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Abstract: The wild-type HIV-1 capsid protein (CA) self-assembles in vitro into tubular structures at

high ionic strength. We report solid state nuclear magnetic resonance (NMR) and electron

microscopy measurements on these tubular CA assemblies, which are believed to contain a
triangular lattice of hexameric CA proteins that is similar or identical to the lattice of capsids in

intact HIV-1. Mass-per-length values of CA assemblies determined by dark-field transmission

electron microscopy indicate a variety of structures, ranging from single-wall tubes to multiwall
tubes that approximate solid rods. Two-dimensional (2D) solid state 13CA13C and 15NA13C NMR

spectra of uniformly 15N,13C-labeled CA assemblies are highly congested, as expected for a 25.6

kDa protein in which nearly the entire amino acid sequence is immobilized. Solid state NMR
spectra of partially labeled CA assemblies, expressed in 1,3-13C2-glycerol medium, are better

resolved, allowing the identification of individual signals with line widths below 1 ppm. Comparison

of crosspeak patterns in the experimental 2D spectra with simulated patterns based on solution
NMR chemical shifts of the individual N-terminal (NTD) and C-terminal (CTD) domains indicates

that NTD and CTD retain their individual structures upon self-assembly of full-length CA into tubes.

2D 1H-13C NMR spectra of CA assemblies recorded under solution NMR conditions show relatively
few signals, primarily from segments that link the a-helices of NTD and CTD and from the N- and

C-terminal ends. Taken together, the data support the idea that CA assemblies contain a highly

ordered 2D protein lattice in which the NTD and CTD structures are retained and largely
immobilized.
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Introduction
The genomic material of the HIV-1 virus is con-

tained within a conical capsid shell constructed from

�1500 copies of the capsid protein (CA).1 The capsid

is believed to be formed by a triangular lattice of CA

hexamers, with 12 CA pentamers unevenly distrib-

uted at the two ends of the cone to produce a closed

shell.2 Although much progress has been made

toward understanding the structure, stability, and

assembly of the HIV-1 capsid, through electron
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microscopy,3–10 X-ray crystallography,11–20 solution

nuclear magnetic resonance (NMR),13,21–27 and vari-

ous biophysical techniques,28–40 substantial questions

remain regarding the details of intermolecular inter-

actions within and between CA hexamers, the struc-

tural variations that permit CA to form both hexam-

ers and pentamers, the driving force for curvature

and closure of the CA lattice, and the mechanism and

pathway for CA self-assembly. In principle, modern

solid state NMR techniques, which can provide site-

specific molecular-level structural information about

noncrystalline protein assemblies,41–49 can contribute

to the resolution of these questions. To our knowl-

edge, data reported below represent the first solid

state NMR data for retroviral capsid assemblies.

In solution, CA contains globular N-terminal

(NTD, residues 1–145) and C-terminal (CTD, resi-

dues 150–231) domains that are connected by a short

linker (residues 146–149). High-resolution structures

of NTD and CTD have been determined by solution

NMR and X-ray crystallography.15–24,27,50 In these

structures, NTD contains seven a-helical segments,

plus a b-hairpin in the first 12 residues. CTD con-

tains four a-helical segments, plus a single-turn 310

helix in the first 4 residues. In solution, NTD exists

as a monomer under typical experimental conditions,

whereas CTD exists as a dimer.16,18,51 Monomeric

CTD can be generated by mutation of certain resi-

dues in the dimer interface.21,23

Recombinant wild-type CA self-assembles spon-

taneously into tubular structures at high ionic

strength in vitro,2,3,32,37,40 or in the presence of

crowding agents.29 Tubular CA assemblies are

believed to be constructed from the same underlying

hexamer lattice as the capsids of intact HIV-1, as sup-

ported by electron microscopy.3 The R18L mutant of

CA has been shown to form highly ordered, planar

two-dimensional hexamer lattices that produce high-

quality electron diffraction data.4 By fitting the NTD

and CTD structures to the density map obtained from

the electron diffraction data, Ganser-Pornillos et al.

generated a model for the CA hexamer lattice in

which the locations and orientations of the two

domains and their 11 a-helices were specified.4 More

recently, Pornillos et al. have reported X-ray crystal

structures of engineered CA hexamers, created by

introduction of cysteine substitions (A14C and E45C)

and disulfide crosslinking or by fusion to the hex-

amer-forming CcmK4 protein.11 Mutations were also

introduced on the CTD dimerization surface to pre-

vent noncrystalline aggregation. These crystal struc-

tures and the electron diffraction model are in good

agreement, showing that helices 1, 2, and 3 of NTD

form the hexamer core, that contacts between hexam-

ers involve helix 9 of CTD, and that NTD-CTD con-

tacts are primarily intermolecular, involving helices 3,

4, and 7 of NTD and helices 8 and 11 of CTD within a

hexamer.

In this article, we describe electron microscopy

and solid state NMR measurements on tubular

assemblies of full-length, wild-type HIV-1 CA. Trans-

mission electron microscope (TEM) images of nega-

tively stained CA assemblies are in good agreement

with earlier results.11 Dark-field images obtained in

a tilted-beam (TB-TEM) mode allow mass densities

of individual assemblies to be quantified,52 revealing

that CA assemblies range from single-walled tubes

to nearly solid, multiwalled rods. Two-dimensional

(2D) NMR spectra allow assessment of structural

order and molecular motions within the CA assem-

blies. Spectra obtained with solid state NMR meth-

ods show that the majority of sites in both NTD and

CTD are immobilized in the tubular CA assemblies,

and support the idea that the two domains retain

their individual structures in full-length CA assem-

blies. A relatively small number of sites have signifi-

cant mobility and contribute to spectra obtained

under conditions appropriate for solution NMR

measurements. These sites can be assigned to seg-

ments that link the a-helices of NTD and CTD and

to the extreme N- and C-terminal segments.

Results

Characterization of CA assembly morphology

and mass-per-length

After adjustment to high ionic strength conditions,

wild-type CA spontaneously self-assembles into tu-

bular structures of various diameters as previously

reported.2,3,32,37,40 In our hands, self-assembly

begins within 5 min at 120 lM protein concentra-

tion, 1.0M NaCl, pH 8.0, and room temperature.

Tubes exceeding 1 lm in length are observed after

24 h. Figure 1(A) shows a TEM image of negatively

stained CA assemblies, with diameters ranging from

25 to 100 nm. Additional images are shown in the

Supporting Information (Fig. S1). These assemblies

are generally believed to be constructed by wrapping

of a 2D triangular lattice of CA hexamers into tubes

with various diameters and helicities,3 in analogy to

the formation of carbon nanotubes from graphene

sheets.53

We have recently demonstrated that mass-per-

length (MPL) values of protein filaments can be

determined from quantitative analyses of the inten-

sities in dark-field images of unstained samples

obtained in the tilted-beam mode of a conventional

TEM.52 In this dark-field TB-TEM mode, the inte-

grated image intensity of an object is proportional to

its mass density and thickness.54 By using co-

adsorbed tobacco mosaic virus (TMV) as an internal

calibration standard with known MPL, equal to 131

kDa/nm,55 the MPL of a protein assembly can be

determined on a single particle basis, providing

long-range structural constraints. Figure 1(B) shows

a TB-TEM image of unstained CA assemblies with
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co-adsorbed TMV. Additional TB-TEM images are

shown in the Supporting Information (Fig. S1).

CA assemblies with various diameters are

clearly visible in the TB-TEM images, and they ex-

hibit obvious variations in brightness. For example,

the assembly I in Figure 1(B) exhibits a much

higher intensity than the assembly II. The cross sec-

tional intensity distributions of these two assemblies

are plotted in Figure 1(D). Interestingly, the inten-

sity for assembly II is almost constant across its di-

ameter, whereas that of assembly I can be fitted

with a sinusoidal function. Apparently, assembly II

is a hollow tube formed by a single CA layer, flat-

tened upon drying in the vacuum of the TEM sam-

ple chamber (or after adsorption to the carbon film

of the TEM sample grid), whereas I is a multiwalled

tube. When projected onto the plane of the TEM

grid, a flattened, single-walled tube would have a

constant mass-per-area across its diameter, whereas

a multiwalled, rod-like tube would have a sinusoi-

dally varying mass-per-area across its diameter.

Figure 1(C) plots MPL values of individual as-

semblies against their widths in the TB-TEM

images. The MPL of assembly II is close to the calcu-

lated value for a single-walled tube, assumed to be

constructed from a triangular lattice of CA hexamers

with lattice spacings taken from the electron diffrac-

tion results of Ganser-Pornillos et al.4 and assumed

to be flattened on the TEM grid. The MPL of assem-

bly I lies between the calculated limits of a single-

walled tube and a solid cylinder [dashed and solid

lines in Fig. 1(D), respectively]. MPL values of all

observed assemblies lie between these two limits,

indicating that tubular CA assemblies range from

single-walled tubes to nearly solid protein cylinders

(after drying).

Solid state NMR of uniformly labeled and

partially labeled CA assemblies

Figure 2 shows two-dimensional (2D) 13CA13C and
15NA13C NMR correlation spectra of uniformly
15N,13C-labeled CA assemblies, recorded under

Figure 1. Electron microscopy of tubular HIV-1 CA assemblies. (A) Conventional bright-field image of a negatively stained

sample. (B) Dark-field image of an unstained sample with coadsorbed TMV rods, obtained in tilted-beam mode. CA assembly

I has a relatively high mass density and is presumably a multiwalled tube. CA assembly II has a lower mass density and is

presumably a single-walled tube. (C) Mass-per-length values of individual CA assemblies, plotted against their widths in dark-

field images. MPL values were calibrated by TMV rod intensities. Error bars are the root-mean-squared deviation along the

length of a single CA assembly. Data points corresponding to multiwalled and single-walled tubes in panel B are indicated.

Solid and dashed lines are calculated dependences of MPL on tube width for solid protein rods and single-walled tubes,

respectively. (D) Cross sectional intensity profiles of the two CA assemblies in panel B, supporting our interpretation that

HIV-1 CA forms both multiwalled and single-walled tubes.
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conditions where only immobilized residues (i.e.,

rigid protein segments within the tubular assem-

blies) contribute to the NMR signals. These condi-

tions include Hartmann-Hahn 1HA13C, 1HA15N,

and/or 15NA13C cross-polarization driven by nuclear

magnetic dipole–dipole couplings,56 high-power 1H

decoupling during t1 and t2 periods, magic-angle

spinning (MAS), and 13CA13C dipolar recoupling by

radio-frequency (rf) pulses synchronized with

MAS.57,58 Strong signals are observed, indicating

that most of CA is immobilized. Because of the rela-

tively high molecular weight (25.6 kDa), crosspeak

signals seriously overlap in both spectra, preventing

any specific interpretation of most signals. A small

number of resolved crosspeaks attributable to single

residues are seen in the 2D 13CA13C spectrum [Fig.

2(A)]. The crosspeak at 10.0 ppm/29.7 ppm can be

assigned as the Cd1ACc1 crosspeak of an isoleucine

residue. For this crosspeak, the linewidth (full width

at half maximum) is 0.7 ppm, consistent with a high

degree of molecular conformational order. The sharp-

est features in the 2D 15NA13C spectrum have 15N

linewidths of �2.5 ppm, but these features do not

necessarily arise from single residues. Rf pulse

sequences for 2D 13CA13C and 15NA13C spectroscopy

are shown in Supporting Information (Fig. S2).

To reduce spectral congestion, the CA protein

was prepared with partial 13C labeling by expression

on a medium that contained 1,3-13C2-glycerol as the

sole carbon source. Labeling with 1,3-13C2-glycerol

has been shown previously to facilitate resonance

assignments and extraction of structural constraints

in solid state NMR studies of various protein sys-

tems.59 As shown in Figure 3(A), the 2D 13CA13C

spectrum of the partially 13C-labeled sample shows

somewhat better resolution than the corresponding

spectrum of the uniformly labeled sample [Fig. 2(A)].
13C NMR linewidths of roughly 0.5 ppm are

observed for several isolated crosspeaks, including

isoleucine Ca/Cc2 and Cc1/Cd crosspeaks, threonine

Ca/Cc crosspeaks, and asparagine Ca/Cb crosspeaks

(assignments based on typical chemical shift

ranges). Linewidths of roughly 1.0 ppm are observed

for alanine Ca/Cb crosspeaks, isoleucine Ca/Cc1 cross-

peaks, proline Cc/Cd crosspeaks, aspartate Ca/Cb

crosspeaks, and other asparagine Ca/Cb crosspeaks.

Detailed chemical shift assignments are not pos-

sible from the 2D spectrum in Figure 3(A) alone, of

course. However, a qualitative comparison with the

chemical shifts of NTD and CTD determined by so-

lution NMR23,27 can be performed. In Figure 3(B), a

simulated 2D 13CA13C spectrum is overlaid with the

Figure 2. 2D 13CA13C (A) and 15NA13C (B) solid state NMR correlation spectra for uniformly 15N,13C-labeled tubular CA

assemblies. Spectra were acquired as described in the text. For the 2D 13C-13C spectrum, Gaussian line broadening of 30 Hz

(0.20 ppm) and 50 Hz (0.33 ppm) was applied to the x2 and x1 dimension, respectively. The 1D slice below the 2D spectrum

passes through the Cc1/Cd cross peak of a single isoleucine at 29.73 ppm. For the 2D 15NA13C spectrum, no line broadening

was applied. Vertical and horizontal 1D slices in solid and dashed lines are extracted at indicated 13C and 15N frequencies.
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experimental spectrum, assuming crosspeaks only

between the solution NMR chemical shifts of directly

bonded 13C sites and assuming the ideal residue-spe-

cific labeling patterns expected when 1,3-13C2-glyc-

erol is the sole carbon source.59 Crosspeaks in the

simulated 2D spectrum are assumed to have Gaus-

sian shapes with 0.5 ppm linewidths. The resem-

blance between simulated and experimental cross-

peak patterns is quite good in the regions of the 2D

spectrum where signals overlap strongly. Site-spe-

cific assignments can be made for several crosspeaks

[black lettering in Fig. 3(B)], based on agreement

with solution NMR assignments. For these assigned

crosspeaks, chemical shifts in the solid state NMR

spectrum agree with the solution NMR chemical

shifts to within a root-mean-squared difference of

0.57 ppm. These results demonstrate that the sec-

ondary and tertiary structures of CTD and NTD are

largely retained in the full-length CA assemblies.

Certain signals in the experimental 2D spec-

trum are absent from the simulated spectra. These

fall into two categories. Crosspeaks indicated by

green lettering in Figure 3(B) are two-bond cross-

peaks, due to two-bond 13C polarization transfers in

the experiments that are not considered in the simu-

lations. Crosspeaks indicated by magenta lettering

in Figure 3(B) are attributable to signals from sites

that should not be 13C-labeled, according to the ideal

Figure 3. 2D 13CA13C solid state NMR correlation spectrum of 1,3-13C2-glycerol-labeled tubular CA assemblies. (A)

Experimental spectrum, acquired as described in the text. Gaussian line broadening of 30 Hz (0.20 ppm) and 50 Hz (0.33

ppm) was applied to the horizontal and vertical dimension, respectively. The 1D slice below the 2D spectrum passes through

the Cc1/Cd cross peak of a single isoleucine at 29.73 ppm, as in Fig. 2. Spectral resolution is improved significantly by partial
13C-labeling. (B) Simulated 2D spectrum in red, generated from chemical shifts observed in solution NMR spectra of NTD and

CTD, overlaid on the experimental spectrum. The simulated spectrum assumes an ideal 1,3-13C2-glycerol labeling pattern and

includes only one-bond crosspeaks. Additional crosspeaks in the experimental spectrum due to two-bond polarization

transfers and nonideal labeling are indicated by green and purple labels, respectively. Well-resolved crosspeaks that can be

assigned by comparison with solution NMR chemical shifts are indicated by black labels. The only simulated crosspeak that

does not appear in the experimental spectrum is indicated in blue. (C) Typical example of a simulated spectrum generated

with randomly chosen chemical shift values for the same residue in the Biological Magnetic Resonance Data Bank, overlaid

on the experimental spectrum. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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1,3-13C2-glycerol labeling pattern.59 Comparison of

the intensities of these crosspeaks in Figure 3 with

the corresponding intensities in Figure 2 indicates

that 13C enrichment of these sites is roughly 10–

20%. Deviations from the ideal 1,3-13C2-glycerol

labeling pattern may be due to the long period

(12 h) of CA expression (see Materials and Methods),

which we used to ensure a high yield of CA, or to

contributions from unanticipated metabolic path-

ways during protein expression.

To test the sensitivity of the 2D 13CA13C cross-

peak patterns to variations in protein structure, we

also constructed simulated spectra in which chemi-

cal shift values for each amino acid in CA were ran-

domly chosen from entries in the Biological Mag-

netic Resonance Data Bank (BMRB) for the same

amino acid. Agreement with the experimental 2D
13CA13C spectrum was always substantially worse.

One example is shown in Figure 3(C), where both

the isolated crosspeaks and the regions of overlap-

ping crosspeaks are obviously different in the simu-

lated and experimental spectra. As a further test,

Figure 4 shows simulated 2D spectra in which pro-

gressive deviations from 60.25 ppm to 61.5 ppm

were added to the solution NMR chemical shifts of

NTD and CTD. The deviations from the chemical

shifts of the two domains were chosen randomly

within the specified range as input for the spectral

simulation. The Ca/Cb and Cb/Cc crosspeaks of threo-

nines and the Cc1/Cd crosspeaks of isoleucines are

most sensitive to the chemical shift variations. The

particular pattern of threonine Cb/Cc crosspeaks

observed in the experimental spectrum is washed

out even with 60.25 ppm deviations.

Spectral simplification by

double-quantum filtering
Partial labeling with 1,3-13C2-glycerol improves spec-

tral resolution, as shown in Figure 3, but still does

not permit direct chemical shift assignment. For cer-

tain residues (i.e., glycine, alanine, serine, cysteine,

leucine, valine, and nonaromatic sites of

Figure 4. Simulated 2D 13CA13C solid state NMR spectra as in Fig. 3B, but with progressive deviations of chemical shifts

from solution NMR values. Deviations for each carbon site were introduced as random values within 60.25, 60.50, 61.00,

and 61.50 ppm ranges for panels A, B, C, and D, respectively.
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phenylalanine and tyrosine), the 1,3-13C2-glycerol

labeling pattern results in 13C nuclei that are sepa-

rated by at least two bonds from all other 13C

nuclei.59 Signals from such nuclei can be suppressed

by double-quantum (DQ) filtering, using experimen-

tal conditions that excite DQ coherences only

between directly bonded 13C pairs, thereby select-

ing signals that arise only from such 13C pairs.

This approach should simplify the solid state NMR

spectra considerably.

Figure 5 shows a 2D 13CA13C spectrum of par-

tially labeled CA assemblies, obtained with a pulse

sequence that prepares DQ coherences within

directly bonded 13C pairs for evolution in the t1 pe-

riod, converts the DQ coherences to single-spin 13C

polarization, allows the 13C polarization to transfer

to nearby 13C spins (�5 Å maximum distance) dur-

ing a spin diffusion period, and then excites single-

quantum (SQ) signals during the t2 period. The spec-

trum therefore correlates the DQ frequencies of each

Figure 5. 2D DQ/SQ solid state 13C NMR spectrum of 1,3-13C2-glycerol-labeled tubular CA assemblies, acquired as

described in the text. Gaussian line broadening of 75 Hz (0.50 ppm) and 90 Hz (0.60 ppm) was applied to the x2 and x1

dimension, respectively. Crosspeak assignments were determined by comparison with solution NMR chemical shifts for NTD

and CTD. Additional assignments are shown in Supporting Information, Figure S3. Intraresidue crosspeaks are labeled in red

(within 0.5 ppm of solution NMR shifts) and blue (within 1.0 ppm of solution NMR shifts). Sequential interresidue crosspeaks

are labeled in green. 1D slices extracted at the indicated DQ 13C NMR frequencies are shown below the 2D spectrum, with

DQ-correlated pairs of peaks marked with red dashed lines. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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directly bonded 13C pair (equal to the sum of their

two SQ NMR frequencies) with the SQ frequencies

within the pair and with SQ frequencies of nearby
13C nuclei. The rf pulse sequence is shown in Sup-

porting Information (Fig. S2).

By comparing DQ/SQ crosspeaks in Figure 5

with solution NMR chemical shifts for NTD and

CTD,23,27 111 crosspeaks were found to have unique

assignments (see Table S1 of Supporting Infor-

mation). Deviations of SQ 13C NMR frequencies

from the solution NMR chemical shift values were

less than 0.5 ppm for 80 of these crosspeaks and less

than 1.0 ppm for 16 crosspeaks. An additional 15

crosspeaks had deviations greater 1.0 ppm in the SQ

dimension, but were assigned to specific sites either

because they were uniquely correlated (through spin

diffusion) with an assigned pair of DQ/SQ cross-

peaks or because they were uniquely correlated

(through DQ excitation) with a crosspeak with a

smaller deviation and a unique assignment. For

clarity, only a subset of these assignments is shown

in Figure 5. Full assignments are shown in Support-

ing Information (Fig. S3). Assignments with green

lettering in Figure 5 are sequential assignments, in

which the DQ frequency of a 13C pair in one residue

is correlated through spin diffusion with the SQ fre-

quency of a 13C site in an adjacent residue. Such

crosspeaks result from the spin diffusion period

between the t1 and t2 periods in the rf pulse

sequence. Signals from 42 different residues were

assigned, including 27 residues in NTD and 15 resi-

dues in CTD. Most of these are in a-helical segments

or within one residue of the end of an a-helix, but

signals assigned to residues 5, 13, 90, 91, 95, 96,

108, 152, and 158 are also observed.

All assignments in Figure 5 can be considered

tentative, in that they are based on comparisons

with reported solution NMR chemical shifts. The

high molecular weight of CA precludes direct se-

quential assignment by 2D and 3D solid state NMR

techniques that have been applied to smaller pro-

teins,43,59–63 for reasons of both resolution and sensi-

tivity. Nonetheless, the good agreement between

observed and expected crosspeak positions for a

large number of crosspeaks indicates that the NTD

and CTD structures studied by solution NMR are

largely preserved in the CA assemblies.

Observation of mobile residues within

CA assemblies
To investigate the possible presence of mobile resi-

dues or segments, we performed additional NMR

measurements using experimental conditions under

which NMR signals from immobile residues are sup-

pressed. These conditions include 1HA13C polariza-

tion transfers driven by scalar (rather than dipole–

dipole) couplings and low-power 1H decoupling dur-

ing acquisition of 13C NMR signals, as commonly

used in solution NMR studies. Two types of 2D
1HA13C measurements were performed with 13C

detection, namely 2D INEPT64,65 and a variant of

2D INEPT with an additional period for 1HA1H

polarization transfers through nuclear Overhauser

effects after the t1 period and before scalar-driven
1HA13C polarization transfer (2D NOE-INEPT).

Pulse sequences are shown in the Supporting Infor-

mation (Fig. S2). Figure 6 shows the overlaid 2D

INEPT (blue) and 2D NOE-INEPT (red) spectra.

Compared with the 2D spectrum in Figure 3(A)

(obtained under typical solid state NMR conditions),

relatively few signals are observed in Figure 6. This

indicates that relatively few carbon sites in the tu-

bular CA assemblies have high mobility.

Assignments in Figure 6 were made by compari-

son of observed crosspeak positions with solution 1H

and 13C NMR chemical shifts.23,27 Using the criteria

that (a) the 13C and 1H chemical shifts in Figure 6

must agree to within 0.5 ppm and 0.25 ppm, respec-

tively, with the solution NMR values, (b) the assign-

ments must correspond to residues that are not in a-

helical segments (unless they are sidechain signals),

and (c) the assigned signals in the 2D INEPT spec-

trum must not also be assigned in the 2D DQ/SQ

spectrum, we found unique assignments for 13 2D

INEPT crosspeaks. With the additional criterion

that (d) the 13C and 1H chemical shifts must agree

to within 1.0 ppm and 0.2 ppm, respectively, with

random coil values,66 we found unique assignments

for an additional 10 crosspeaks (see Table S2 of Sup-

porting Information). This last criterion follows from

our reasoning that highly mobile sites within CA

assemblies should not have persistent conforma-

tional preferences and hence should exhibit chemical

shifts close to the random coil values.

2D NOE-INEPT measurements were performed

with the goal of observing interresidue crosspeaks

that could be used for direct sequential assignment

of the mobile residues. No such crosspeaks were

observed, and signal intensities were generally lower

than in the 2D INEPT measurements. Correlations

with the water 1H signal at 4.6 ppm suggest that

the aliphatic sidechains that contribute to the 2D

NOE-INEPT spectrum are also exposed to solvent.

Figure 7 shows the locations of residues that are

assigned in either the 2D DQ/SQ spectrum (blue resi-

dues) or the 2D INEPT spectrum (red or green resi-

dues, corresponding to signals assigned with criteria

a–c or a–d, respectively). The N-terminal b-hairpin

segment contains both immobile (residues 4 and 5)

and mobile (residues 2 and 10) sites. This is not a par-

adoxical result, because the mobile sites are in side-

chains (Cd of Ile2 and Ce of Met10). Similarly, mobile

sites in helix 1 (Cc of Glu28), helix 3 (Cc of Thr48),

and helix 4 (Ce3 of Trp80) are in sidechains. Sites that

are assigned in the 2D DQ/SQ spectrum occur in

nearly every secondary structure element of CA.
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For Figure 7, atomic coordinates for full-length,

wild-type HIV-1 CA were adapted from Protein Data

Bank file 3GV2 by restoration of wild-type residues

at positions 184 and 185, addition of residues

220–231 with MOLMOL software,67 prediction of

coordinates for missing atoms with VMD software,68

and energy minimization within the TINKER/FFE

program (available at http://dasher.wustl.edu/tinker/).

Optical birefringence of CA assemblies
The long tubular nature of CA assemblies suggests

that, at high concentrations, these assemblies might

form a liquid crystalline phase in which the CA

tubes are locally aligned with one another. Such

alignment may be useful in future solid state NMR

studies that utilize techniques applicable to aligned

samples, for example, as demonstrated by solid state

NMR studies of filamentous bacteriophages.44 To

test this possibility, pelleted CA assemblies were

applied to a glass microscope slide, covered with a

cover slip, and examined with an optical microscope

between crossed polarizers. Figure 8 shows that

domains of concentrated CA assemblies with diame-

ters of several hundred microns are strongly bire-

fringent, presumably due to alignment of CA tubes

within these domains. It remains to be seen whether

alignment of an entire NMR sample can be achieved,

Figure 7. Positions of assigned NMR signals on HIV-1 CA,

from spectra of tubular capsid assemblies in Figures 5 and 6.

(A) Ca trace of HIV-1 CA, with Ca positions of residues with

assigned signals in Figure 5 (i.e., immobile sites) shown in blue

and Ca positions of residues with assigned signals in Figure 6

(i.e., highly mobile sites) shown in red or green. Red and green

colors indicate different assignment criteria, as explained in the

text and shown in Figure 6. (B) Ribbon representation of HIV-1

CA, with residues that have assigned signals shown in blue,

red, or green as in panel A. a-helical segments H1–H11 are

indicated. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Figure 6. 2D 1HA13C INEPT (blue contours) and NOE-INEPT (red contours) spectra of 1,3-13C2-glycerol-labeled tubular CA

assemblies, acquired under conditions that select NMR signals from highly mobile sites as described in the text. Lorentzian

line broadening of 10 Hz was applied in both dimensions. Crosspeak assignments were determined by comparison with

solution NMR chemical shifts for NTD and CTD. Red and green assignments are explained in the text. Panels A, B, and C are

different regions of the same 2D spectra. 1D slices from INEPT (solid line) and NOE-INEPT (dashed line) spectra are shown

below panels A and B, and were taken at positions indicated by horizontal lines in the 2D spectra. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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mechanically or by application of magnetic or elec-

tric fields.

Discussion

The main conclusions to be drawn from the solid

state NMR data described above are that NTD and

CTD of HIV-1 CA retain their individual structures

in tubular CA assemblies, and that nearly the entire

CA protein is immobilized in these assemblies.

These conclusions follow from the close agreement of

solid state 13C NMR chemical shifts in the assem-

blies with NMR chemical shifts for the individual

domains in solution, from the observation that tenta-

tive solid state NMR chemical shift assignments

based on the solution NMR data cover most of NTD

and CTD, and that relatively few NMR signals are

observed from the tubular CA assemblies when solu-

tion NMR conditions are used. These conclusions are

consistent with the results of recent studies of pla-

nar CA assemblies by electron diffraction,4 recent

crystallographic studies of CA hexamers,11 and ear-

lier electron microscopy of CA tubes.3 The solid state

NMR chemical shifts are sensitive to local structural

details and local structural distortions. Thus, the

solid state NMR data are complementary to electron

diffraction and electron microscopy data, which have

been interpreted with the assumption that NTD and

CTD structures are undistorted.3,4 Solid state NMR

measurements were performed on noncrystalline,

self-assembled tubes of wild-type CA, and are there-

fore complementary to crystallographic studies that

involve mutagenesis, crosslinking, or fusion protein

constructs and that examine CA in a three-dimen-

sional crystalline state.11

The relatively sharp 13C NMR lines in solid state

NMR spectra (0.5–1.0 ppm linewidths) indicate that

our CA assemblies are nearly structurally homogene-

ous at the molecular level, despite the variations in

tube diameters and MPL discussed eariler. Similar

linewidths are observed in solid state NMR spectra of

certain amyloid fibrils under similar measurement

conditions,69–72 for example, although sharper lines

are observed in spectra of microcrystalline pro-

teins.60,63 Significantly broader 13C NMR lines (>3

ppm) are typically observed in solid state NMR spec-

tra of highly disordered proteins and peptides.48,73,74

It is worth noting that a tubular assembly cannot be

perfectly structurally homogeneous, because curva-

ture necessarily breaks the perfect translational and

rotational symmetry of an ideal planar triangular lat-

tice of CA hexamers. Curvature generally produces

three sets of structurally inequivalent CA molecules

Figure 8. Optical birefringence of tubular CA assemblies. Assemblies were concentrated to roughly 500 mg/mL by

centrifugation, then deposited on a glass microscope slide, covered with a glass cover slip, and viewed between crossed

polarizers with an Olympus BX50 microscope equipped with a CCD camera. Images were recorded at 0� (A,B) and 45� (C,D)

sample orientations relative to the polarizers. Camera exposure time was adjusted for uniform intensity (A,C) or kept constant

(B,D). Pronounced differences in intensity distributions in panels B and D indicated the formation of birefringent domains of

CA assemblies, presumably reflecting local alignment of tube axes.
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(oriented differently relative to the long axis of the

tube). This symmetry-breaking and variations in tube

diameter probably contribute to the observed NMR

linewidths. If solid state NMR measurements were

performed on planar CA assemblies, as in the electron

diffraction studies,4 sharper lines might be observed.

Previous measurements of nuclear spin relaxa-

tion parameters by solution NMR have provided in-

formation about molecular motions within CTD and

NTD.22,26 Published solution NMR measurements

involve backbone amide signals and are, therefore,

confined to backbone motions, whereas our solid

state NMR measurements involve both backbone

and sidechain signals. Spin relaxation parameters in

solution are also primarily sensitive to motions on

the nanosecond or sub-nanosecond time scales (lim-

ited by the overall molecular tumbling time),

whereas our solid state NMR measurements are sen-

sitive to motions on time scales up to roughly 100 ls

(i.e., the inverse of nuclear magnetic dipole–dipole

coupling strengths). In addition, solution NMR

measurements were performed on the isolated CTD

and NTD in unassembled states, whereas solid state

NMR measurements were performed on full-length

CA in the assembled state. Therefore, exact corre-

spondence between solution NMR data and solid

state NMR results is not expected. Nonetheless, cer-

tain points of agreement can be noted. In the case of

NTD, measurements by Campos-Olivas and

Summers26 show below-average 1HA15N nuclear

Overhauser effects and 15N T2 relaxation rates (i.e.,

enhanced internal backbone motion) in residues 86–

97 and 141–151, and to a lesser extent in residues

1–10. These results may be consistent with our

assignment of signals in 2D INEPT spectra to Cd of

Ile2, Ce of Met10, Cb of Val86, and Cb of Thr148. In

the case of CTD, measurements by Alcaraz et al.22

show below-average 1HA15N nuclear Overhauser

effects and 15N T2 relaxation rates at residues 153,

155, 159, 170, 191, 204–208, and 225. These results

may be consistent with our assignment of signals in

2D INEPT spectra to Ca of Pro207 and to sidechain

sites of Lys227, Arg229, and Leu231.

Finally, solid state NMR studies of CA assem-

blies may be extended in at least several directions:

(1) Formation of closed capsid shells is believed to

require both pentamers and hexamers of CA,

although pentamers have not been directly observed

in structural studies to date. It has been suggested

that structural differences between CA hexamers

and CA pentamers may be localized to intermolecu-

lar NTD-NTD and NTD-CTD interfaces, with mini-

mal differences within the NTD and CTD struc-

tures.11 In principle, solid state NMR measurements

on closed CA assemblies that contain a relatively

large fraction of pentamers, such as relatively small

spherical assemblies that have been reported for the

R18L mutant of CA,4 could provide direct informa-

tion regarding this issue; (2) although the recent

crystal structures of hexameric CA provide high-re-

solution structural information about NTD-NTD

interactions that stabilize the hexamers, high-resolu-

tion information about CTD–CTD interactions that

are believed to drive the assembly of hexamers into

two-dimensional sheets is not available because these

interactions were deliberately disrupted by W184A

and M185A substitutions.11 The resolution of the

structural model of planar CA assemblies derived from

electron diffraction data is not sufficient to reveal side-

chain conformations and sidechain–sidechain interac-

tions.4 Therefore, although crystal structures of di-

meric CTD have been described,16,18 it has not been

established unequivocally that the details of intermo-

lecular interactions involving helix 9 in CTD observed

in these crystal structures are retained in noncrystal-

line assemblies of full-length CA; (3) numerous ques-

tions remain regarding the self-assembly pathways for

CA, both in vitro and within HIV-1. For example, does

the formation of closed CA assemblies (conical or

spherical) or long tubular assemblies proceed in vitro

by the addition of CA dimers to a growing lattice of

hexamers, by aggregation of small lattice fragments

into larger lattices, or by some other mechanism? At

what point does curvature develop? Do nonclosed

structures form first, then anneal to closed structures?

Solid state NMR measurements on freeze-trapped

intermediates in the early stages of self-assembly may

provide answers to these and other questions.

Materials and Methods

Protein expression and purification

Plasmids containing the gene for wild type HIV-1

CA were obtained from the laboratories of Profs. W.

I. Sundquist and M.F. Summers. After amplification,

the plasmids were transformed into Escherichia coli

BL21(DE3) cells for expression. Competent cells

were added into 50 mL 2� YT microbial medium

with 100 lg/mL ampicillin, 34 lg/mL chlorampheni-

col, and 75 lg/mL streptomycin and grown at 37�C

overnight to OD600 �5. Minimal medium (1.5 L)

were prepared by modifying the method described

earlier75–77: 50 mL 30� salt solution (1M Na2H-

PO4�7H2O, 1M KH2PO4, and 100 mM Na2SO4),

300 lL 5000� trace metal solution (100 mM FeCl3,

1M CaCl2, 500 mM MnCl2, 500 mM ZnSO4, 400 mM

CoCl2, 400 mM CuCl2, 400 mM NiCl2, 400 mM

Na2MoO4, 400 mM Na2SeO3, 400 mM H3BO3, 100

mM FeCl3, and 400 mM EDTA), 3 g glucose and

2.25 g NH4Cl, 1.5 mL 2M MgCl2, 1.5 mL 50 mg/mL

thiamine, 20 lL 10 g/100 mL yeast extract. Three lit-

ers of this medium with unlabeled D-glucose, NH4Cl,

and antibiotics were inoculated with the overnight

culture to OD600 ¼ 0.05. The cells were grown to

OD600 �2 at 37�C with 250 RPM shaking and spun

down by 17,700g centrifugation for 20 min. Cell
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pellets were immediately transported into warm

fresh medium with labeled 13C6-D-glucose, 15NH4Cl,

and antibiotics. Protein expression was initiated by

addition of 1 mM IPTG after 20 min of growth in

the fresh medium. The cells were harvested by cen-

trifugation at 17,700g for 20 min after 3 h when

OD600 reached �4. The pellets were stored at �80�C

or purified immediately.

CA was purified with a procedure slightly modi-

fied from a published protocol.2 The harvested cells

were resuspended in 350 mL lysis solution (17.5 mL

0.5M Tris, pH 8.0, 3.5 m. 5M NaCl, 0.175 mL b-mer-

captoethanol (bME), 0.35 mL 0.1M protease inhibi-

tor, and 7 mL 100 mg/mL lysozyme) on ice with stir-

ring for 1 h. The solution was then sonicated

(Branson Sonifier model 250) at duty cycle 40, am-

plitude 4 for 16 min as stirring on ice. The cell de-

bris was spun down by centrifugation at 17,700g for

30 min. The protein was precipitated from the su-

pernatant by addition of (NH4)2SO4 to a final con-

centration of 25% with stirring on ice for 45 min.

The precipitate was collected by centrifugation at

17,700g for 1 h. Pellets were redissolved in 40 mL

Sepharose buffer A (25 mM KMOPS at pH 6.9 with

5 mM bME). The protein solution was then dialyzed

against 4 L Sepharose buffer A overnight, filtered,

and loaded onto a SP Sepharose column. After wash-

ing with 2 columns of Sepharose buffer A, the pro-

tein was eluted at around 40 mL by running a linear

gradient of Sepharose buffer B (25 mM KMOPS at

pH 6.9 with 1M NaCl, and 5 mM bME) over 300

mL. The eluted protein solution was concentrated to

10 mL and loaded onto a Superdex 75 size exclusion

column. CA was eluted at around 60 mL by washing

the column with S75 buffer (10 mM Tris, pH ¼ 8.0,

with 50 mM NaCl and 5 mM bME).

The partially 13C-labeled CA sample was pre-

pared in the same manner, but with 13C6-D-glucose

replaced by 1,3-13C2-glycerol. The protein expression

period in glycerol medium after inducing was

extended to about 12 h to improve yield. The protein

yield for glucose-labeled CA was about 27 mg/L, and

for glycerol-labeled CA was about 30 mg/L.

CA protein assembly

Purified CA was concentrated to about 5 mg/mL by

centrifugal filtration. Assembly was initiated by addi-

tion of NaCl to a final concentration of 1M at room

temperature. After confirmation of tube formation by

TEM images, the CA assemblies were concentrated

by 436,000g centrifugation as gel-like dense pellets

and packed into 3.2 mm diameter thin-walled MAS

rotors for solid state NMR experiments. Each solid

state NMR sample contained �0.6 lmol of CA.

Electron microscopy
To prepare the negatively stained samples, 5 lL of

the CA assembly solution was adsorbed to glow-dis-

charged carbon films on electron microscope grids

(300 mesh copper with lacey carbon support) for

2 min, blotted with filter paper, rinsed twice with

5 lL of deionized water, blotted, stained for 30 s

with 5 lL of 3% uranyl acetate, blotted again, and

dried in air. Images were recorded with an FEI Mor-

gagni TEM operating at 80 keV.

For MPL measurements, unstained samples

were prepared by co-adsorbing 5 lL of the CA as-

sembly solution with 1 lL of TMV solution (0.23 mg/

mL) for 5 min, followed by blotting and drying in

air. Carbon films for MPL measurements were �6

nm thick, estimated from the volume of evaporated

carbon and the geometry of our carbon evaporation

chamber, and were glow-discharged immediately

before sample preparation. Dark field images were

acquired and analyzed as previously described.52

Nuclear magnetic resonance

Solid state NMR experiments on both uniformly
15N,13C-labeled and 1,3-13C2-glycerol-labeled CA

assemblies were performed with a Varian Infinity-

Plus spectrometer operating at 150.7 MHz 13C NMR

frequency and a Varian triple-channel balun MAS

NMR probe with 3.2 mm rotors. Sample heating by

rf irradiation was significant, due to the 1M NaCl

concentration in CA assembly samples, requiring

that cooling gas at �80�C be supplied to the vari-

able-temperature stack of the NMR probe to main-

tain sample temperatures in the 30–40�C range. The

temperature of the sample was higher than that of

the cooling gas both because the cooling gas warmed

by �50�C while passing through the variable-tem-

perature stack and because the rf irradiation heated

the sample directly during measurements. Sample

temperatures were determined from measurements

of the 1H NMR frequency of water in the sample

under the experimentally relevant rf power loads.78

For 2D 13CA13C spectra in Figures 2 and 3, two-

pulse phase-modulated (TPPM) 1H decoupling79 was

used in both the t1 period (128 points, 31.2 ls incre-

ment) and the t2 period (1024 points, 15 ls dwell for

the uniformly 15N,13C-labeled sample; 1600 points,

15 ls dwell for the 1,3-13C2-glycerol-labeled sample).

Continuous wave decoupling was used for the rest of

the pulse sequence. The decoupling field strength

was 96–98 kHz. Mixing periods were 1.846 ms,

with finite-pulse radio-frequency-driven recoupling

(fpRFDR)58 using 18 ls 13C p pulses. MAS frequen-

cies were 13.00 kHz. Total experiment times were

�6 days with a 2.0 s recycle delay for the uniformly
15N,13C-labeled sample and 5 days with a 2.7 recycle

delay for the 1,3-13C2-glycerol-labeled sample.

For the 2D 15NA13C spectrum in Figure 2, 100

t1 points were acquired with a 100 ls increment. In

the mixing period, 15N spin polarization was trans-

ferred to directly bonded 13Ca sites with a 3.8 ms

cross-polarization step, followed by a 2.667 ms
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fpRFDR period for 13CA13C polarization transfers

before the t2 period (512 points, 15 ls dwell). Proton

decoupling conditions were the same as in 2D
13CA13C spectra. The MAS frequency was 12.00 kHz.

The total experiment time was �7 days, with a 3.0 s

recycle delay.

For the 2D DQ/SQ spectrum in Figure 5, four

rotor periods of SPC5 recoupling57 were used to cre-

ate DQ coherences. After the t1 period (180 points

20.8 ls increment), DQ coherences were converted

to single-spin polarization by another SPC5 period,

and a 200 ms radio-frequency-assisted spin diffusion

(RAD) period was employed to permit intraresidue

and interresidue 13CA13C polarization transfers

before the t2 period (512 points, 15 ls dwell).80,81

TPPM decoupling fields of 152 kHz and 98 kHz were

used during SPC5 and t2 periods, respectively, and

continuous wave decoupling of 98 kHz was used for

the rest of the sequence. The MAS frequency was

12.00 kHz. The total experiment time was �5 days,

with a 2.0 s recycle delay.

2D 1HA13C INEPT and NOE-INEPT experi-

ments in Figure 6 were performed with a Varian

InfinityPlus spectrometer operating at 100.4 MHz
13C NMR frequency and a Varian T3 MAS NMR

probe with 3.2 mm rotors. Following t1 evolution on

the 1H channel (150 points, 66.7 ls increment), an

optional 500 ms period for longitudinal 1HA1H spin

polarization exchange was followed by polarization

transfer to 13C spins by a refocused INEPT period

(3.4 ms, determined empirically to maximize 13C

NMR signals). During the t2 period (2048 points, 35

ls dwell), WALTZ-16 decoupling82 was applied with

an 8 kHz 1H rf field. MAS at 5.00 kHz was used, pri-

marily to reduce line broadening due to magnetic

field inhomogeneity. The total experiment time was

�9 days, with a 1.0 s recycle delay.

All NMR data were processed with NMRpipe,83

and plotted with Sparky software (available at

http://www.cgl.ucsf.edu/home/sparky/).
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