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Structure of the immature HIV-1 capsid in intact
virus particles at 8.8 Å resolution
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& John A. G. Briggs1,2

Human immunodeficiency virus type 1 (HIV-1) assembly proceeds
in two stages. First, the 55 kilodalton viral Gag polyprotein assem-
bles into a hexameric protein lattice at the plasma membrane of the
infected cell, inducing budding and release of an immature particle.
Second, Gag is cleaved by the viral protease, leading to internal rear-
rangement of the virus into the mature, infectious form1. Immature
and mature HIV-1 particles are heterogeneous in size and morpho-
logy, preventing high-resolution analysis of their protein arrangement
in situ by conventional structural biology methods. Here we apply
cryo-electron tomography and sub-tomogram averaging methods
to resolve the structure of the capsid lattice within intact immature
HIV-1 particles at subnanometre resolution, allowing unambiguous
positioning of all a-helices. The resulting model reveals tertiary and
quaternary structural interactions that mediate HIV-1 assembly.
Strikingly, these interactions differ from those predicted by the cur-
rent model based on in vitro-assembled arrays of Gag-derived pro-
teins from Mason–Pfizer monkey virus2. To validate this difference,
we solve the structure of the capsid lattice within intact immature
Mason–Pfizer monkey virus particles. Comparison with the imma-
ture HIV-1 structure reveals that retroviral capsid proteins, while
having conserved tertiary structures, adopt different quaternary ar-
rangements during virus assembly. The approach demonstrated here
should be applicable to determine structures of other proteins at sub-
nanometre resolution within heterogeneous environments.

HIV-1 Gag consists of separately folded domains connected by flex-
ible linkers. Its amino (N)-terminal matrix (MA) domain directs Gag
to the plasma membrane, and the subsequent two capsid (CA) domains
mediate protein–protein interactions in the mature and immature par-
ticle; they are followed by the RNA-binding nucleocapsid (NC) domain.
Spacer-peptides SP1 and SP2 are positioned between CA and NC, and
between NC and the carboxy (C)-terminal p6 domain, respectively3. The
immature protein shell constitutes a hexameric Gag array bound to the
viral membrane, forming a truncated sphere with irregular defects4. Pro-
teolytic cleavage at five positions in Gag during maturation leads to a
dramatic structural rearrangement, with cleaved CA forming the char-
acteristic conical HIV-1 core encapsulating the now condensed NC–
RNA complex.

High-resolution structures of all isolated Gag domains are available5,
and a structural model of the mature HIV-1 capsid core has recently
been generated6. However, the flexible nature of the uncleaved poly-
protein has made structural studies of the immature Gag conformation
more challenging. We recently described the structure of an in vitro-
assembled immature-like tubular array of a Mason–Pfizer monkey virus
(M-PMV) Gag-derived protein at ,8 Å resolution2, which currently
represents the most detailed model for an immature Gag lattice. For im-
mature HIV-1, a partial model has been generated based on in vitro-
assembled tubular arrays of Gag-derived protein in which a mutation
stabilizes the C-terminal CA domain (CA-CTD) in an immature-like

form, while the N-terminal CA domain (CA-NTD) adopts a presum-
ably non-physiological form7.

Subtomogram averaging has been used to solve low-resolution struc-
tures of biological molecules within pleiotropic native environments8,
including structures of the immature HIV-1 Gag lattice within virus
particles at ,20 Å resolution4,9. Higher-resolution structures have not
yet been obtained for any component of such heterogeneous viruses
in situ.

Recently, we showed that optimized subtomogram averaging methods
can recover structural data at below 10 Å resolution10. Their application
to immature HIV-1 might enable determination of a subnanometre-
resolution structure of Gag within intact virus. Therefore, we purified
immature HIV-1 particles treated with the protease inhibitor amprenavir
(APV) (Extended Data Fig. 1a) and prepared them for cryo-electron
tomography. We collected and reconstructed 70 cryo-electron tomo-
grams as described10 and segregated them into two data sets for inde-
pendent processing. Reconstructed tomograms contained 224 immature
HIV-1 particles with variable diameters and the characteristic striated
density corresponding to the Gag lattice11 (Fig. 1a, Extended Data Fig. 2a
and Extended Data Table 1). Subtomograms extracted along the capsid
layers were iteratively aligned and averaged in three dimensions. The
aligned positions of subtomograms within individual virus particles indi-
cated a continuous but incomplete ,8 nm spaced hexameric lattice as
previously described4 (Extended Data Fig. 2a). The CA layer within the
final average of all data was resolved at 8.8 Å (Extended Data Fig. 2b),
showing well-resolved rod-shaped densities fora-helices (Fig. 1b–d and
Extended Data Fig. 2d–f). The general domain arrangement seen in
the APV-inhibited HIV-1 was confirmed in an 11 Å resolution struc-
ture of HIV-1 with an inactivating protease mutation (Extended Data
Figs 1b and 2d–f).

The final structure shows hexamerically arranged densities in the CA
and SP1 regions, similar to those previously described at low resolution4,9

(Fig. 1b–d). No well-ordered densities were observed for MA or NC
(Extended Data Fig. 2c), indicating that they do not adopt a defined
spatial arrangement relative to CA, consistent with the flexibility of the
inter-domain linkers. In the region presumably corresponding to SP1,
six rod-like densities were observed, arranged in a tube around a hol-
low centre at the sixfold symmetry axis (Fig. 1d and Supplementary
Video 1), consistent with previous models suggesting this region assem-
bles a six-helix bundle7,9,12.

We performed rigid-body fitting of high-resolution structures for
CA-NTD (Protein Data Bank (PDB) 1L6N13) and CA-CTD (PDB 3DS2
(ref. 14)) into the outer and inner layers of the CA density, respectively,
and refined the fit using molecular dynamics flexible fitting15 (Extended
Data Fig. 3a, b). This provided a model showing the tertiary and quater-
nary interactions in the CA layer of the immature virus (Figs 1b–d, 2
and Supplementary Video 1). For both domains a single unambiguous fit
was identified accommodating all 11a-helices of CA within appropriate
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densities in the electron microscopy map. At lower isosurface thresh-
olds, densities corresponding to the peptide chain linking helix 7 in
CA-NTD with helix 8 in CA-CTD, as well as the cyclophilin-A bind-
ing loop, were observed (Extended Data Fig. 3b–d and Supplementary
Video 2).

The arrangement of the CA-CTD is similar to those in partly imma-
ture-like in vitro-assembled tubular arrays of HIV-1 (ref. 7) (Extended
Data Fig. 4) and tubular arrays of M-PMV Gag2. Between hexamers, two
CA-CTD domains form a homo-dimeric interface mediated by helix 9
(Fig. 2c). The positions of assembly-critical hydrophobic residues W316
and M317 in helix 9 (refs 16, 17) are consistent with a contribution to
the interaction interface (Fig. 2f). Around the hexamer, contacts between
adjacent CA-CTD monomers include part of the major homology re-
gion (I285–L304)18, consistent with a role for this region in stabilizing
the hexamer. Other residues, where mutations are known to disrupt viral
assembly16,17, are close to inter-protein interfaces (Fig. 2d–f). These ob-
servations point to the central role of CA-CTD in assembling and sta-
bilizing the immature lattice.

The CA-NTD and CA-CTD abut each other at two positions in the
immature lattice (Supplementary Video 2): close to residues S310–Q311
in helix 9 and E161–K162 in helix 1, and close to residues M276–S278
in helix 7 and K302–R305 in helix 8 (Extended Data Fig. 3c, d). Unlike
in the mature capsid, there is no large CA-CTD:CA-NTD interface19,20.
This is consistent with the ability of CA-CTD to assemble an immature-
like arrangement independent of the CA-NTD arrangement in vitro7,
and to induce release of virus-like particles from cells in Gag protein
mutants lacking CA-NTD21.

Virus-like particles lacking CA-NTD have aberrant size distributions21,
indicating a role for CA-NTD in determining particle morphology.
Within the immature virus, each CA-NTD domain can interact with
five neighbouring CA-NTD domains (Fig. 2b). Around the hexamer,
the top of helix 4 in each CA-NTD interacts with a patch of residues
between helices 5 and 6 in the neighbouring CA-NTD (Supplementary
Video 2). A homo-dimeric interface is formed between helix 1 from two
adjacent hexamers. A homo-trimeric, three-helix bundle interface is
formed by helix 2 from neighbouring hexamers. The weaker density of
helix 2 compared with other helices within our electron microscopy den-
sity suggests it may have some flexibility within the lattice. Together these
interfaces comprise an extensive network of interactions. The integrity
of the lattice could be maintained by any combination of two of these
three interfaces, and mutation in a single interface may therefore not
interfere with assembly. This may explain why mutation of CA-NTD
residues close to inter-hexamer protein–protein interfaces has a mild
or no effect on virus assembly16,22.
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Figure 1 | Structure of the CA-SP1 lattice within immature HIV-1.
a, Computational slice through a Gaussian-filtered tomogram containing
immature HIV-1 particles treated with APV. White arrowheads indicate the
immature CA layer; black arrowheads indicate the membrane; white arrow
marks a grazing slice through the CA layer illustrating the hexagonal lattice.
Scale bar, 50 nm. b–d, Isosurface representation of the final structure showing
the immature CA-SP1 lattice viewed from outside the virus (b), from inside
(c) and in an orthogonal view (d). Isosurface threshold value is 2s away
from the mean. High-resolution structures for CA-NTD (cyan) and CA-CTD
(orange) have been fitted into the density. An individual capsid monomer is
coloured blue/red. Unfilled densities marked with asterisks correspond to
the SP1 region. Scale bar, 25 Å. See also Supplementary Video 1.
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Figure 2 | Interactions stabilizing the immature HIV-1 capsid lattice. a, An
annotated CA monomer, indicating helices contributing to homo-dimeric and
trimeric CA-NTD and CA-CTD interactions in blue and red, respectively.
Interactions around the hexamer involve residues in the major homology
region (green). b, The CA-NTD can form intra-hexameric interactions,
dimeric inter-hexameric contacts between helices 1 and trimeric inter-
hexameric interactions between helices 2. c, In the CA-CTD a dimeric
interaction between helices 9 is observed. d–f, Views as in a–c: residues in
which mutations disrupt particle assembly are coloured magenta. Sixfold,
threefold and twofold symmetry axes are indicated by black hexagons, triangles
and ellipses, respectively.
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Mutation of certain residues in helices 4–6 has been shown to inter-
fere with virus assembly16. While some of these residues may contribute
to the intra-hexamer interfaces, others face the central hole of the hex-
amer (Fig. 2e). They may modulate the structural integrity of CA-NTD,
represent interfaces required transiently during assembly, or be a bind-
ing site for unknown host factors regulating assembly. The arrangement
of CA-NTD domains leaves reported binding sites of host cofactors
such as cyclophilin-A accessible23.

Surprisingly, the arrangement of CA-NTD domains is completely dif-
ferent from the current model for immature retroviruses based on the
structure of in vitro-assembled tubular arrays of M-PMV Gag2. This
could be due to a true difference between the immature lattices in HIV-1
and M-PMV, or because the tubular array structure represents an arte-
fact of in vitro assembly. We purified intact immature M-PMV contain-
ing an inactivating protease mutation (D26N) (Extended Data Figs 1c
and 5a). Following the same protocol as for HIV, we obtained a 9.7 Å
resolution reconstruction of the CA layer (Extended Data Fig. 5b–f) from
which we generated a structural model (Fig. 3). The arrangement of CA
domains in intact immature M-PMV matches the arrangement within
in vitro-assembled M-PMV tubular arrays2 (Extended Data Fig. 6), and
is indeed different from that observed in immature HIV-1 (Figs 1b–d
and 4). Thus, although retroviral CA proteins have conserved tertiary
structures (Extended Data Fig. 7), they adopt different quaternary ar-
rangements within the immature virus (Extended Data Fig. 8). While
HIV-1 CA-NTD forms an extensive network of interactions linking
within and between hexamers, the primary interaction of M-PMV CA-
NTD is a larger dimeric interface linking two neighbouring hexamers.
How these different arrangements have evolved can only be speculated.
We suspect their functional relevance relates to the site of assembly: the
lentivirus HIV-1 makes use of the plasma membrane as a scaffold, while
the betaretrovirus M-PMV assembles within the cytoplasm24 and may
require stronger interactions to link Gag hexamers.

The arrangement of CA in immature HIV-1 is very different from
that suggested for the mature HIV-1 capsid core6,19,25 (Extended Data
Fig. 8). In both immature and mature states, CA-CTD dimerization is
mediated by helix 9, but with a different relative orientation of the two
monomers (Fig. 4 and Extended Data Fig. 4d). This and the dramatic
rearrangement of the CA-NTD from immature to mature particles would
require breaking essentially all interactions of the immature lattice and
forming new contacts during maturation (Supplementary Video 3). This
could be achieved by two routes: (1) by disassembly of the immature
lattice into monomers or dimers linked by the helix 9 interface; (2) by
disassembly of the immature lattice into hexamers or higher-order olig-
omers. Route 2 would imply a two-step ‘molecular dance’. First, the
hexameric interactions in the CA-CTD-SP1 region (which can form even
when CA-NTD is not properly arranged7) could stabilize the hexamer
while cleavage between MA and CA induces the CA-NTD to move
around the flexible 7–8 linker into its mature hexameric arrangement.

a b

c

Figure 3 | Structure of the capsid lattice within immature M-PMV (D26N)
particles. a–c, Isosurface representation of the immature M-PMV CA lattice
viewed from outside the virus (a), from inside (b) and in an orthogonal
view (c). Partly resolved a-helices are visible, allowing positioning of high-
resolution structures for CA-NTD and CA-CTD into the density. Colouring
as in Fig. 1. The splayed densities annotated with black arrowheads correspond
to the ‘spacer-peptide-like’ region in M-PMV. Isosurface treshold is 2.5s
away from the mean. Scale bar, 25 Å.
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a

Figure 4 | Comparison of the CA arrangement in immature and mature
retroviruses. a, The arrangement of the CA lattices in immature M-PMV and
immature and mature HIV particles. CA-NTD and CA-CTD domains are
coloured in cyan/blue and orange/red, respectively. See also Supplementary
Video 3. Symmetry axes are marked as in Fig. 2. b, The structures of CA dimers

from the lattices in a are shown in top and orthogonal views. CA-CTD
interactions are always mediated by helices 9, although the dimer rotates
around this interaction in the transition from the immature to the mature form
(see Extended Data Fig. 4). CA-NTD interactions are in each case entirely
different. See also Extended Data Fig. 8.
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Second, these now mature CA-NTD interactions would stabilize the
hexamer while cleavage between CA and SP1 induces maturation of
CA-CTD.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Virus particle production and purification. HEK293T cells were grown in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal calf serum (FCS;
Biochrom), penicillin (100 IU ml21), streptomycin (100mg ml21) and 4 mM gluta-
mine. For the protease-inhibitor-treated sample, cells were transfected with proviral
plasmid pNLC4-3 (ref. 26) using polyethyleneimine following standard procedures.
A final concentration of 5mM amprenavir27 (obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, National Institute of Allergy
and Infectious Diseases, National Institutes of Health) was added to the tissue cul-
ture medium at the time of transfection. For the protease mutant HIV and M-PMV
sample, cells were transfected with plasmids pNL4-3(PR-) (in case of HIV D25A)
or pSHRM15 (for M-PMV D26N). At 44 hours post-transfection, tissue culture super-
natant was harvested and filtered through 0.45mm nitrocellulose filters. Virus was
enriched by ultracentrifugation through a 20% (w/w) sucrose cushion and further
purified by centrifugation through an iodixanol density gradient28. Concentrated
virus samples were re-suspended in 25 mM MES pH 6.0, 150 mM NaCl or phos-
phate buffered saline (PBS), and treated with 1.2% paraformaldehyde for 1 h on
ice and stored in aliquots at 280 uC. Purities of samples and Gag maturation state
were verified by SDS–polyacrylamide gel electrophoresis followed by silver stain-
ing and immunoblotting (Extended Data Fig. 1).
Cryo-electron microscopy and image processing. Degassed C-Flat 2/2-2C or 2/2-
3C grids were glow discharged for 30 s at 20 mA. Virus solution was diluted with
PBS containing 10 nm colloidal gold and 2ml of this mixture was then applied to
grids and plunge frozen in liquid ethane using an FEI Vitrobot Mark 2. The grids
were stored under liquid nitrogen conditions until imaging.

Data acquisition and image processing for immature HIV treated with APV and the
immature M-PMV protease mutant (D26N) was performed as previously described10

(Extended Data Table 1). In brief, tilt series were imaged on a FEI Titan Krios elec-
tron microscope operated at 200 keV, with a GIF2002 post-column energy filter
(using a slit width of 20 eV) and a 2k 3 2k Gatan Multiscan 795 CCD (charge-coupled
device) camera. For navigation and search purposes, low-magnification montages
were acquired using SerialEM29, and tilt series were acquired at appropriate posi-
tions using FEI tomography software version 4 in automated batch mode. The nom-
inal magnification was 42,000, giving a calibrated pixel size of 2.025 Å. The tilt range
was from 245u to 160u in 3u steps, collecting first from 0u to 245u and then from
3u to 60u. Tilt series were collected at a range of nominal defoci between 21.2 and
24.5mm. The total dose applied to each tilt series was approximately 40 e Å22.
Tomograms were reconstructed using the IMOD software suite30.

Image acquisition for protease defective HIV (D25A) was performed on an FEI
Titan Krios electron microscope operated at 300 keV equipped with a Falcon II di-
rect electron detector. Acquisition parameters were the same as described above, but
using defoci ranging from 22.0 to 25.5mm and having a calibrated pixel size of
2.281 Å per pixel. The total dose was approximately 60 e Å22. The tilt range was
either from 245u to 160u in 3u steps or from 242u to 142u in 3u steps.

Image processing was performed identically for all samples. Before image pro-
cessing, tomograms were split into two half-data sets with each set containing roughly
the same number of virus particles and the same distribution of defoci, to obtain
two independent reconstructions. Subtomogram averaging calculations were per-
formed using Matlab scripts derived from the AV3 (ref. 31) and TOM32 packages.
Generation of masks and alignment of the two final references before Fourier shell
correlation (FSC) measurement was done using the Dynamo software package33.
Visualization of tomograms was performed in either IMOD30 or Amira (FEI Visu-
alization Sciences Group) using the electron microscopy toolbox34.

Initial processing was performed on 43 binned, non-contrast transfer function
(CTF) corrected data. For each half-data set, one tomogram was chosen to obtain
an initial structure. Cubic subtomograms with a size of (340 Å)3 were extracted from
the surface of a sphere with its centre being the centre of the virus and the radius
corresponding to the mean radius at the CA-level. The subtomograms were assigned
initial angles based on the geometry of the sphere and then averaged to obtain a
smooth reference. Subtomograms were aligned and averaged in an iterative manner
against this reference in six dimensions to obtain an initial structure31. Subsequently
all subtomograms within each half-data set were aligned and averaged against their
respective independent starting reference for six iterations. After the first two itera-
tions a cross-correlation-based cleaning was performed to remove subtomograms
that contained no density corresponding to the Gag layer.

The defocus of each tomogram was measured by fitting theoretical CTF-curves
to averaged power spectra from 512 pixel 3 512 pixel tiles generated from all images
in a tilt series using Matlab. CTF correction used the program ‘ctf phase flip’ im-
plemented in IMOD35. Subvolumes with a size of (284 Å)3 were extracted from
unbinned, CTF-corrected tomograms at the positions determined in the 43 binned
alignments, and subjected to four further alignment iterations. The sixfold sym-
metry inherent in the structure was applied at each step. The two final references
were aligned, multiplied with a Gaussian filtered mask and the FSC was calculated.

For the APV-treated HIV sample, comparison of the averages of all subtomograms
after alignment (174,360 and 168,144 asymmetric units in each of the half-data sets,
respectively) by FSC indicated a resolution of 8.9 Å. After removing subtomograms
with lower cross-correlation values, final averages were generated from 94,986 and
99,744 asymmetric units in each of the half-data sets, giving a slightly improved
resolution of 8.8 Å, but not perceptibly changing the structure. Subsequently, we
averaged the two half-data set maps and sharpened them with an empirically deter-
mined negative B-factor of 21,200 Å2, while filtering to the resolution determined
at the 0.143 FSC threshold36.

For the M-PMV protease mutant (D26N) sample, 39 tomograms were recon-
structed from which 84 viruses were then extracted. The processing was performed
as for the protease-inhibitor treated HIV sample. A total of 77,520 asymmetric units
from both half-data sets were averaged to generate the final volume and the reso-
lution was determined by FSC to be 9.7 Å at the 0.143 criterion. Finally the structure
was sharpened applying a negative B-factor of 21,000 Å2, while filtering to the re-
solution determined at the 0.143 FSC threshold.

For a summary of image-processing statistics and information on the protease
defective HIV (D25A) sample, see Extended Data Table 1.
Structure fitting and analysis. Visualization and rigid body docking was performed
in UCSF Chimera37. For flexible fitting into the protease-inhibitor treated HIV map,
the nuclear magnetic resonance structure for CA-NTD (PDB 1L6N, chain 1) and
the crystal structure for CA-CTD (PDB 3DS2, one monomer) were used. Initially,
both models were rigid-body docked into the electron microscopy density to estab-
lish their correct relative position using the ‘Fit in map’ option and were then joined
using the ‘Adjust bond’ option in Chimera. We truncated the joined model from
residues 142 to 351 and added PDB 1U57 (ref. 38) (chain 3) (residues GVGGPG
HKARVLAEAMSQVT) to generate a preliminary model of the SP1 region. Finally,
30 copies of the joined monomers were rigid-body docked into the electron micro-
scopy map. The outer 12 capsid monomers and all residues corresponding to SP1
were included in the simulations to prevent excessive movement of residues into
empty densities but were removed after the simulation and not interpreted. All flex-
ible fitting simulations were performed using molecular dynamics flexible fitting15

and NAMD version 2.9 (ref. 39). The simulations were performed until the back-
bone atoms stopped moving and the fit stabilized. The flexible fitting resulted in
only minor changes (Extended Data Fig. 3a, b), highlighting the strong initial cor-
respondence between our map and published models of the individual domains.

To generate the structural model for M-PMV, the PDB for CA-NTD 2KGF40

(chain 1, residues 317–439) was combined with a homology model of M-PMV CA-
CTD (residues 440–516) based on PDB 3H4E19 (chain L) and fitted into the vol-
ume as a rigid body. The mature HIV-1 structure presented for comparison is PDB
3J34 (ref. 6).
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Extended Data Figure 1 | Characterization of virus preparations used in
this study. Samples of Optiprep gradient (OP)-purified particles were
separated by SDS–polyacrylamide gel electrophoresis. Proteins were visualized
by silver staining or immunoblot, respectively, as indicated. For immunoblot
analysis, proteins were transferred to nitrocellulose membranes by semi-dry
blotting. Membranes were probed with polyclonal antiserum raised against
recombinant HIV-1 CA (a) or M-PMV NC (c), respectively. Bound antibodies
were visualized by quantitative immunodetection on a LiCor Odyssey imager,
using secondary antibodies and protocols according to the manufacturer’s
instructions. a, HIV-1 particles prepared in the presence of 5mM APV. Note

that residual processing of Gag has occurred due to incomplete protease
inhibition. The main additional Gag product (,50 kDa) corresponds to Gag
lacking the C-terminal p6-region; we have previously shown that cleavages
downstream of SP1 do not disrupt the immature Gag lattice41. b, Immature
HIV-1 particles prepared from cells transfected with pNL4-3 (PR-, D25A)
compared with a standard of purified Gag. Note that Gag is completely
uncleaved in this case. c, Immature protease defective M-PMV particles
purified from cells transfected with plasmid pSHRM15 (D26N). Positions of
molecular mass standards (in kilodaltons) are indicated.
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Extended Data Figure 2 | Cryo-electron tomography and subtomogram
averaging reconstruction of the immature HIV-1 lattice. a, Within
pleiotropic HIV particles the polyprotein Gag forms incomplete hexameric
lattices of heterogeneous shapes. Tomographic slices of two representative
viruses are shown. Underneath the membrane, ordered protein density
corresponding to capsid can be seen. In the middle and lower panels, virus
particles are displayed with their respective output lattice maps as derived from
subtomogram averaging. The colour of the hexagons denotes the cross-
correlation coefficient (CCC) of the alignment ranging from red (low CCC
(0.04)) to green (high CCC (0.19)). In the lower panel, the view has been tilted
to reveal regions with no lattice. Areas with no protein density underneath the
membrane are devoid of a hexameric lattice. Scale bar, 50 nm. b, FSC between
two half-data sets (each of which was independently aligned and averaged
starting from independent references) of immature HIV treated with APV

(blue line) showing a resolution of 9.8/8.8 Å at the 0.5/0.143 criterion,
respectively. The equivalent FSC for a lower-resolution structure of the protease
defective HIV (D25A) sample (red line) shows a resolution of 12.6/10.9 Å at
the 0.5/0.143 criterion. c, Central orthoslice through the final average of the
protease-inhibitor-treated HIV reconstruction (no inverse B-factor was
applied). Ordered density is only observed in the CA-SP1 region. The dashed
rectangle indicates the region shown in d. d, Orthoslice through the CA-SP1
region in the final average of HIV-1 1 APV (left, corrected with an inverse
B-factor of 21200 Å2), the same structure filtered to 13 Å (middle) and of
the protease defective HIV-1 (D25A) preparation filtered to 13 Å (right),
indicating that protease-inhibited and protease mutant structures have the
same domain arrangement. The dashed lines indicate the positions of
horizontal orthoslices in e and f. Scale bar, 50 Å.
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Extended Data Figure 3 | Molecular dynamics flexible fitting of high-
resolution HIV-1 CA structures into the electron microscopy density. a, The
rigid body fit used as a starting model for flexible fitting superimposed onto the
electron microscopy map. b–d, The final flexible fit superimposed onto the
electron microscopy map viewed at three different isosurface thresholds.
The flexible fitting resulted in only minor movements relative to the initial
rigid-body fit, implying that individual CA domains do not undergo large

changes in structure between the isolated and assembled protein domains.
At lower isosurface thresholds, densities corresponding to the cyclophilin-A
binding loop and the 7–8 linker can be seen (positions annotated in a).
One of the positions at which CA-NTD and CA-CTD contact one another is
marked by an arrow. Isosurface values are indicated in the figure (threshold
value is s away from the mean).
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Extended Data Figure 4 | Comparison of different retroviral CA-CTD
dimer structures. a–d, Comparison of different CA-CTD dimers aligned
against the immature flexibly fitted HIV-1 CA-CTD dimer obtained in this
study (orange). a, PDB 3DS2 (red, the crystal structure that most closely
resembles the immature CA-CTD); b, the structure recently obtained by fitting
a crystal dimer into in vitro-assembled HIV-1 tubes7 (pink); c, the immature

M-PMV dimer based on a homology model fitted into the immature M-PMV
electron microscopy density generated in this study (green); d, a mature
HIV-1 CA-CTD dimer from PDB 3J34 (ref. 6) (light blue, chain A and f).
The backbone root mean squared deviations between the superimposed
structures are 6.8 Å (a), 3.2 Å (b), 6.4 Å (c) and 17.9 Å (d).
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Extended Data Figure 5 | Cryo-electron tomography and subtomogram
averaging reconstruction of immature M-PMV (D26N) viruses. a, Slices
through two tomograms containing immature M-PMV (D26N) particles.
Using subtomogram averaging, the position and the arrangement of the
hexameric capsid lattice can be resolved (middle and lower panels). See
Extended Data Fig. 2 for explanations. CCC values range from 0.05 to 0.14.
Scale bar, 50 nm. b, FSC of the two independently aligned and averaged
half-data sets of the M-PMV (D26N) sample. The resolution corresponds to

11.2 and 9.7 Å at the 0.5/0.143 criterion, respectively. c, Side view orthoslice
through the final average of the protease defective M-PMV reconstruction
(no inverse B-factor was applied). No ordered densities are observed except
for the CA region. The dashed rectangle indicates the region shown
in d. d, Orthoslice through the CA region in the final average corrected
with a B-factor of 21,000 Å2. The dashed lines indicate the positions of
horizontal orthoslices in e and f. Scale bar, 50 Å.
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Extended Data Figure 6 | Comparison of immature protease defective
M-PMV (D26N) particles and M-PMV DPro CANC tubes. a, An isosurface
representation of the structure generated from M-PMV (D26N) virus particles,
as presented in this study. The structure is shown from the outside of the
virus (top), in a horizontal slice (middle) and from the inside of the virus
(bottom). b, For comparison, equivalent views of the structure from

in vitro-assembled M-PMV DPro CANC tubular arrays (EMD2089)2 are
shown. Both structures have been filtered to 10 Å and the threshold was set to
2s away from the mean. The additional density observed for the M-PMV
DPro CANC tube structure (coloured red in the middle and bottom panel) is
thought to be a nucleic acid structure that is ordered in the tubular arrays2.
Scale bar, 25 Å.
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Extended Data Figure 7 | Structural conservation of retroviral CA domains. Known atomic structures of CA-NTD and CA-CTD domains from the
lentivirus13,14, a42,43, b40, c44 and d45,46 retrovirus families. The tertiary structure of CA domains is highly conserved between different retroviruses.
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Extended Data Figure 8 | Comparison of CA domain arrangements in
immature M-PMV, immature HIV and mature HIV. a, Two-dimensional
schematic representations of immature M-PMV, immature HIV and mature
HIV particles. Retroviruses bud from infected cells in an immature form. The
Gag polyprotein is radially arranged underneath the host-derived plasma
membrane (yellow) and includes the membrane associated matrix domain
(MA, black), the bipartite capsid domain (CA, blue and red) and the nucleic-
acid-bound nucleocapsid (NC, green). M-PMV possesses two additional
domains positioned between MA and CA, termed pp24 and p12 (purple),
leading to a bigger spatial separation of CA and MA compared with HIV. The
viral protease cleaves the Gag polyprotein at defined positions, triggering
maturation. This process leads to a rearrangement of the domains, giving rise to

the mature, infectious virus. b–d, Schematic diagram representing the
arrangement of the CA-NTD and CA-CTD domains within immature
M-PMV and HIV and within mature HIV. CA-NTD and CA-CTD molecules
are represented by cyan/blue- and orange/red-coloured solids, respectively.
The solids are positioned at the exact positions and orientations at which the
high-resolution structures fitted into the electron microscopy densities. For
CA-NTD the N terminus and for CA-CTD the C terminus are represented
as spherical extensions. The shown schematics were generated in UCSF
Chimera by defining the translational and rotational matrix of each fitted
CA domain, and applying it to the solid representations. b, Both CA-NTD
(cyan/blue) and CA-CTD (orange/red) domains are shown; c, CA-NTD only;
d, CA-CTD only.
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Extended Data Table 1 | Data processing statistics

Summary of image acquisition and processing statistics for the data sets discussed in this study. Note that each reconstruction was performed on two independent half-data sets.
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