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Abstract

For a retrovirus such as HIV to be infectious, a properly formed capsid is needed; however,
unusually among viruses, retrovirus capsids are highly variable in structure. According to the
fullerene conjecture, they are composed of hexamers and pentamers of CA protein, with a capsid’s
shape varying according to how the twelve pentamers are distributed and its size depending on the
number of hexamers. Hexamers have been studied in planar and tubular arrays but the predicted
pentamers have not been observed. Here we report cryo-electron microscopic analyses of two in
vitro-assembled capsids of Rous sarcoma virus. Both are icosahedrally symmetric: one is
composed of 12 pentamers; the other, of 12 pentamers and 20 hexamers. Fitting of atomic models
of the two CA domains into the reconstructions shows three distinct inter-subunit interactions.
These observations substantiate the fullerene conjecture, show how pentamers are accommodated
at vertices, support the inference that nucleation is a crucial morphologic determinant, and imply
that electrostatic interactions govern the differential assembly of pentamers and hexamers.

A retrovirus has a lipoprotein envelope lined with a layer of matrix (MA) protein,
surrounding a nucleoprotein corel. In the core, the diploid RNA genome complexed with
nucleocapsid protein (NC) and the replication enzymes is enclosed within the capsid, a shell
of CA protein. MA, CA and NC are derived from a common precursor, the Gag polyprotein,
which assembles into a thick-walled spherical shell in the immature virus. After it buds off
from the host cell, the viral protease is activated, releasing CA subunits that assemble into
capsids. Capsids of a given retrovirus vary in structure and the predominant types vary
among retrovirusesl; for instance, those of HIV are conical2; those of RSV are irregular
polyhedra3,4; and those of MLV are roundish5. Some virions contain more than one capsid,
and nested, i.e. multilayer capsids are also observed2,4,6,7.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

“Correspondence: Building 50, Room 1517, 50 South Drive MSC 8025, N.I.H., Bethesda, MD 20892, U.S.A. fax 301 443-7651 tel
301 496-0132 E-mail: stevena@mail.nih.gov.
Lauthors’ contributions. A.C.S. and R.C.C. designed the project; J.G.P. prepared the capsids with guidance from R.C.; N.C.
performed the cryo-EM; G.C. performed the image reconstruction and modeling; A.C.S. and G.C. wrote the paper with input from the
other authors.

Author information. Reprints and permissions information is available at www.nature.com/reprints. Correspondence and requests
for materials should be addressed to A.C.S. (stevena@mail.nih.gov) or R.C.C. (rcc6@psu.edu)


http://www.nature.com/authors/editorial_policies/license.html#terms
http://www.nature.com/reprints

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cardone et al.

Page 2

The CA subunit has N-terminal (NTD) and C-terminal (CTD) domains, connected by a
flexible linker. High resolution structures have been determined for both domains for several
retroviruses8-16. Despite minimal sequence conservation except in the major homology
region (MHR), a 20-residue tract in the CTD, the two folds are conserved. Both are highly
a-helical; NTD has seven helical segments (helices 1-7) and CTD has four (helices 8-11).
To date, no retroviral capsid has been solved at high resolution but progress has been made
in EM studies of in vitro-assembled sheets and tubes17-21, which consist of NTD hexamers
connected via dimerization of adjacent CTDs.

A plausible model for conical HIV capsids was derived by generalizing the “fullerene”
architecture that underlies the icosahedral capsids of many viruses, which have 12 evenly
distributed pentamers interspersed by hexamers22. Differently sized capsids are
distinguished by triangulation numbers (T) in the sequence {1, 3, 4, 7...}, a capsid having
12 pentamers and 10.(T-1) hexamers23. Whereas an icosahedral capsid has both ends
capped with six pentamers in symmetric (5 + 1) configuration, cones are envisaged to have
five pentamers at their narrow ends and seven at their wide ends17,22,24, and “angular”
RSV capsids to have six pentamers at both ends, distributed less regularly than in an
icosahedron4,25. However, no pentamers have yet been visualized.

Assembly of CA into small isometric capsids

In vitro assembly of full-length RSV-CA produces a diversity of structures, including
spheroids, tubes, and planar arrays14. In buffer containing 0.5 M phosphate at near-neutral
pH, the protein can also form angular structures, resembling capsids inside native virions26.
However, a major portion of the assemblies formed in 0.5 M phosphate is small isometric
particles - Fig. 1a. Most are ~ 17 nm in diameter; a few are larger, at ~ 30 nm. The 17-nm
particles suggest an interpretation of the small rings with the wall-thickness of capsids
observed in tomographic slices of RSV virions (Fig. 3b of Butan et al.16), i.e. they are likely
to represent T=1 capsids. It appears, therefore, that such capsids, although too small to
confine genomes, are also assembled in situ. The similar polymorphisms exhibited in vitro
and in situ imply that form determination is largely an intrinsic property of CA protein,
although other factors may steer assembly in certain directions — for instance, by affecting
nucleationd.

The isometric particles are T=1 and T=3 icosahedral capsids

The 17-nm particles have a high-density rim (Figs. 1a,b), suggesting that they are hollow
spheres. Classification of the images detected subsets with 2-fold, 3-fold, and 5-fold
symmetry, consistent with their being projections of an icosahedron. Accordingly, we used
the 3-fold view (Fig. 1c), which was the most populated and thus had the lowest noise level,
to generate a 3D reconstruction. The result (not shown) strongly suggested a T=1 capsid.
This reconstruction was then refined by projection-matching to < 1.0 nm resolution (Fig.
2a,b). It shows a capsid consisting of twelve pentamers. Five protruding domains surround
each vertex in crown-like structures, giving a full particle diameter of 23 nm. The mean
diameter in the middle of the “floor” layer of density is 16 nm. Each pentamer has a small
axial hole, ~ 1.2 nm across.
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Most 30-nm particles have an inner as well as an outer shell (Fig. 1d). Although their
scarcity limited the scope for reconstruction, these data yielded a density map at 2.2 nm
resolution. It shows the outer shell to be a T=3 capsid with 12 pentamers and 20 hexamers,
surrounding a T=1 capsid (Figs. 3a,b). The two shells are in register, with coaxial stacking
of their vertices and a relative rotation of ~ 36° between the respective pentamers. The full
diameter is 35 nm and the mean diameter in the floor is 28 nm.

Inter-subunit interactions in capsids

Structures for both domains of RSV-CA have been determined13,14. The resolution of our
T=1 reconstruction was high enough to give unambiguous solutions when the domains were
fitted separately into it (Figs. 4a,b). As there are two CTD structures13,14, we fitted both
and chose the one that correlated best with the density map. In the fit, all of the a-helices
map on to well-defined elongated densities (Fig. 2¢). The map also contains densities
attributable to the single-turn 31 helix (residues 152 to 155) and the B-hairpin at the N-
terminus of mature CA14,27. Next, we generated a pseudo-atomic model of the complete
capsid (Supp. Fig. 1). The NTDs account for its protrusions, while the floor layer is
composed of CTDs. In a pentamer, the CTD of one subunit underlies the NTD of its
neighbor. The C-terminus of the NTD and the N-terminus of its CTD are 1.6 nm apart,
connected by the (unseen) four residues not present in either domain structure (Fig. 2c, Fig
4q).

In the T=1 RSV capsid, subunits interact via three interfaces (Fig. 2b, Fig 4b), as previously
observed in planar arrays of HIV-CA hexamers21,28. Pentameric rings are stabilized by two
distinct inter-subunit interactions. In the NTD-NTD interaction, helices 1 and 2 of one NTD
are close to helices 1 and 3 of its neighbor (Fig. 5a). In the NTD-CTD interaction, the N-
terminus of helix 4 in the NTD contacts and is almost perpendicular to helices 8 and 11 in
the CTD (Fig. 5¢). Also, helix 8 is exposed to the al—-a?2 loop, in a way not previously noted
(Supp. Fig. 2). As the corresponding loop region of HIV-CA is the site of a conformational
change triggered by the maturation inhibitor CAP-129, the mechanism for its antiviral
activity may be interference with the formation of this interface.

Pentamers interact via a CTD-CTD interaction mediated primarily by the two helices 9 (Fig.
5b), which cross at an angle of ~ 45°,

Two hydrophobic patches have been observed on the CTD surfacel4, one associated with
the C-terminus of helix 9 and the other within helices 8 and 11. In the model, they are
involved in intermolecular associations, at the CTD-CTD and NTD-CTD interfaces,
respectively. The patch involved in the NTD-CTD interaction is of larger extent in RSV than
in other retroviruses14.

The T=1 model fitted snugly into the inner shell of the 30-nm particle. Its outer shell has
three quasi-equivalent CA subunits: one (P1) forming the pentamers, and two (H1 and H2)
forming the hexamers (Fig. 3c,d). After inserting a subunit from the T=1 model at each
location, the positions of NTDs and CTDs were refined automatically. In the resulting model
(Fig. 3c), pentamers and hexamers interact via the CTD-CTD interface between subunits P1
and H1, while hexamers interact via the CTD-CTD interface between two H2 subunits. All

Nature. Author manuscript; available in PMC 2009 August 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cardone et al.

Page 4

inter-subunit interactions are closely similar to those in the T=1 capsid. In the hexamers
(Fig. 4c), NTD-NTD interactions differ slightly in the spacing between neighbors. At the
NTD-CTD interface, the angle between helices 4 and 8 ranges between 82° and 87°, while
the angle between the dimerizing helices 9 at the CTD-CTD interfaces is ~ 50° (cf. ~ 45° in
the T=1 capsid) — presumably, to accommaodate the larger curvature of the T=3 shell.

Do electrostatics control the formation of pentamers?

Native RSV capsids typically have 250-300 hexamers but only 12 pentamers4. Similar
numbers pertain for HIVV22,29. And in vitro studies have realized many hexamer
assemblies17-19,21 but, until now, no demonstrable pentamers. Thus, hexamers tend to be
the favored oligomer. In contrast, it appears that our assembly conditions boost pentamer
production. Two observations suggest that modulation of electrostatic interactions by the
high concentration of phosphate ions is a significant factor.

First, CA rings are stabilized by two inter-subunit interactions - NTD-NTD and NTD-CTD.
In our models, we see no substantial hydrophobic component at NTD-NTD interfaces,
suggesting that these interactions are relatively weak. Moreover, in the pentamer and in at
least one of the intra-hexamer interfaces, two positively charged residues, K17 in one NTD
and R21 in its neighbor, are close together, as are another pair of like charges, R27 and K29
(Supp. Fig. 2a,b). The electrostatic repulsions encurred by these juxtapositions — which are
stronger for the pentamer in which the residues are closer - must be overcome for the rings
to form; perhaps, this is accomplished by a charge-screening effect of the phosphate ions.

Second, the NTD-CTD interaction involves the MHR (Supp. Fig. 2). Some mutations in the
MHR that perturb capsid formation are compensated by secondary mutations30 that also
map in the NTD-CTD interface26,31. One of these suppressors, R185W, whose mutation
alone increases the propensity of CA to assemble, affects a cluster of basic residues that are
close to the interface (Supp. Fig. 2c¢,d). In this context, R185W may suppress by reducing
the charge repulsion.

Nesting involves an alternative nucleation mechanism

Multilayered capsids have been observed in virions2,4,7 and in in vitro assembly26.
Although apparently aberrant, they nevertheless point to the existence of an alternative
assembly pathway that is to be avoided in the normal course of events. Multilayers involve
the initial formation of one layer, on which subsequent layers are deposited. Thus their
assembly is nucleated by a different, out-of-plane, mechanism. Our 30-nm particles
represent a prototypic multilayer. Their nucleating principle is the inner T=1 capsid. Its
interaction with the outer layer is mediated by the loop between helices 4 and 5 (residues 87
to 102) of its NTD making contact with the CTD strand (residues 156 to 163) of hexamer
subunit H1 in the outer shell (Fig. 3d). As inner layer pentamers interact with outer layer
hexamers, it is likely that the hexamers are the first part of the outer layer to form, with
pentamers subsequently filling the gaps.
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Comparison with an HIV-CA hexamer

Recently, a model of an HIV-CA hexamer was derived by electron crystallography21.
Comparison of this hexamer with our pentamers and hexamers (Supp. Fig. 3) highlights the
conservation of the three inter-subunit interfaces. These structures differ most in the
respective dihedral angles between NTD rings, which correlate with their curvatures — high
curvatures in the capsids and zero curvature in the sheets. Flexibility at inter-subunit
interfaces is greatest at the NTD-NTD contacts (Supp. Fig. 4). CTD-CTD interfaces involve
pairing of helices 9 at slightly different crossing-angles. Compliance in this parameter could
facilitate the formation of lattices with different curvatures. Most native capsids have
variable curvatures intermediate between those of the T=3 shell and of sheets.

The flexible linker and polymorphism

The present results afford strong support for the concept that most HIV capsids are fullerene
conesl7,22 and those of RSV, irregular polyhedra4. Thus, retroviral capsids are
geometrically related to conventional icosahedral capsids but exhibit an unprecedented
degree of polymorphism. As structural properties tend to be selected for functional
advantage, the question arises: how could polymorphism promote replication? With the
cellular trafficking protein clathrin, which also forms variable fullerene-like lattices (in this
case, from flexible trimers32), the functional rationale is evident: it allows cargoes of
varying size to be accommodated. No such requirement applies to retroviral CAs and no
advantage from their polymorphism is yet evident. Be that as it may, the question arises:
how do they express quasi-equivalence23? Here, the answer appears to lie in the flexible
linker (Supp. Fig. 5). Capsids with uniquely defined structures tend to have relatively rigid
building-blocks and comply with quasi-equivalence through variability at inter-capsomer
interfaces. Retroviral capsids, on the other hand, have hinged subunits that interact via three
interfaces - NTD-NTD, CTD-CTD and CTD-NTD - at each of which some play is tolerated,
allowing a prolific range of polymorphism.

Methods Summary

The conditions used for expression of wild-type and 1190V mutant RSV-CA proteins and for
in vitro assembly have been described26. Focal pairs of vitrified specimens on holey carbon
films were recorded on film with a Philips CM200-FEG electron microscope, operating at
120 kV, 50,000x magnification, and electron doses of ~14 /A2 per exposure. Negatives
were digitized with a Nikon Super CoolScan 9000 ED at a sampling rate corresponding to
1.27 Alpixel. Individual particles were selected from the micrographs and preprocessed33.
An initial 3D model for the 17-nm particle was derived by 2D reference-free classification34
and icosahedral reconstruction from the class average corresponding to a 3-fold view. An
initial model for the 30-nm particle was generated by a variance analysis-based procedure35.
Iterative alignment and reconstructions were performed using PFT2 and EM3DR236. EM
density maps were visualized in Chimera37. In the case of the 17-nm particle, a pseudo-
atomic model for the CA subunit was derived by combining the separate fits of the domains
NTD (PDB: 1em9)14 and CTD (PDB: 1d1d)13, which were obtained using an automated
rigid-body fitting procedure38. A pseudo-atomic model of the 30-nm particle was obtained
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by an iterative semi-automatic fitting procedure37, using the solution found for the 17-nm
particle as a starting model.

Cryo-electron microscopy

The large majority of particles assembled from wild-type RSV CA was 17-nm capsids. The
30-nm particles analyzed were from the 1190V mutant, as earlier experiments appraised by
negative staining suggested a higher incidence of larger particles with this mutant26.
However, they were also rare (~1%) in this preparation. Vitrified specimens on holey carbon
films were observed on a CM200-FEG electron microscope (FEI, Mahwah, NJ), as
described39. Focal pairs were recorded on film at 50,000x magnification, with approximate
defocus values of -1.0 and —1.5 pm, respectively. Negatives were screened by optical
diffraction and 6 focal pairs of wild-type CA capsids and 32 focal pairs of 1190V CA
capsids were selected for analysis.

Image processing

Image processing was performed with Bsoft33, unless otherwise stated. Contrast transfer
functions (CTFs) were estimated in bshow. 2871 17-nm particles and 88 30-nm particles
were picked manually and these images were phase-flipped. 967 17-nm particles were
aligned and classified using the refine2d python macros in EMAN34,40. The images were
assigned to 20 classes, among which, 2-, 3- and 5-fold views were identified visually. To
generate an initial 3D model, icosahedral symmetry was imposed on the 3-fold class
average. An initial model for the 30-nm particle was generated by the variance analysis-
based procedure implemented in VIVA35. The same approach was used to validate the
initial model for the 17-nm particle. Iterative refinement was performed using PFT2 and
EM3DR236 (http://people.chem.byu.edu/belnap/). Full CTF correction was applied in
calculating the final reconstruction of the 17-nm particle in EM3DR2. 1478 (17-nm) and 48
(30-nm) particles were used for the final reconstructions. The handedness of the EM
structures was assigned by comparing with the X-ray structure of the NTD (see below). In
terms of FSC coefficients41, the resolution of the 17-nm particle was 0.98 nm (threshold,
0.3) or 1.04 nm (threshold, 0.5) and that of the 30-nm particle, 2.06 nm (0.3) or 2.26 nm
(0.5).

Visualization and fitting of atomic structures

The EM density maps were band-limited to resolutions of 0.9 nm (17-nm particle) and 1.9
nm (30-nm particle) for visualization purposes. The contour levels used for surface
rendering were calculated to enclose 100% of expected mass, calculated at 25.5 kDa per CA
subunit. For the 17-nm particle, atomic models for the two domains were used in an
automated rigid-body fitting procedure. Initially the NTD crystal structure (PDB: 1em9) and
the NMR structure of the CTD (PDB: 1eoq)14 were fitted separately, using coloresin the
SITUS package38 with standard parameters and a target resolution of 1.0 nm. All 60
positions were unambiguously identified, without overlapping. Alternative models for the
CTD (residues 152—230) were obtained from the NMR structures of the full CA subunit
minus the B-hairpin (PDB: 1d1d)13. These models were first aligned in Chimera to the
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solution found for 1eoq, and their orientations and positions were refined against the density
map using the SITUS program colacor. The correlation coefficients from the fitting of all
models were compared, and the best fit selected. The results of the fitting (Fig. 2c) are
shown on a density map of the T=1 capsid whose high-resolution Fourier amplitudes were
enhanced by using a pseudo-atomic model as a reference. A pseudo-atomic model for the
CA subunit was derived by combining the separate fits of the two domains, and a capsid
model obtained by imposing icosahedral symmetry.

A different approach was used to derive a pseudo-atomic model for the 30-nm particle. This
fitting was performed with the tool Fit in Map in Chimera, using the T=1 model as
reference. This model was fitted intact into the inner layer density. Then, a pentamer from
this model was fitted into the outer shell pentamer, and a solution was determined for each
of the two subunits (H1 and H2) in the hexamer. This solution was refined through three
iterations. After each cycle, a model of the complete capsid was generated by imposing
icosahedral symmetry to the solutions found for the three subunits. Then, the positions of the
corresponding NTDs and CTDs were refined separately, in the order: H1-NTD, H2-NTD,
P1-CTD, H1-CTD, H2-CTD. The P1-NTD was not modified after the initial fitting. For
each subunit, the refinement was performed on a density map created by subtracting out the
densities associated to all subunits except for the one under refinement (tools Color Zone
and Split Map in Chimera).

To obtain a model of the HIV-1 CA hexamer for comparative purposes, we fitted published
models of the NTD (PDB: 1gwp, residues 1-148)42 and the CTD (PDB: 1a43, residues
149-219)43 into the density map of two-dimensional crystals of the R18L mutant of HIV-1
CA (EM Databank accession no. EMD-1529)21. After manually fitting the two domains in
Chimera, the solutions were separately refined using the SITUS program colacor and a
target resolution of 0.9 nm. This solution agrees to the one derived by Ganser-Pornillos et al.
21 (PDB: 3dik) to within an rmsd of 0.2 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RSV CA protein assembles in vitro in 0.5M phosphate buffer into small isometric particles.

a, Cryo-electron micrograph of capsids; most are ~ 17 nm in diameter, while a few are ~ 30
nm - white circles. Bar, 50 nm. b — d, Averaged images. b, 17-nm capsids, unclassified. c,
17-nm capsids, projecting the 3-fold view. d, 30-nm capsids, unclassified, showing two
concentric shells. Bar, 10 nm.
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Figure 2.
Three-dimensional reconstruction of the RSV CA T=1 capsid. a, Surface rendering colored

radially, red to blue, viewed along a 2-fold axis of symmetry. Bar, 5 nm. b, Segmented view
of a pentamer and surrounds, colored by subunit. An additional subunit from an adjacent
pentamer is purple. The center-to-center spacing between pentamers is 8.7 nm at mid-floor.
¢, Two views of a single subunit (left, right), with fitted pseudo-atomic model. The density
is contoured at 3o0. Fitted were an NTD (orange, residues 1 to 147) and a CTD (blue,
residues 152 to 230).
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Figure 3.
The 30-nm RSV-CA double-layer capsid. a, Surface rendering of cryo-EM reconstruction

showing the outer T=3 capsid (yellow) and the inner T=1 capsid (green), exposed in b by
removal of the front half of the outer layer. Bar, 10 nm. Neighboring hexamers are 10.2 nm
apart, center-to-center, at mid-floor, while the spacing between hexamers and pentamers is
9.5 nm. ¢, Pseudo-atomic model of the T=3 capsid. An asymmetric unit contains three CA
subunits: P1 in pentamers (red); and H1 (blue) and H2 (green) in hexamers. In the T=3 shell,
pentamers and hexamers interact via the CTD-CTD interface between P1 and H1, while
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adjacent hexamers interact via H2. d, Interactions between the two layers. NTDs of the T=1
capsid (orange) contact CTDs of H1 subunits in the T=3 capsid (blue). Highlighted in
yellow is the loop between helices 4 and 5 in the NTD, and in cyan, the major homology
region in the CTD.
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Figure 4.
Pseudo-atomic models of the RSV-CA subunit, pentamer, and hexamer. a shows the relative

positions and orientations of the NTD (orange) and CTD (blue), as disposed in the T=1
capsid. The dashed line connects the C-terminus of the NTD to the N-terminus of the CTD.
b and ¢ show axial views of the pentamer and hexamer, respectively.
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Figure 5.
Inter-subunit interactions in the T=1 capsid, represented in stereo views. Each subunit

interacts with three adjacent subunits via three interfaces. a, NTD-NTD interface. In each
pentamer is a ring of five NTDs. The pentagon marks the 5-fold axis. Helices 1 and 2 of one
subunit are close to helices 1 and 3 of the adjacent subunit. b, Neighboring CA pentamers
interact via a CTD-CTD dimer interface, mediated by association of helices 9, but
presumably also involving the 31 helix. The helices 9 cross at ~45°, their closest point
being at the N-termini of these helices (residue A184). ¢, NTD-CTD interface. The CTD of
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one subunit lies under the NTD of the next subunit in the same pentamer. The CTD residues
closest to this interface are in the middle of helix 8, around R170, and at the start of helix 11,
around E217. The NTD residues involved are at the start of helix 4.
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Figure 6.
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