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Abteilung Retrovirale Genexpression, Forschungsschwerpunkt Angewandte Tumorvirologie, Deutsches
Krebsforschungszentrum,2 Structural Biology Programme, European Molecular Biology Laboratory,

Heidelberg, Germany,1 and Structural Biology Division, Wellcome Trust Centre for
Human Genetics, University of Oxford, Oxford, United Kingdom3

Received 29 September 1999/Accepted 8 December 1999

Electron microscopy of negatively stained human foamy virus particles provides direct evidence for the
trimeric nature of intact Env surface glycoproteins. Three-dimensional image reconstruction reveals that the
Env trimer is a tapering spike 14 nm in length. The spikes were often arranged in hexagonal rings which shared
adjacent Env trimers.

The structure and organization of the intact retrovirus en-
velope (Env) glycoprotein have remained a matter of dispute
(5, 15). This protein complex, which plays a crucial role in the
virus life cycle, comprises a transmembrane and a surface do-
main. The unprecedented clarity of electron micrographs of
isolated human foamy virus (HFV) allowed direct visualization
of the trimeric nature of the intact Env protein of this retro-
virus (Fig. 1).

Electron microscopy (EM) of negatively stained (14) gradi-
ent-purified HFV particles derived from the supernatant of
HFV-infected Hel299 cells (16) yielded striking surface images
in which the threefold symmetry of Env protein complexes was
apparent (Fig. 1). Frequently, the entire surface of the virion
was covered with spikes clustered in six-membered rings. Axial
views revealed three distinct subunits of the HFV Env trimer
separated by 4.5 nm, as measured from the center of adjacent
monomers in the trimeric assemblies (Fig. 1b, arrowheads).
Monomeric HFV Env proteins were not detectable. The
grouping of Env trimers into hexameric clusters generated
centrally located, stain-filled holes of about 8 nm in diameter
between the edges of opposing trimers in the six-membered
rings (Fig. 1b, asterisks). Adjacent hexameric rings always
shared two trimers. On those particles which carried clearly
visible spikes, the hexameric arrangement was usually retained,
while isolated Env trimers were almost absent on intact HFV
particles.

The hexameric clustering was less stable than the trimer. We
observed several cases in which staining had disrupted this
arrangement so that the trimers were displaced. This disloca-
tion did not disturb the internal arrangement of spike trimers,
demonstrating the independence of the trimers and their in-
trinsic stability. The fact that all hexamers contained intact
trimers demonstrates that the integrity of the trimeric complex
is necessary for network formation on the surface of the virion.

Side views of Env complexes at the periphery of the particles
revealed a spike length of 13.8 nm in agreement with previous
reports (3, 8). The use of negative stain in this system had the
advantage that it provided single-sided views of the structure.
Cryo-EM produced similar images of the spikes (unpublished
observations), but yielded a more complex image of the entire
virion due to superposition.

The threefold nature of the axial views of the spike was
tested by rotational correlation of the images. Analysis of 17
axial views showed that the highest peaks of rotational corre-
lation averaged 119.4° (68.99°), with a second peak at 241.2°
(69.60°), corresponding to multiples of 120° expected for
threefold symmetry. No evidence of any other symmetry (e.g.,
two-, four-, five-, or sixfold) was observed in the rotational
correlation analysis.

We took advantage of the one-sided nature of the negatively
stained images to determine the three-dimensional structure of
the HFV spike. Figures 2 and 3 show details of the reconstruc-
tion process. Images of individual trimers were taken to rep-
resent views of the same structure from a range of orientations.
Identification of the relative orientations of these views allows
the calculation of the three-dimensional structure which gave
rise to them (9).

A model-based iterative approach (9) was used to recon-
struct the density in a series of refinement cycles. The initial
model was generated by combining axial and side views of
closely packed spikes in which three neighbors were present.
Threefold symmetry was then imposed along the trimer axis.
This symmetrized model was then used to determine the rel-
ative orientations of 626 images by comparing them to the full
range of projections for the calculation of a more reliable
reconstruction. This process of model generation, imposition
of axial threefold symmetry, and determination of improved
orientations was repeated four times. The resulting three-di-
mensional structure is shown in Fig. 2I, J, K, and L, with the
corresponding projections (E, F, G, and H) and averaged par-
ticle images (A, B, C, and D).

The improvement in the reconstruction during the cycles of
refinement was monitored by Fourier shell correlation (FSC)
(11) between two independent reconstructions generated from
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half-data sets (Fig. 3). The resolution at which the FSC value
reached 0.5 serves as a measure of the reproducibility of the
structure. Cycles of refinement caused this resolution to im-
prove from its initial value of 3.6 nm to a final value of 3.4 nm
in four cycles. The surface representations shown in Fig. 2 are
low-pass filtered to this 3.4-nm resolution to remove details

which are not preserved between the independent reconstruc-
tions.

The axial threefold symmetry of the density (Fig. 2) is im-
posed by the reconstruction process; however, the distribution
of density within the threefold structure is determined by the
density in the input images. The trimer in the center of the

FIG. 1. Surface features of HFV particles detected by negative-staining EM. HFV isolated from the supernatant of infected Hel299 cells 4 days postinfection was
purified by sucrose gradient centrifugation, and rapid, negative staining with uranyl acetate revealed surface features. Particles with a diameter of ;100 nm often showed
a network of trimeric viral spike proteins on the particle surface and were predominantly arranged into rings of six subunits. When grouped in hexameric rings, a
stain-filled hole with a diameter of about 8 nm was formed (b, asterisks). Adjacent rings always shared two completely integrated spikes. Images at higher magnification
revealed three separate densities (arrowheads) in the triangular spike (b). Bars represent 50 nm (a) and 25 nm (b).

FIG. 2. Three-dimensional reconstruction of HFV spike glycoproteins. The reconstruction was performed with 626 images of negatively stained HFV Env trimers
in hexagonal clusters by using a model-based, iterative approach. The top row of the figure shows the averaged particle images (A, B, C, and D) corresponding to the
projections (E, F, G, and H) of the reconstruction shown in the middle row. The bottom row shows surface representations of the reconstruction (I, J, K, and L)
contoured at a volume which corresponds to that expected for four Env trimers. The four views displayed are at the following orientations of u, w: 0°, 0° (A, E, and
I), 90°, 0° (B, F, and J), 45°, 30° (C, G, and K), and 30°, 180° (D, H, and L), where the z axis (u, w 5 0°, 0°) lies along the threefold axis. The bar represents 10 nm.
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reconstruction is clearer than the surrounding three trimers.
We believe this reflects variation in the curvature of the virion
surface, but it could also reflect variable spacing between tri-
mers in the hexameric cluster or variation in the staining of
individual trimers.

Our reconstruction reveals the HFV Env complexes as tri-
meric, tapering spikes with a depression at the tip and a vol-
ume consistent with that expected for a trimeric complex of
single Env subunits (Fig. 2, bottom row). The reconstructed
images of HFV Env explain the spiky appearance of foamy
viruses seen in conventional EM. They contrast with the knob-
like models of the retrovirus spike deduced from images of
human immunodeficiency virus type 1 (3, 8).

Certain features of the molecular biology of foamy viruses
(e.g., the requirement of Env for particle budding) are peculiar
to this group of retroviruses (2, 6, 7, 10). We expect, however,
that the trimeric nature of the HFV Env complexes is a com-
mon feature of retrovirus spikes. This inference is supported by
structural and crystallographic data obtained from recombi-
nant retroviral Env subdomains and EM studies that show a
triangular shape for lentivirus spike proteins (4, 13, 15). Foamy
virus Env proteins display structural homology to other retro-
virus Env proteins (12). The fact that the trimeric nature of the
HFV spike is more apparent than in other retroviruses may
reflect greater stability of foamy virus Env assemblies.

Surface glycoproteins play a crucial role in the life cycle of
enveloped viruses, both allowing entry into the host cell and
being of prime importance for elimination and clearance of the
virus by host defense mechanisms (1, 5, 15). A deeper under-
standing of their structure and conformation thus has impor-
tant implications for biomedical applications, especially for
persisting viruses which are not eliminated by the host (1, 15).

The structures of Env-derived subdomains from human immu-
nodeficiency virus and other retroviruses obtained by nuclear
magnetic resonance and X-ray crystallography represent the
conformation of the protein after activation for fusion. In con-
trast, our observations show the value of the foamy virus sys-
tem for depicting the structure and function of the native
retrovirus Env protein complex before the activation for fusion
has occurred.
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1998. The carboxy-terminal p3Gag domain of the human foamy virus Gag
precursor is required for efficient virus infectivity. Virology 247:7–13.

FIG. 3. Improvement of the image reconstruction with iterated cycles of
refinement. The 626 particle images were divided into two sets and used to
generate independent reconstructions. Comparison of these two reconstructions
by FSC defined the resolution of the reproducible detail between the reconstruc-
tions. The resolution improved from 3.6 nm in the first cycle through 3.4 nm in
the fourth cycle, as seen by the shift in the position at which the FSC curve first
drops to a value of 0.5 (11).
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