of incubation (lane 4) and the purified ligation product (lanes 2 

and 3). Bands marked a–e are the NTD-intein fusion protein, ligated HIV-1 CA, the CTD-

intein fusion protein, the N-terminal intein segment of Npu DnaE, and the C-terminal intein 

segment, respectively. (D) Reverse phase HPLC chromatogram of the ligation mixture after 

40 h of incubation to produce full-length CA with a uniformly 15N,13C-labeled NTD 

segment. UV absorption peaks (280 nm) marked a–e are the C-terminal intein segment, the 

CTD-intein fusion protein, the N-terminal intein segment, the ligated CA product, and the 

NTD-intein fusion protein, respectively. The inset shows the mass spectrum of peak d, after 

deconvolution of multi-charged mass data from electrospray ionization. (E) Same as panel 

D, but for production of full-length CA with a uniformly 15N,13C-labeled CTD segment.
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Figure 3. 
Characterization of the HIV-1 CA assemblies by TEM. Rows A–C are images of negatively 

stained tubular assemblies formed by CTD-labeled CA, NTD-labeled CA, and uniformly 

labeled CA, respectively.

Gupta and Tycko Page 17

J Biomol NMR. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(A,B) Aliphatic regions of 2D solid state 13C-13C NMR spectra of CTD-labeled CA 

assemblies and NTD-labeled CA assemblies, respectively. Color-coded rectangles indicate 

regions where clear differences in crosspeak patterns are observed. (C) 2D spectrum 

obtained by subtracting the spectrum of NTD-labeled CA assemblies from that of fully-

labeled CA assemblies. (D) 2D spectrum obtained by subtracting the spectrum of CTD-

labeled CA assemblies from that of fully-labeled CA assemblies. Green arrows in panels A 

and C indicate a crosspeak from S149 that is present in panel C but absent from panel A, due 

to the S149C substitution in the segmentally labeled samples. Red arrows indicate a 

crosspeak from C149 or C198 that is present in panel A but absent from panel C. Contour 

levels increase by successive factors of 1.7.
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Figure 5. 
Same as Fig. 4, but for 2D NCACX spectra of segmentally and fully labeled HIV-1 CA 

assemblies. Arrows in panels A and C indicate crosspeaks from C218 that are shifted due to 

the difference in C198-C218 disulfide formation in the segmentally labeled and fully labeled 

samples, resulting from reducing conditions maintained during CA self-assembly. Contour 

levels increase by successive factors of 1.5.
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Figure 6. 
Same as Fig. 4, but for 2D NCOCX spectra of segmentally and fully labeled HIV-1 CA 

assemblies. Contour levels increase by successive factors of 1.5.
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