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Recent developments in cryo-electron microscopy reconstruction
of single particles
Yizhi Tao* and Wei Zhang†
Cryo-electron microscopy and single-particle 3D image
reconstruction techniques have been used to examine a
broad spectrum of samples ranging from 500 kDa protein
complexes to large subcellular organelles. The attainable
resolution has improved rapidly over the past few years.
Structures of both symmetric and asymmetric assemblies at
approximately 7.5 Å have been reported. Together with X-ray
crystallography, three-dimensional cryo-electron microscopy
reconstruction has provided important insights into the
function of many biological systems in their native
biochemical contexts.
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Abbreviations
2D
two-dimensional
3D
three-dimensional
CCD
charge-coupled device
CTF
contrast transfer function
ds
double-stranded
EM
electron microscopy/microscope
NCS
noncrystallographic symmetry
TEM
transmission EM

Introduction
Using better sample preparation, more advanced instrumentation, better imaging techniques and more robust
algorithms, the resolution of 3D cryo-electron microscopy
(cryo-EM) reconstruction has been constantly improved
over the years. Today, cryo-EM reconstruction has
become a powerful tool in determining the 3D structure
of macromolecules at nanometer or even subnanometer
resolution [1••,2••]. If well-ordered, helical or 2D crystalline specimens are available, near-atomic resolution can
be achieved and the biological function of the studied
molecule can be understood in atomic detail
[3•,4••,5,6•,7•,8]. In the more general case of single-particle reconstruction, structures at resolutions higher than
10 Å have been reported [9]. Although it is difficult to recognize individual amino acid residues at this resolution,
researchers can derive important information regarding
protein domain arrangements or can even be able to trace
the polypeptide chain [9].
Compared with X-ray crystallography and NMR methods, cryo-EM, combined with 3D image reconstruction
techniques, offers some distinct advantages:

1. Many forms of specimen (e.g. helical, 2D crystalline or
even single particles) can be examined. Large assemblies and complexes, with dimensions of 30–200 nm, are
especially suitable for structural study by cryo-EM
reconstruction.
2. In many cases, nonhomogeneous samples can be studied as a homologous group can be manually selected
from cryo-EM micrographs.
3. Time-resolved studies can be carried out more easily
because biochemical reactions can be terminated at a
preferred time point by flash freezing.
4. Phase information for the structure is retained as the diffracted electron beam is refocused to form a real-space
image on an image plane.
5. It is more efficient; in optimal cases, reconstruction at
medium resolution (~20 Å) can be obtained in one week.
With the above advantages, the combination of EM
reconstruction with X-ray crystallography and NMR
spectroscopy enables structural biologists to gain a much
more comprehensive understanding of the studied molecule than could possibly be achieved with any single
technique [10•]. EM reconstruction can be interpreted in
greater precision by fitting an X-ray model into an EM
density map [11,12,13•]. On the other hand, an EM
reconstruction at low resolution (~20 Å) can be used as a
phasing model in solving crystallographic structures of
viruses or macromolecules [14,15,16•,17,18].
For different forms of specimen (e.g. helical, 2D crystalline
or single particles, and symmetric or asymmetric objects),
practical strategies for sample preparation, data collection
and data merging are vastly different. The following sections
discuss recent progress made in the field of single-particle
reconstruction. The review by Yeager et al. [3•] should be
consulted for a discussion of electron crystallography of 2D
crystals. The article by DeRosier et al. [19] provides an
update on the reconstruction of helical specimens.

General procedures for single-particle 3D cryoelectron microscopy reconstruction
Single-particle cryo-EM reconstruction generally
involves the following steps [20••]. First, the preparation
of the vitrified samples. Biological specimens suitable for
cryo-EM are flash-frozen on holey carbon-coated grids in
liquid ethane and are subsequently maintained at liquid
nitrogen or helium temperature after being transferred to
a cryo-sample holder in the EM. Second, the collection of
EM images. Specimen areas that have thin vitreous ice
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Recent developments
Sample diversity
Viruses

For viruses with icosahedral symmetry, studies on structure
and assembly, neutralization, receptor recognition and cell
entry have been carried out [9,11,12,20••,23,24,25•,26,27].
Nonicosahedral viruses are now also being studied.
Bacteriophage φ29, which consists of a prolate, fivefold
head and a tail assembly attached to a fivefold vertex of the
head, was reconstructed to 27 Å resolution [28,29]. The
DNA packaging portal, which is situated at a fivefold axis
in dsDNA phages and had been unresolved in previous
reconstructions using icosahedral averaging, was visualized
in situ. The structure of maize streak virus, a type of
Geminivirus, has also been established to 25 Å resolution
[30•]. This model demonstrated that a Geminivirus consists of two incomplete T = 1 icosahedra with 52 point
group symmetry. The handedness of a Geminivirus particle was also determined (W Zhang, TS Baker, unpublished
data). In a situation in which the symmetry of the object
is low, yet no structural information is available, a new
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and evenly distributed particles are located and photographed on an emulsion film or recorded by a
charge-coupled device (CCD) detector [21•]. Third, the
determination of particle parameters. Single-particle
images are collected from digitized micrographs. The
spatial relationship between different particles can be
defined by three Eulerian angles that define the orientation and two translational elements that define the
position of the particle. Four, 3D reconstruction. As a
result of the large depth of field, a transmission EM
(TEM) image of a thin specimen is a projected view of
the object along the optical axis. Either the reverse
Fourier transform method or the back-projection method
[22] can be used to reconstruct a 3D structure from
images of particles that are variously oriented. Five, the
refinement of particle parameters. In model-based refinement approaches, projections of the initial reconstruction
are used to refine particle parameters and the newly calculated reconstruction is then used for the next round of
refinement. The cycle continues until the correlation
between model projections and raw images converges.
Six, resolution improvement. In cryo-EM, a slight underfocus is usually used to generate phase contrast for
biological specimens, which inherently have a low scattering power [20••]. Although the object is more readily
visible, the Fourier transform of the resulting image is
modulated by the ‘contrast transfer function’ (CTF) (see
Figure 1). To calculate a reconstruction at high resolution,
not only must phases be reversed in alternate resolution
regions, but amplitudes also need to be rescaled to compensate for the diminishing effect whenever the CTF
function passes zero. Seven, resolution assessment and
structure interpretation. The effective resolution of the
reconstruction is assessed by determining the consistency
of two independent reconstruction maps in reciprocal
space as a function of resolution.
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Contrast transfer function (CTF). (a) CTF plotted against spatial
frequency (ν). The microscope is operated at 200 kV, with a source
size of 0.005 Å–1 and an energy spread of 0.5 eV [1••]. The spherical
aberration is 2.0 mm. The amplitude contrast is assumed to be 0.05.
The thick line and the thin line correspond to an underfocus level of
0.75 µm and 2.00 µm, respectively. The finite source size and
nonmonochromatic electron beam both cause Gaussian decay of the
CTF [82]. In practice, contrast is much weaker at high spatial
frequencies as a result of further decay caused by other factors, like
inelastic scattering, specimen drift and beam-induced charging [60•].
Magnetic lens astigmatism produces an anisotropic CTF that varies
with direction in 2D Fourier transform. The position where the CTF
traverses the zero point is called a node. (b) Cryo-EM micrographs of
the same field of reovirus cores taken at different underfocus levels:
left, 1.52 µm; right, 3.49 µm. Scale bar represents 50 nm.
(Micrographs courtesy of NH Olson and TS Baker, Purdue University.)

procedure suggested by Rossmann and Tao [31•] could
help to determine the best orientation on the basis of the
self-rotation function of the object. In contrast to the common-lines method [32], which uses only Fourier
coefficients along symmetry-related lines, this procedure
utilizes the complete 2D projection data. Experiments on
noise-free data showed that the orientation could be accurately determined using information presented by just
fivefold symmetry in the structure.
Particles with no symmetry or low symmetry

3D EM reconstruction has been applied to many molecules other than viruses, some with various kinds of
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symmetry and some with no symmetry at all. Examples
include the eukaryotic ribosome–EF2 complex (onefold)
[33], the ATP-dependent protease ClpAP (six and sevenfold) [34], chaperonin CCT (eightfold) [35•], human
transcription factor IID complexed with TFIIA(IIA) and
TFIIB(IIB) (TFIID–IIA–IIB) (onefold) [36], the plant
photosystem II supercomplex (twofold) [37], ryanodine
receptor/calcium release channel (RyR3) (fourfold) [38],
the portal complex of bacteriophage SPP1 (13-fold) [39],
the membrane pore formed by α-latrotoxin (fourfold)
[40] and a cellular vault (eightfold) [41]. For a detailed
discussion on the ribosome, interested readers should go
to a recent review by van Heel [42]. Currently, the only
limitation of single-particle reconstruction seems to be a
minimum particle size of approximately 500 kDa.
Reconstruction of smaller objects is usually problematic,
although, in principle, reconstruction of smaller
macromolecules is possible [43].
Objects with symmetry mismatches

Cryo-EM reconstruction is also a powerful tool in studying
objects with some asymmetric features [31•]. Frequently,
the distribution of some structural elements in a complex
assembly deviates from the overall symmetry of the object.
For example, both the binding of an unfolded polypeptide
to a chaperonin molecule and the attachment of a 12- or
13-fold symmetric connector to a fivefold axis of dsDNA
phage involve some kind of symmetry mismatch. As the
unique binding sites involved are usually related to important biological functions, it is of interest to study their
detailed structure. In crystals, these asymmetric portions
may not be involved in crystal contacts and may be disordered with respect to the crystal lattice, so they will not be
visible in electron density maps. EM reconstruction of single particles, however, does not perform translational
averaging, which is inherent in X-ray crystallography.
Reconstruction of objects with small symmetrymismatched features can be obtained by pre-aligning particles through the symmetric part of the structure before
accurately aligning them on the basis of small asymmetric
features (Y Tao, TS Baker, MG Rossmann, unpublished
data). A recent example of an object with symmetrymismatched features that has been studied by cryo-EM is
bacteriophage φ6. It was shown that, in phage φ6, a sixfold
symmetric polymerase complex attaches to each fivefold vertex of the virus [44•]. The interaction between the
eukaryotic type II chaperonin CCT and its actin substrate
was also visualized by studying their complex structure [35•].
Samples demonstrating dynamic behavior

Another advantage of EM reconstruction is that it is convenient in studying dynamic biological problems. In
crystallography, time-resolved studies using Laue diffraction are difficult and only rarely possible [45]. The key
problem is the necessity that all molecules in a crystal
change synchronously and that the conformational changes
do not disturb the regular crystal lattice. In cryo-EM, structural changes do not have to be precisely synchronized.

Biochemical reactions can be terminated by cryo-freezing
and particles that appear to have distinct conformations can
be manually grouped to avoid interference from each other.
Therefore, snapshots of intermediates along the reaction
pathway can be obtained by 3D reconstruction [46]. Several
perturbation devices facilitate kinetic cryo-EM studies [1••].
The recent invention of a spray-freezing apparatus provides
a timing control that can be as accurate as several milliseconds [47]. A fast-freezing device with a retractable chamber
is useful when it is important to control environmental
variables such as humidity and temperature [48].
Studies of dynamic behavior are best illustrated by the
recent work on bacteriophage HK97 [49•]. The maturation
of phage HK97 from the prohead can be simulated in vitro
by lowering the pH. A total of five reconstructions corresponding to different intermediate stages showed how the
prohead rearranges its capsid protein and eventually
matures into a virion. The extensive conformational
change of the ribosome during tRNA translocation was also
studied by EM reconstruction [50•]. The reaction mixture
was allowed to proceed to different extents in the formation of pre-translocational and post-translocational
complexes. A comparison of reconstructions of these two
states suggested possible translocation mechanisms.
Subcellular organelles

There have been exciting developments recently in electron tomography [51], especially as applied to problems in
the field of cell biology. In tomography, a reconstruction is
obtained from a tilt series of a single particle. Therefore,
tomography is usually the method of choice when there
are so many structural variations that averaging among
particles is not possible. Subcellular organelles, well preserved in their native form and native environment by
flash freezing, are especially suitable for this kind of study
because of interparticle variations. Recent 3D reconstructions of mitochondria [52•] and the Golgi complex [53]
revealed a lot of structural details that cannot be observed
by traditional TEM. However, the resolution of tomography currently seems limited to approximately 2.8 nm as a
result of radiation damage [4••].
Pushing the resolution limit

Recently, several structures have been established to
beyond 10 Å resolution using single-particle cryo-EM
reconstruction. These include the hepatitis B viral capsid
(~32 nm in diameter) [9,54], the bovine papillomavirus
(~60 nm in diameter) [55], the Semliki Forest virus
(~70 nm in diameter) [56], the E. coli ribosome large subunit (~15 nm in size) [57•] and the herpesvirus capsid
(~125 nm in diameter) [58•]. Also, the structure of the 70S
ribosome was solved to 11.5 Å resolution [59]. Whereas the
hepatitis B viral capsid, the papillomavirus, the Semliki
Forest virus and the herpesvirus capsid have icosahedral
symmetry, ribosome molecules are completely asymmetric. These structures demonstrate the potential of
EM reconstruction in providing high-resolution structural

Cryo-electron microscopy reconstruction of single particles Tao and Zhang

information. The impressive improvement in resolution
arises from the following technical advances. First, field
emission gun illumination sources improve both the spatial
and temporal coherence of the electron beam, thus significantly increasing the resolution of the information
contained in TEM images. Second, more accurate CTF
correction techniques have been developed [9,60•]. Third,
significantly more images recorded at different defocus
levels are included to fill in the missing data at CTF nodes,
to boost the signal-to-noise ratio at all resolutions and to
compensate for possible radiation damage in some particles [59]. Viruses are good objects for high-resolution
studies because of their high internal symmetry. For
objects with lower symmetry or no symmetry at all, more
images are required to obtain reconstructions of similar
quality. For instance, approximately 16,000 particles were
used for the 7.5 Å resolution reconstruction of the 50S ribosomal subunit [57•], compared with the approximately 600
images used for the hepatitis B viral capsid [9].
To further improve the current resolution limit, several factors, for example, the CTF correction, the electron beam
accelerating voltage and the beam-induced charging effect,
have been addressed recently. Given the most optimal
microscope conditions, more precise CTF correction is one
of the most important considerations. Structure factor
comparison between an EM reconstruction and a
crystallographic structure of the ribosome at the same
resolution shows that the Fourier amplitudes were
progressively underestimated at higher resolution [61•]. It
was shown that using the solution X-ray scattering intensity for amplitude scaling yielded a reconstruction with
better high-resolution structural details [62•]. In addition,
it was noticed that the underfocus level changes with the
height of the specimen and results in nonuniform CTFs
for different parts of the structure. The nonuniform CTF
causes a loss of contrast for high-resolution data that is
especially severe when the studied object has a large
dimension. To alleviate this problem, a 400 kV accelerating voltage was used in studying the rather large capsid of
herpesvirus [58•]. Another problem is sample heterogeneity, as an isolated particle is likely to have more structural
flexibility than a crystalline sample constrained by lattice
contacts. Thus, stricter particle selection criteria might be
helpful [54]. Moreover, beam-induced specimen charging
causes a loss of high-resolution data. It was found that conductive surface coating effectively reduces charging on
unsupported specimens [63].
Complementing crystallography

In many cases, the power of cryo-EM reconstruction lies in
the possibility that it can be used to study structures of
large complex assemblies or to visualize interactions of
macromolecules in action. Although the relatively low resolution of a reconstruction may not allow the direct
recognition of amino acid residues or nucleotides, the
structure can be interpreted beyond the resolution limit of
the electron density map if the atomic structures of
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smaller components are available. In the past, many
pseudo-atomic structures were obtained by fitting the
coordinates of their components into the 3D maps of the
complexes (for recent examples, see [11,12,13•,26]). The
fitting of an atomic model can be facilitated or confirmed
in a variety of ways:
1. Heavy-atom labeling (see issue 127 of the Journal of
Structural Biology for complete coverage). For example,
undecagold can be used to locate cysteine [64] and
Ni–NTA–gold clusters selectively target histidinetagged proteins [65].
2. Site-directed mutagenesis. With proper manipulation,
the insertion or deletion of a small piece of peptide,
DNA or RNA can be used to identify termini or specific
sites in surface loop regions of macromolecules [66,67].
3. Antibody labeling. Monoclonal antibodies can be used
to locate peptide motifs on the protein surface [68].
4. For nucleic acids, cross-linking and footprinting data are
useful [13•].
5. For glycoproteins, the location of the sugar moiety is
informative [69].
On the other hand, 3D EM reconstruction continues to
complement crystallography as an aid to structure determination. Using phases from EM reconstruction at relatively
low resolution, a high-resolution X-ray structure can be
determined through various means of density modification
(e.g. solvent flattening and noncrystallographic symmetry
[NCS] averaging [70]). Recent examples include the blue
tongue virus core, with 30-fold NCS [14], the reovirus core,
with fivefold averaging [16•], the Norwalk virus capsid,
with 30-fold averaging [15], and ClpP, with sevenfold rotational symmetry [17]. Even with no NCS present, the 3D
reconstruction of the ribosome at 20 Å resolution was used
successfully to locate particles in unit cells and subsequently to help in phasing difference Fourier maps of
heavy-atom derivatives [18].
Automation and software development

Automation of the reconstruction procedure has been
undergoing development recently. Reconstruction at high
resolution generally requires 104 or even 105 particle images;
therefore, it is important to develop automated procedures
for labor-intensive work. A web-based TEM control interface for automated data acquisition was recently developed
[71,72]. Carbon grids with precisely positioned holes [73]
and a goniometer with better relocation precision [74] both
facilitate computer-controlled image recording. Particle
selection, which can be tedious, has also been automated in
a number of cases [72,75,76]. For refinement, parallel
processes speed up calculations [77]. Automated algorithms
for fitting atomic models into EM maps are also available
[78,79], although some manual intervention is necessary.
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Over the years, many laboratories have developed their own
reconstruction software for tackling their special biological
problems, such as highly symmetric or asymmetric objects,
and model-based or random conical tilt methods. To facilitate software sharing and development, there is an outreach
program with a web site at http://emoutreach.sdsc.edu [80].
In addition, a universal conversion tool (EM2EM:
http://www.imagescience.de/em2em/) is available to handle
different map formats, so that structures solved in different
laboratories can be compared. Meanwhile, more attention
has been drawn to the issue of establishing a database with
all available 3D images to allow more convenient access.
The BioImage database project has a web site at
http://www.bioimage.org [81•].

Conclusions
Cryo-TEM 3D reconstruction is a powerful tool in studying the native structure of protein complexes and
subcellular organelles. At the moment, many macromolecules from 10 nm to 200 nm have been studied
successfully to resolutions at nanometer or even subnanometer level. The recent reconstruction of the E. coli
ribosome large subunit at 7.5 Å resolution shows that
asymmetric macromolecules with important biological
functions can be routinely studied at 10–30 Å resolution.
Theoretical estimates indicate that particles as small as
100 kDa should provide enough contrast for alignment if
imaging techniques can be improved [43].
Pushing the resolution of a reconstruction beyond 5 Å
remains a challenge in the field of cryo-TEM single-particle reconstruction. Many factors are worthy of
consideration. Improvements in instrumentation, like
higher voltage (400 kV), helium-cooled cryo-stages, energy
filters and field emission guns, help to preserve biological
specimens and to record images with stronger phase contrast. Meanwhile, algorithms are needed for more accurate
particle alignment (orientation parameters and translational
elements). CTF parameters need to be determined for
individual images as the defocus level may vary across the
whole EM film. A careful CTF correction algorithm is
especially important for data around CTF nodes, where
the signal is very weak. Furthermore, microscope astigmatism and specimen drift need to be assessed and
computationally corrected (TS Baker, personal communication). Given the fast pace of the recent developments,
the first atomic structure of a single particle by 3D cryo-EM
reconstruction is probably only just around the corner.

Update
A review on icosahedral virus structure determination was
published recently [83•].
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