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Advances in electron cryomicroscopy (cryo-EM) have
made possible the structural determination of large
biological machines in the resolution range of 6–9 Å.
Rice dwarf virus and the acrosomal bundle represent
two distinct types of machines amenable to cryo-EM
investigations at subnanometer resolutions. However, calculating the density map is only the first step,
and much analysis remains to extract structural insights and the mechanism of action in these machines. This paper will review the computational and
visualization methodologies necessary for analysis
(structure mining) of the computed cryo-EM maps of
these machines. These steps include component segmentation, averaging based on local symmetry among
components, density connectivity trace, incorporation
of bioinformatics analysis, and fitting of high-resolution component data, if available. The consequences
of these analyses can not only identify accurately
some of the secondary structure elements of the molecular components in machines but also suggest
structural mechanisms related to their biological
functions.
Introduction
Structural biology of macromolecules has become an
indispensable branch of molecular biology because the
results from structural studies have been able to explain the mechanism of action in macromolecules and/
or lead to more targeted experiments for structure/
function exploration. So far, structural approaches have
been largely based on X-ray crystallography or NMR
spectroscopy because these techniques can provide
atomic models. However, both of these techniques are
limited in their ability to tackle very large biological machines close to or greater than one million daltons. Usually, these large machines are made up of multiple copies of identical or nonidentical molecules. In some
cases, the machines can consist of up to hundreds or
even thousands of protein molecules. Implicitly, a machine is capable of undergoing motion and/or changes
in shape as a characteristic feature of its function to
carry out a specific biological process (Alberts, 1998;
Alberts and Miake-Lye, 1992) such as signal transduction, genome replication, RNA transcription, translation,
chaperonin-assisted protein folding, motility, and viral
infection. The study of these large machines has be*Correspondence: wah@bcm.tmc.edu
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come increasingly popular partly because of the rapid
development of proteomics in identifying and purifying
ensembles of macromolecules (Gavin et al., 2002; Sali,
2003).
Electron cryomicroscopy (cryo-EM) offers a number
of advantages for determining the structures of large
biological machines. Specifically, specimens for cryoEM studies can be analyzed in many forms and shapes,
i.e., two- or three-dimensional crystals, one-dimensional filaments or tubular crystals possessing helical
symmetry, and single particles with or without symmetry. At present, cryo-EM has been mostly used for
studying intact machines, usually complemented by
the crystal structures of the individual components.
However, cryo-EM can be the sole structural tool in the
absence of high-resolution structures of its components. By imaging these machines in different functional or chemical states and characterizing the differences, one can discover conformational switches in the
molecular components within the machine (e.g., Gao et
al., 2003; Jiang et al., 2003; Saibil, 2000; and Subramaniam and Henderson, 2000). Furthermore, structures of
the components within the machine are sometimes different from those in the isolated and crystallized forms.
In such cases, cryo-EM can provide an estimate of the
structures of machines in their native, interacting states
that are directly relevant to their cellular functions.
Achievable Resolution in Cryo-EM
Because the wavelength of electrons used in electron
microscopy is on the order of a fraction of an angstrom,
the resolution for electron imaging has never been diffraction limited. In fact, any modern commercially available instrument has a resolving power of <2.5 Å.
Though electron imaging is an inherently high-resolution method, its application to biological machines is
far from attaining this instrumental resolution. The
problem lies in the electron radiation damage to the
biological molecules that occurs when a statistically
defined image is recorded (Glaeser, 1971; Henderson,
1995). All the experimental and computational methodologies developed for cryo-EM have been directly or
indirectly geared to the need to cope with the constraints imposed by the radiation damage effects. To
date, low-dose and low-temperature microscopy have
been the most effective approaches for preserving the
high resolution structural details and minimizing the
damage to the biological specimens. The details in preparing cryo-EM samples and recording high-quality
images have been established and are routinely used
in many laboratories. Nevertheless, the raw images are
still noisy and require proper averaging of images of a
large number of molecules by computational means to
retrieve the correct structures. So far, the machines that
have been studied to subnanometer resolutions are
those that can be biochemically prepared as structurally homogeneous samples. This structural homogeneity requirement may possibly be relaxed when
more advanced image processing methodologies are
further developed (Brink et al., 2004).
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Computer reconstruction of cryo-EM images includes
the correction of the instrument transfer function, the assignment of the orientation parameters, and merging the
data coherently to calculate a three-dimensional density
map. There are numerous software packages for solving
cryo-EM structures of specimens of various symmetry
types. The first successful application of cryo-EM that resulted in the tracing of the polypeptide backbone was
done with images of two-dimensional crystals of bacteriorhodopsin (Henderson et al., 1990), and this approach
has subsequently been extended to include several
membrane proteins (Kühlbrandt et al., 1994; Murata et
al., 2000) as well as Zn2+-induced tubulin crystals (Nogales et al., 1998). This type of specimen, two-dimensional crystals, is the easiest for subnanometer resolution cryo-EM analysis because the data are localized in
diffraction spots and Fourier averaging methods can be
easily applied to retrieve the 3D structures. The next
type of specimens that are readily amenable to subnanometer resolution cryo-EM structure determination
have helical symmetry, where the data are also localized, this time in the layer lines in diffraction space. Machines such as tobacco mosaic virus (Jeng et al., 1989),
bacterial flagella (Yonekura et al., 2003), and acetylcholine receptor (Miyazawa et al., 2003) are examples of
structures determined to 4.5 to 9 Å. The most difficult
type of specimen for attaining a subnanometer resolution cryo-EM structure is the single particle, either with
or without any inherent symmetry. In single particles,
the data are delocalized in diffraction space and
weaker because they arise from a single particle rather
than a coherent average of many. It is more difficult to
determine accurately the geometric orientation parameters for each particle necessary for 3D reconstruction,
which is equivalent to indexing diffraction spots or layer
lines in two- and one-dimensional crystal data. Icosahedral particles, typically viruses, are a subset of single
particles that possess high symmetry, comprised of 60
redundant copies of asymmetric units per particle,
making them the best case for achieving subnanometer
resolution structure determination (for review see, Zhou
and Chiu, 2003). Despite the inherent challenges, significant progress has been made in cryo-EM reconstruction of single particle with lesser or no symmetry as
exemplified by GroEL (Ludtke et al., 2004), clathrin
(Fotin et al., 2004), and ribosome.
It should be pointed out that the resolution of a cryoEM map has been defined differently for different types
of specimen. For crystalline and helical symmetries, the
resolution is defined in a similar manner as is done in
X-ray crystallography and fiber diffraction, that is, the
highest resolution at which discrete signals can be detected above background in diffraction space. In the
case of single particle cryo-EM specimens, the resolution is measured by comparing independent reconstructions from two sets of particle images. A common
criterion used to compare the two independent maps
and assess resolution is the Fourier shell correlation
(van Heel, 1987) with a threshold of 0.5. However, there
is some variation in picking the resolution threshold
(Rosenthal and Henderson, 2003), and caution is warranted in interpreting the structural resolution of a cryoEM map. Rather than strictly relying on such a resolution criterion, one should look for structural features

that can be expected for certain resolution structures
as described below.
Structural Features at Subnanometer Resolution
Because of the residual noise and computational errors
in a cryo-EM map determined at subnanometer resolution, it can be a challenge to identify structural features
from a complex, large map of a machine, which can be
difficult to visualize even with modern graphics hardware and software. However, these maps have a rich
information content that can be discovered with proper
visualization and structure mining tools, which are described in a number of papers in this volume. The resolvable features may include subunit or domain
boundaries, quantitative descriptions of the spatial relationships among these components, and secondary
structure elements of polypeptides and RNA molecules. In order to find out the most readily observable
features from a molecular structure at this range of resolution, one can take any PDB structure, “blur” it to
various resolutions, and then visualize the structure as
exemplified in Figure 1. At low resolution, only the overall shape and possibly subunit boundaries are visible.
In examining the synthetic data, the 50S ribosome (Ban
et al., 2000), helices of rRNA are readily discernable,
demonstrating the 22 Å major groove and 12 Å minor
groove, at 10–14 Å resolution (Figure 1, left). Between
10 and 6 Å, long α helices in proteins appear as cylinders of density with diameters of 5–6 Å and variable
lengths (Figure 1, middle). Also at this resolution, β
sheets appear as flat, continuous density of variable
sizes. Beyond 6 Å, the density corresponding to polypeptide α helices may exhibit the 5.4 Å helical pitch,
whereas the increasingly “bumpy” appearance of the
density map may be attributed to individual bulky side
chains. However, it is not until at least 4.7 Å resolution
that the individual strands of sheet may be resolved
(Figure 1, right).
Although it is possible to establish theoretical boundaries for structure interpretation, practical limitations
may alter the ability to visually or computationally identify structural features. For instance, if a protruding α
helix is situated at the external part of the protein and
does not have any mass density adjacent to it, this α
helix would be detectable even at resolution worse than
10 Å. However, if a helix is floppy and highly mobile,
or surrounded closely by other density, it may not be
recognized as a helix even at relatively high resolution.
Therefore, the extent of recognizable features is really
specimen and map dependent as well as resolution dependent. In this review, we have chosen rice dwarf virus
and acrosomal bundle as examples to demonstrate
some of the different types of structural information
that can be extracted from a subnanometer resolution
map.
Two Examples of Biological Machines
Virus particles have long served as the paradigm for
studying biological machines because of their complex, multicomponent architecture as well as their ability to carry out many fundamental biological processes
(see chapters in a review book by Chiu and Johnson,
2003). Viruses have also driven technological develop-
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Figure 1. Structural Appearances of Ribosomal Subunit at Different Resolutions
The large ribosomal subunit from Haloarcula marismortui (1FFK, Cα only) (Ban et al., 2000) generated from EMAN (Ludtke et al., 1999) at
different resolutions: 12 Å (left), 8 Å (middle), and 4 Å (right). Bottom insets show a zoomed-in view illustrating the salient features such as
rRNA helices (arrow), α helices, and β strands (marked α and β, respectively). The images shown represent simulated data in idealized
conditions (the absence of noise, particle in vacuum, no side chains, etc.) and thus may represent slightly better resolution than actual cryoEM reconstructions. This is particularly noticeable in the two alpha helices on the surface highlighted in the 8 Å map, which are partially
visible in the 12 Å map. The display was generated using UCSF Chimera (Pettersen et al., 2004). This display was generated with UCSF
Chimera (Pettersen et al., 2004).

ments in molecular biology and have proved to be useful in deducing fundamental concepts in molecular assemblies (Chiu and Johnson, 2003; King and Chiu,
1997). One particularly interesting virus has been Rice
dwarf virus (RDV), a member of reoviridae that infects
rice plants and is an important agricultural pathogen.
Two icosahedral protein shells (w600 and 700 Å in diameter) surround the 12 segment dsRNA genome. RDV,
with a total mass of w75 MDa, consists of seven structural proteins. The outer shell is primarily composed of
780 copies of P8 (46 kDa), whereas the inner shell is
primarily composed of 120 copies of P3 (114 kDa). Additionally, RDV is a transcriptionally competent machine
containing the viral-coded RNA-dependent RNA polymerase (Suzuki et al., 1992). When the 6.8 Å cryo-EM
map of RDV was obtained (Zhou et al., 2001), no crystal
structure for this virus or its components was known.
Combining the subnanometer resolution map of RDV
and the bioinformatics analysis of the two aforementioned viral structural proteins, it was possible to derive
their folds. Subsequently, the crystal structure of RDV
was solved (Nakagawa et al., 2003) and showed remarkable agreement with the models derived from the
cryo-EM analysis. In short, a cryo-EM study at subnano-

meter resolution was shown to be able to accurately
produce pseudoatomic models for the components of
a machine even in the absence of a crystal structure
(Zhou et al., 2001).
The acrosomal bundle from Limulus sperm is known
to be a biological spring, which contains w90 filaments
with a diameter of 1,000 Å and a length of 60 m (Tilney,
1975). It has rigidity similar to that of a plastic polymer
such as polyethylene, with a stiffness (Young’s Modulus) of 2 GPa (Gardel et al., 2004). Compositionally, it
has an equal stoichiometry of actin, scruin, and calmodulin. It exists as a quasicrystal, obeying the symmetry
of space group of P21 and having a unit cell spacing of
146 × 146 × 765 Å (Sherman et al., 1999). The bundle is
coiled in the base of the resting sperm cell of Limulus
and becomes extended upon activation by Ca2+,
whereupon it can penetrate through the jelly coat of an
egg. Throughout this extension process, the bundle
uses stored energy and does not consume ATP. There
are many interesting questions inherent in this machine,
including how the actin and scruin interact to form a
stable large filament and how the bundle can undergo
such a large conformational change during the fertilization process. The 9.5 Å cryo-EM structure (Schmid et
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Figure 2. 6.8 Å Cryo-EM Structure of the
Double-Shelled Rice Dwarf Virus
(A) Cryo-EM map of rice dwarf virus (RDV) at
6.8 Å (EBI 1060) (Zhou et al., 2001). Center of
the map is cut open to show the density of
the inner capsid shell. Each of the five trimers in the outer shell is colored differently.
(B) An averaged P8 trimer from the outer
capsid of RDV.
(C) A single P8 subunit from the averaged
trimer.
(D) P8 with annotated alpha helices. Green
cylinders represent high scoring helices and
orange cylinders represent lower scoring,
less confident helices from helixhunter (Jiang et al., 2001).

al., 2004) revealed for the first time how actin molecules
are packed in a partially distorted helical filament within
the bundle that can be triggered to exert a tremendous
force to penetrate through the jelly coat and plasma
membrane of an egg.
Analysis of Density Maps of Large Machines
A cryo-EM map of a biological machine is usually large
and noisy, as exemplified by the density map of RDV,
European Bioinformatics Institute (EBI) accession

number EBI-1060, and of the acrosomal bundle (EBI1088), which were reconstructed to 6.8 and 9.5 Å, respectively (Figures 2A and 3A and Movies S1 and S2 available with this article online). After such maps were obtained, a significant amount of analysis was carried out,
including denoising, segmentation of the individual
subunits in the asymmetric unit, averaging redundant
copies of the chemically identical subunits within the
asymmetric unit and establishing the spatial relationships among the subunits, and searching for secondary
Figure 3. 9.5 Å Cryo-EM Structure of the
Acrosomal Bundle from Limulus Sperm
(A) Cryo-EM map of acrosomal bundle at
9.5 Å (EBI-1088) (Schmid et al., 2004). A full
unit cell is shown in a centered view. Thus,
there is one filament shown radially colored
plus one quarter section of each of four identical filaments at the corners.
(B) Final averaged actin subunit with four
subdomains (labeled 1–4) after foldhunter
search and local symmetry averaging with
annotated helices (blue ones found by helixhunter, green ones recognized after foldhunter averaging).
(C) Coordinates used by Holmes for the
F-actin model blurred to equivalent resolution and nonisotropic B factor (effective resolution is thus 9 Å in the vertical direction,
about 12 Å in the horizontal plane).

Review
367

structure elements. We will describe the different approaches performed on these density maps.
Segmentation and Postmap Averaging
The first task in understanding a multicomponent machine is to define the individual molecular components.
In many cases, the individual components may actually
form higher-ordered structures within the complex,
such as an asymmetric unit in a virus. Defining the
boundary of each subunit can be a challenge, both
from the standpoint of resolution and resolvability. At
higher resolutions, it is easier to define the molecular
boundary of the components. However, intimate interactions between the neighbor molecules and the residual noise may result in poor resolvability of the components. In segmenting the individual components of a
machine, both computational and manual routines can
be employed to varying levels of success. Segmentation of the individual components may also be facilitated by the availability of the atomic resolution structure of the component or of a homologous protein.
Often, the asymmetric unit of the machine consists
of multiple copies of the same polypeptide. There is no
guarantee that each of the identical polypeptides will
have identical structures. If the subunits are related to
each other via local symmetry operations and if those
symmetry operations are not assumed in the reconstruction procedure, one may ask quantitatively how
closely those subunits follow the symmetry relationship
(He et al., 2001). In such circumstances where individual components share a high degree of similarity, inter- and/or intrasubunit averaging may result in a better-resolved component.
It should be pointed out that averaging is very useful
to reveal the structurally invariant parts of the subunit
but may blur out the structurally variable regions, which
can be critical at the intermolecular interfaces. Additionally, the extent of the symmetry agreement can be
a function of resolution. Specifically, a subunit may appear very symmetrical around a local symmetry axis at
low resolution but will be less so at a higher resolution.
As suggested decades ago, the quasiequivalence of a
viral assembly would cause their symmetry-related
subunits to have similar, but not identical structures in
order to form a stable and closed particle (Caspar and
Klug, 1962). In determining the symmetry axis and symmetry agreement of a subunit, further analysis of subunit locations, segmentation, and alignment of the individual subunits may result not only in an averaged
subunit but also a physical description of subunit location, orientation, and interactions. The process of segmentation and averaging is iterative and can best be
illustrated through two examples.
As mentioned previously, no crystal structure for RDV
was available when the cryo-EM map was obtained
(Zhou et al., 2001). However, the map was well resolved
and allowed for the preliminary segmentation and subsequent assessment of the P8 trimers in an asymmetric
unit. In establishing the symmetry axis and relationship,
it was then possible to align the different types of trimers, resulting in an averaged trimer (Figure 2B). This
trimer was then used as a template to find and extract
all P8 trimer locations. Because of the local 3-fold sym-

metry and the enhanced signal from the averaged trimer, it was also possible to segment a single P8 monomer from the trimer (Figure 2C and Movie S3).
The acrosomal bundle is a P21 crystal with 14 subunits of actin, scruin, and calmodulin in each asymmetric unit. It has been shown previously that the scruin
wraps around each actin filament, and scruin-scruin interfilament interactions are critical for crosslinking the
filaments into the bundle (Schmid et al., 1994). Based
on this knowledge, a single actin monomer was segmented and used as a template to search for the rest
of the actin in the asymmetric unit. The remaining subunits were then segmented out and averaged to produce an averaged actin monomer. Because the first
round of segmentation of the single actin subunit was
approximate and did not use any crystal structure of
the actin to avoid bias in the analysis, a number of iterations of segmentation and averaging were used in order
to obtain a more accurate segmentation of the subunit
resulting in an averaged actin subunit (Figure 3B). This
procedure was also carried out with the scruin molecule, which resolved into two domains as was predicted by sequence analysis.

Identifying Secondary Structure Elements
from Cryo-EM Maps
As shown in Figure 1, secondary structure features of
molecular components can be detected in structures
determined at subnanometer resolution. Alpha helices
have a characteristic cylindrical shape and can be recognized visually when appropriate display thresholds
are selected. Alternatively, a computational search with
an α helix model of several turns in length can be used
as a template to probe for cylindrical density throughout the entire map of the machine. Such an automatic
computational approach has been confirmed by simulation to be >90% accurate in detecting helices of three
or more turns (Jiang et al., 2001). Although such a procedure is relatively robust and accurate, helix assignment should ultimately be assessed through visual inspection and comparison with known biochemical or
bioinformatics data. The identification of helices is not
only useful in describing the fold of a component but
also can be an important method for identifying homologous structures. By providing a geometric description
of helix locations and orientations, it is possible to
query the library of known folds, derived from the PDB,
to identify potentially homologous structures based
solely on α helices (Baker et al., 2003; Jiang et al., 2003;
Zhou et al., 2001).
Figure 2D shows the detected α helices in the
averaged outer capsid shell protein, P8, of RDV. Nine
helices were clearly visible in the lower domain of P8;
however, the connections between these helices were
less visible. Based on sequence and density analysis,
a topological model for RDV P8 was proposed (detailed
in a subsequent section). Once the crystal structure of
RDV was subsequently determined (Nakagawa et al.,
2003), it was then possible to validate the helix assignment. The locations of all nine α helices with three or
more helical turns were correctly assigned in the cryo-
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make both manual and automated approaches difficult.
As RDV was at sufficiently high resolution, it was possible to visually assess the upper domain as potentially
β sheet (Figure 2C). This assignment was later confirmed by the crystal structure of RDV (Figure 6A).

Figure 4. Cryo-EM Map of the Inner Capsid Shell Protein of Rice
Dwarf Virus Determined by EMAN Algorithm
Cryo-EM map of inner capsid shell protein (P3) of RDV reconstructed with the EMAN software (Ludtke et al., 2004) and its superimposition with the crystal structure (Nakagawa et al., 2003). This
demonstrates the matches of the cryo-EM density and the crystal
structure in corresponding helices, sheets, and loops.

EM map (Figure 2D) to within 2 Å helix centroid rms deviation.
Figure 3B displays another example where α helices
were seen in the averaged actin subunit of the acrosomal bundle at lower resolution. Compared with the actin subunit model derived from crystallography and fiber diffraction (Holmes et al., 1990) blurred to the
equivalent resolution with a nonisotropic B factor (Figure 3C), its overall shape matches that of the averaged
map. In the averaged map, only six α helices could be
identified. The other five α helices of actin are not resolvable in this map, probably because of a number
of factors including limited resolution, nonisotropic B
factor, and possible postmap averaging errors.
In addition to α helices, it is feasible to detect the
structural signature of β sheet as shown in Figure 1
(middle). As mentioned before, α helices are relatively cylindrical, whereas β sheets are more planar at subnanometer resolutions. However, sheets may adopt a variety
of twists and bends and may have vastly different
shapes and size (Kong and Ma, 2003). Such variations

Toward Full Structural Models
After describing the helices and sheets, the next major
challenge in deriving an atomic model for the components of biological machines is the ability to assign the
connectivity of the secondary structure elements in the
map. Figure 4 shows the segmented density of the inner capsid protein of RDV from a recent density map
obtained with a different computational algorithm (W.J.,
unpublished data). Not only are the helices and sheets
visible but also many of the loop densities are well represented in the cryo-EM density map, as illustrated
when the RDV crystal structure is superimposed (Figure
4). Of course, these features cannot be interpreted with
certainty at this resolution unless the crystal structure
of its component or a homolog is known.
In the study of RDV, the interpretation of the cryo-EM
map was combined with other bioinformatics approaches to derive the connectivity of the secondary
structure elements. Multiple secondary structure prediction algorithms were used to produce a consensus
assignment of α helices and β sheets. The lengths of
the helices, as determined from the cryo-EM map, were
then matched to the predicted helices from the consensus of the secondary structure predictions. Finally, by
analyzing the connecting density and the proximity of
the different helix segments, a model for the lower domain of the P8 was derived (Figure 2D). The resulting
assignment, when compared to the crystal structure,
illustrated the correct assignment of helices and connectivity in all but two small, tentatively assigned helices, for which the order was swapped (Figure 6A).
Fitting Atomic Data
Although cryo-EM structures can yield significant information about the fold of the individual components of
a biological machine, it is still advantageous to fit an
X-ray or NMR structure to the complex. Such fitting
may reveal much of the same type of information as
discussed above, i.e., subunit location and orientation,
subunit contacts, and location. However, it is possible
that the structure of the component may be different
when complexed with the other components. There are
numerous available algorithms for both rigid body and
flexible fitting of components into the larger structure
(Gao et al., 2003; Jiang et al., 2001; Volkmann and Hanein, 1999; Wriggers and Birmanns, 2001).
In the case of acrosomal bundle, when the actin crystal structure was compared with the averaged actin
subunit, it was found that the separation between half
of the actin (subdomains 1 and 2) with respect to the
other half (subdomains 3 and 4) is smaller than that of
the existing crystal structure. This suggests that the actin in the bundle corresponds to a nucleotide bound
state (Figure 3B). This finding is consistent with the biochemical evidence that ADP is present in the bundle
(Schmid et al., 2004). The current analysis has yet to
yield an atomic model of the molecule and requires fur-
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Figure 5. Molecular Interactions among Adjacent Filaments in the Acrosomal Bundle
(A) Three adjacent filaments in the bundle, masked out without averaging from the raw map (Figure 3).
(B) Correlation average of the actin (in red) and the two domains of scruin, S domain (in blue) and E domain (in green), placed back into their
proper locations in the unit cell of the bundle.
(C) Actin filament model in the bundle. Left, the perfect F-actin helix, shown for comparison; right, the actin conformations in the asymmetric
unit of the acrosomal bundle.
(D) Schematic diagram of the molecular interactions in the filaments. One central and six neighboring filaments are shown, with the centroids
of the actin (red) and scruin subdomains (blue and green), looking down the bundle axis. The blue domains are responsible for most or all of
the interfilament interactions.

ther refinement to incorporate the variable conformation of each of the actin molecules in the final model.
Structural Mechanism Based on Cryo-EM Structures
The purpose of studying an entire machine is to understand the relationship between its parts as it affects the
function of the machine. The structure of the acrosomal
bundle illustrates nicely the valuable information that
can be derived from the cryo-EM structure analysis.
Figure 5A shows the packing of the actin-scruin complex within the bundle in the unaveraged map, whereas
Figure 5B shows the refined model of a single filament
of the bundle (Schmid et al., 2004), which is different
from the standard F-actin (Holmes et al., 1990). This
deviation of actin from exact helical symmetry (Figure
5C and Movie S4) reveals the detailed “quaternary
structure” arrangement of the actin molecules along
the filament, presumably driven by their interactions
with their associated scruin molecules, which in turn
have to interact with the scruin molecules of the adjacent filaments to maintain a stable bundle. Figure 5A
shows a side view of three adjacent filaments of the
acrosomal bundle that can only begin to suggest the
complexity of interactions in the bundle crystal, involving six neighboring filaments around each filament in
the crystal. Figure 5D shows that one of the two domains of the scruin molecule (represented in green) interacts more closely with the actin, and so its position
conforms closely to the distortions seen in the actin
filament (Movie S5). The other domain (shown in blue)

appears to interact more closely with the scruin of the
neighboring filament, and thus it occupies the locations
needed for crystal packing. This sort of division of labor
is reminiscent of the different functions and interactions
that are displayed, for instance, by the DNA binding
domains and the activation domains of transcriptional
coactivators (Remenyi et al., 2004) that are both necessary for the activity of such machines.
Throughout the asymmetric unit, there are variations
in the detailed interactions for each of the constituent
molecules, which show their ability to engage in different types of interactions, even with the same molecules, and hints at the flexibility that must be present
for structural conformation transition in the different
physiological states of the bundle. This type of proteinprotein interaction information can only be obtained
through direct structural determination of the intact machine. Based on this observation, the transformation of
the acrosomal bundle from coiled to straight form
would likely involve a specific but small variation in actin orientations along the filament (Movie S4). That is to
say, distortion of the filament is necessary to allow this
to happen. A similar mechanism may be adopted in the
actin filaments involved in a variety of cellular functions
with other actin binding proteins.
Although it is not yet possible to address the transcriptional mechanism in RDV because the structure of
the polymerase complex is not revealed in this analysis,
it is possible to come to a better understanding of the
capsid stability and assembly. Despite the lack of se-
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Figure 6. Crystal Structures of Rice Dwarf
Virus and Bluetongue Virus
Crystal structures of the outer capsid protein, P8 (A) of RDV (Nakagawa et al., 2003)
and the corresponding bluetongue virus
structural protein (B) (Grimes et al., 1998).
The relative spatial orientation between the
upper and lower domains is different in these
two proteins though they have similar fold.

quence similarity, it was shown that RDV (Figure 6A) is
structurally similar to other double-shelled capsids
from nonturreted reoviruses (Figure 6B). In the double
shelled capsids of reoviridae, a symmetry mismatch
between the two shells is used to establish capsid stability and provide a portal for RNA extrusion about the
5-fold axes. In essence, the two capsid layers provide
a mechanism for protecting the genomic RNA through
a series of polymorphic interactions between capsid
layers while maintaining a location about the 5-fold
axes for RNA transcripts to be extruded. Furthermore,
much of the topology of the individual structural proteins is the same among the reoviridae (Figure 6). However, in RDV P8, the orientation of the upper and lower
domain is twisted with respect to the corresponding
bluetongue virus capsid protein (Grimes et al., 1998).
This difference may in fact confer physiological differences in host range and possible arrangement of additional capsid proteins.
Remaining Challenges
Given the progress in structural genomics, the number
of known folds will keep increasing (Sali, 1998). Machines under investigation will therefore likely have the
structures of some of their components partially or entirely known. However, the structures of components
can differ between the isolated state and the intact machine. As alluded to earlier, objective methods for
“morphing” the crystal structure with constraints based
on the cryo-EM density maps and stereochemistry will
be a critical step in the structure analysis. The acrosomal bundle demonstrates the need of such tools for
cryo-EM. In addition to flexible fitting, tools for homology modeling of related components are also becoming increasingly important in the analysis of subnanometer resolution machines. Recent work has laid the
groundwork for using cryo-EM density maps to build
and assess homology models based on low sequence
similarity and alternative sequence alignments (Topf et
al., 2005). However, there is much work ahead to develop additional computational tools to build reliable
atomic models.

The examples used here illustrate the application of
global and local symmetry during the data analysis.
Global symmetry such as crystallographic, helical, icosahedral, and rotational symmetry relating the spatial
relationship of the asymmetric units is used and imposed in creating the reconstruction. Local symmetry
is found within the asymmetric unit, not assumed in the
reconstruction, and is usually discovered after the map
is obtained. Although care must be taken in applying
local symmetry, its proper evaluation and use was able
to increase the signal-to-noise ratio of the averaged
map and, thus, the ability to identify the invariant parts
of molecular machines and precisely how they fit into
the structure of the machine as a whole. Many biological machines will lack any global or local symmetry. In
such case, the amount of data has to be dramatically
increased in order to compensate for the nonredundant
arrangement of the molecular components in the machine.
The methodology shown here suggests that subnanometer resolution density maps of biological machines
can be mined to extract new structural information.
Many of the steps used in the analyses were done manually or visually. Current research is being carried out
in some laboratories to automate these steps to facilitate the throughput and eliminate subjectivity in the estimates. Cryo-EM is gradually emerging as a mainstream tool in structural determination of biological
machines of great interest in proteomic research.

Supplemental Data
Supplemental Data include five movies and can be found with this
article online at http://www.structure.org/cgi/content/full/13/3/363/
DC1/.
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