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Abstract
Understanding the molecular architectures of enveloped and complex viruses is a challenging frontier
in structural biology because in most cases, the structural and compositional variation from one viral
particle to another precludes the use of either crystallization or image averaging procedures that have
been successfully implemented in the past for highly symmetric viruses. While advances in cryo
electron tomography of unstained specimens provide new opportunities for identification and
molecular averaging of individual subcomponents such as the surface glycoprotein spikes on these
viruses, electron tomography of stained and plunge-frozen cells is being used to visualize the cellular
context of viral entry and replication. Here, we review recent developments in both areas as they
relate to our understanding of the biology of heterogeneous and pleiomorphic viruses.

Introduction
Advances over the last several decades in biological electron microscopy and X-ray
crystallography have led to fascinating insights into the architectures of a wide range of viruses
with diameters ranging from ~30 nm to ~300 nm. Knowledge of the arrangement of the internal
viral components such as the capsid representing the packaged nucleic acid and the exterior,
generally composed of proteins that mediate entry into cells has been vital not only for
improved understanding of the principles of viral organization, but also for the development
of strategies to combat viral infection leading to a variety of human diseases. Early structural
analyses using electron microscopy were largely devoted to obtaining projection images of
viruses in infected cells that were fixed, stained with electron-dense reagents and resin-
embedded for analysis using electron microscopy at room temperature. Over the last decade,
the advent of cryo electron microscopic approaches has provided new opportunities to
investigate the structures of intact viruses without staining, but by analysis of plunge-frozen
specimens [1]. Combined with image averaging methods, especially for viruses displaying
high levels of internal symmetry, these methods have led to descriptions of viral architecture
at sub-nanometer resolutions, and interpretation of subunit arrangements at atomic resolution
using structures of individual components determined by X-ray crystallography [2,3].

Until recently, three-dimensional electron microscopic analysis of the native states of viruses
without intrinsic symmetry such as retroviruses and other enveloped viruses has remained
largely unexplored. However, the emergence of powerful technologies for carrying out electron
tomography of viruses in isolation and in infected cells is rapidly beginning to provide novel
glimpses of viral architecture in enveloped and complex viruses [4–10]. Here, we review some
recent areas of progress and the challenges that lie ahead in this field.
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Tomography vs. single particle reconstruction methods
Approaches to derive the virus structures of 3D objects by single particle electron microscopy
are based on the fundamental premise that projection images of different copies of the same
virus can be averaged together. The strategy for reconstructing 3D structure from a series of
projection images takes advantage of the fact that the 2D Fourier transform of a projection
image corresponds to a central slice through the origin of the 3D Fourier transform of the object;
thus, as the 3D Fourier transform is progressively built up by including more and more
projection images, the inverse of the transform provides progressively improved
representations of the three-dimensional structure of the object being imaged (figs. 1a–c).
Because of the necessity of using low doses to preserve structural integrity during electron
microscopic imaging, the presence of symmetry makes this type of averaging extremely
effective, and has driven rapid advances in 3D reconstructions of viruses and their components
displaying icosahedral symmetry [11–13], and its application to study dynamical aspects of
virus structure [14,15].

For pleiomorphic viruses, where each virion can display a different shape and size, 3D
reconstruction by image averaging is not possible, but tomographic analysis can be used to
determine the overall 3D structure. In electron tomography [16], a series of projection images
is generated by rotating the specimen over a tilt range that is typically restricted to +/− 70° in
most cases because of physical limitations of specimen geometry in the electron microscope
column, and due to the rapid increase in effective specimen thickness of the flat specimen at
the highest tilt angles. These projections can then be combined to generate a three-dimensional
representation of the object. In using this strategy to visualize the structures of viruses, there
are two fundamental features worthy of note that affect the final outcome. First, the fact that
the range of angles sampled is limited results in a distortion of the reconstructed object (figs.
1d–f). Second, the signal-to-noise ratio in the 3D reconstruction is limited by the fact that the
electron dose is spread out over the entire tilt series, and results in relatively noisy 3D
representations as compared to 3D structures derived by averaging large numbers of viruses
using single particle approaches.

There is, however, the exciting prospect that these limitations can be overcome by the use of
image averaging approaches as applied to selected regions within tomograms of whole viruses
and cells. Multiple copies of potentially homogeneous subcomponents of heterogeneous
objects can be selected out, and averaged to obtain the 3D structure of the subcomponent at
improved resolution. This idea is schematically illustrated in figs. 1g and 1h where the 3D
volumes of the four surface protrusions evident in the object in fig. 1f are extracted (fig. 1g)
and averaged together (fig. 1h) to generate a 3D structure derived by coherent averaging of the
four extracted subvolumes. The striking difference between the visual appearance of the four
extracted subvolumes arises solely from differences in orientation between the principal axis
of the protrusion and the direction of imaging, a problem referred to as the “missing wedge”
effect. Techniques to average volumes while correctly accounting for this missing wedge and
with proper classification to ensure that the entities being averaged belong to the same structure
are extremely important, and are being developed in a number of research groups [17–19].

Tomographic analyses of viruses
Application of tomography to investigate the architectures of immunodeficiency viruses,
members of the herpesvirus family and influenza virus have begun to yield novel information
combined with a good measure of controversy (see fig. 2). Some of these studies, such as those
with HSV-1 [6] and influenza virus [20], have involved descriptive studies of viral architecture
indicating the nature of structural pleiomorphy found in the assembly of these viruses. In a
similar vein, Briggs et al. [21] have reported on the assembly of the HIV-1 core by tomography
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of formaldehyde-treated, plunge-frozen virions. From inspection of tomograms of several virus
particles, they have concluded that core assembly is likely to be initiated at the narrow end,
and proceeds towards the distal side until the viral membrane limits its growth. It will be
interesting to test whether this type of mechanism will also hold for other retroviruses, and
whether this sequence of assembly has some deeper functional significance. In complementary
studies, Wright et al. [22] have presented images of immature HIV-1 rendered non-infectious
by point mutations in multiple Gag components, and suggest hypothetical models for the
relative spatial arrangement of cleaved Gag components in the interior of the virus.

Investigation of the entry portal in herpesvirus capsids by three different groups [23–25]
provides another glimpse of the use of tomography in analysis of viral structure. There are
many similarities in structure between principles of capsid assembly in tailed bacteriophages
[26] and herpesviruses, leading to the question of how one of the twelve 5-fold vertices of the
capsid shell becomes uniquely assigned to the entry portal. Tomographic studies reported by
all three groups verify the existence of this portal at a unique vertex; however there is
disagreement about the precise position of the portal at this vertex. Thus, while Chang et al.
[24] and Deng et al. [25] conclude that the bulk of the portal mass lies at a level that corresponds
to the floor of the capsid, and points inward, Cardone et al. [23] argue that the portal is mounted
pointing outwards from the capsid floor. The discrepancy in these studies may have to do with
the use of different capsid preparations, differences in biochemical treatment of the capsids
prior to plunge-freezing, and variations in the computational procedures used. Improvements
in resolution of the reconstructions can be expected to resolve some of these ambiguities before
long.

Two recent reports by Zhu et al. and Zanetti et al. [9,10] on the averaged 3D structures of the
surface glycoprotein spike on simian immunodeficiency virus (SIV) have sparked a different
kind of controversy. Both groups used very similar virus preparations and obtained what appear
to be very similar images, but with very different final outcomes for the structure. The reasons
for this discrepancy, and the divergent conclusions about “three- vs. one-legged” viral spikes
probably has much to do with differences in the methods used by the different groups for 3D
averaging and the errors that arise when proper classification strategies and corrections for the
missing wedge have not been employed, as has been pointed out in a commentary on the
findings reported in these two papers [8]. Controversy notwithstanding, it is clear that this is
only the beginning of efforts to combine cryo electron tomography and molecular averaging
methods to obtain penetrating insights into the tertiary and quaternary structures of spikes on
these and related viruses.

Virus-antibody complexes and the cellular interface
Understanding how viruses are processed by the host organisms they invade is of central
interest from a biological and medical perspective. Historically, these studies have spanned
both interactions of viruses with antibodies as well as studies by electron [27–29] and light
microscopy [30] of various stages in the viral life cycle. Recent progress in both areas provides
encouraging signs that the use of 3D electron microscopic approaches could also be invaluable
in the physiological context.

For icosahedral viruses, the use of symmetry has been exploited to localize binding sites of
antibodies and antibody fragments on the viral surface [31,32]. In the case of viruses lacking
symmetry, understanding these interactions is more challenging. One example where
tomography has proved to be useful has been reported in a recent study of the binding of a
highly potent neutralizing antibody construct to native gp120 on immunodeficiency viruses.
Bennett et al [33] have shown that the potent HIV neutralizing antibody construct D1D2-IgP
works by bridging neighboring spikes on the same virus and spikes on neighboring viruses by
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virtue of its flexible, polyvalent structure, suggesting that spike cross-linking is likely to be
central to the mechanism of neutralization by compounds with these characteristics (fig. 3).
Intriguingly, the presence of bound neutralizing antibody promoted not only neutralization,
but also viral rupture. This observation suggests new physical principles that could be used for
design of effective therapeutic candidates for treatment of AIDS by destruction of infectious
virions, in contrast to the previous emphasis on simple neutralization of viral spikes.

The extension of virus tomography to study different stages of the viral life cycle is an obvious
and important extension of studies on purified viruses. Studies on vaccinia virus in free and
cell-associated states have been interpreted to provide evidence for a model in which cell
attachment is required to induce decondensation of the viral DNA, and for a mechanism by
which viral DNA is released into the cytoplasm by opening of the core on the side [4,34].
Electron tomographic studies on cells infected with flock house virus, a positive strand RNA
virus, have been used to localize the 50 nm-sized compartments where viral RNA is synthesized
and to delineate the architecture and stoichiometry of the viral replication complex [35]. Recent
studies of HIV and SIV entry into CD4+ T-cells provide another example where tomographic
analyses of virus-infected cells have led to novel functional insights (fig. 4). Sougrat et al.
[7] have shown that docking of SIV or HIV-1 on the T cell surface occurs via a neck-shaped
contact region that is ~40 nm wide and is consistently composed of a closely spaced cluster of
rod-shaped features, termed the viral “entry claw”. These examples, taken together with reports
of the architectures of nascent HSV-1 virions in infected cells [36] bode well for the use of
tomography of frozen-hydrated as well as stained, plastic-embedded cells to extend the
understanding of virus-cell interactions into the third dimension.

Conclusion
Transmission electron microscopy is limited in practice to imaging specimens with thicknesses
well below a micron, even with the use of microscopes at the highest operating voltages.
Viruses and thin sections of the interior of larger eukaryotic cells meet these physical
requirements, and their study using 2D and 3D electron microscopic approaches is providing
fascinating insights into the biology of virus assembly, entry and replication. The use of cryo
electron tomographic approaches to analyze and quantitate the structural complexity of non-
symmetric viruses could be of immediate medical relevance in designing strategies to combat
viral diseases. The use of tomography to provide structural information at a resolution
intermediate to that obtained by X-ray crystallography and light microscopy thus bridges a
critical gap in the biomedical imaging spectrum.
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Figure 1.
Strategies for 3D reconstruction and averaging in 3D electron microscopy. In single particle
electron microscopy, projection images of identical copies of the object (a), are averaged
together by determining relative orientations (b), of the projection images recorded over a range
of orientations and combined to generate a three-dimensional representation of the object (c).
In electron tomography, multiple views (d) of the same object are recorded at different
orientations relative to the beam (e) and combined using back-projection-based or related
methods to generate a three-dimensional representation of the object (f). The distortion in the
shape of the object is because the reconstruction is based on views from a limited angular range
(+/− 60° in this case) that is experimentally accessible in data collection geometries currently
used in electron tomography. The four protrusions on the object in this example are chosen to
illustrate individual spikes on the surface of a virus. The 3D volumes of these spikes extracted
from the reconstruction in (f) are presented in (g). Despite the presence of distortions rising
from the “missing wedge” in the individual recovered volumes, when correctly compensated
for, they can be combined to generate an averaged 3D volume. In cryo electron tomography,
where low doses are used to preserve specimen integrity, this latter strategy allows the use of
molecular averaging methods to determine the structures of subcomponents of viruses such as
viral spikes at higher resolution.
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Figure 2.
Recent examples of the use of cryo electron tomography to visualize the structures of viruses
and their components. The examples presented are segmented renderings of the 3-D structures
of (a) herpes simplex virus (HSV) capsid [6], (b) simian immunodeficiency virus [7], (c)
influenza virus [20], (d–f) views of the herpesvirus capsid portal vertex from three different
groups: a cross-sectional rendering (d) highlighting the unique portal vertex in HSV-1 by
Chang et al. [24], rendering of surface views (e) of portal (top) and non-portal vertices (bottom),
also of HSV-1 by Cardone et al. [23] and views of the Kaposi’s sarcoma-associated herpesvirus
(f) with non-portal penton vertex (left) and portal (right) vertex shown by Deng et al. [25], (g)
averaged structure of the surface spike from moloney murine leukemia virus [5] and (h,i)
divergent, averaged 3D structures of the surface spike on SIV derived from the work of Zhu
et al. [10] and Zanetti et al. [9].
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Figure 3.
Cryo-electron tomography of SIV complexed with the potent neutralizing protein D1D2-IgP
[7,33]. (a,b) Tomographic slices from 3D reconstructions of purified SIV in the absence of, (a)
and in complex with the potent neutralizing protein D1D2-IgP, which promotes an increase in
the frequency of viral rupture leading to loss of internal content of the virus (b). (c) Schematic
illustration of the finding that the polyvalent D1D2-IgP antibody can cross-link spikes on, and
across viruses. Scale bars in (a) and (b) are 50 nm and 100 nm, respectively.
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Figure 4.
Electron tomographic analysis of the contact between HIV and T-cells. Tomographic slices
(a–d) and segmented representation (e) of the distinctive contact zone between HIV-1 and CD4
+ T-cells termed the viral “entry claw”, which is not observed in the presence of the peptide
entry inhibitor C34, the CCR5 antagonist TAK779, or anti- CD4 antibodies. The schematic in
(f) illustrates the general architecture of the ~40 nm wide entry claw, which is composed of
about 5–7 rods of density and the fact that viruses engaged in this type of contact appear to
have few detectable remaining spikes on their surface in contrast to viruses that have not yet
made cellular contact. Scale bars in (a) –(d) are 100 nm long.
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