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Cryo-electron tomography provides low-resolution 3D views of

cells, organelles, or viruses. Macromolecular complexes

present in multiple copies can be subsequently identified within

the 3D reconstruction (the tomogram), computationally

extracted, and averaged to obtain higher resolution 3D

structures, as well as a map of their spatial distribution. This

method, called subtomogram averaging or subvolume

averaging, allows structures of macromolecular complexes to

be resolved in situ. Recent applications have provided in situ

structural data at resolutions of 2–4 nm on samples including

polysomes, nuclear pores, vesicle coats, and viral surface

proteins. Here I describe the method and discuss limitations,

advances and recent applications. I speculate how the method

will solve more structures at higher resolution, allowing in situ

structural biology.
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Introduction
Visualizing the structure of macromolecular assemblies in

three dimensions can provide direct insights into function

and mechanism. Visualizing structure can also have wider

and subtler impact: it influences how researchers think

about biological problems, how they develop hypotheses,

and how they design experiments to address function.

The majority of structural biology methods require the

purification of macromolecular complexes, and their sub-

sequent study in solution or after crystallization. In order

to fully understand how macromolecules function it

would be much better if we could resolve their structure

in situ, in their cellular context, without purification. We

would see the range of conformations adopted by the

complex, its interaction partners, and its position relative

to cellular organelles, other complexes, and other copies
www.sciencedirect.com 
of itself. Methods for resolving the structure of macro-

molecular complexes in situ therefore have enormous

potential. Cryo-electron tomography combined with im-

age processing using subtomogram averaging methods

can provide detailed 3D information on the structure

of macromolecular complexes in situ. In this review I will

discuss the basic principles of subtomogram averaging,

what it can be used for, its potential and limitations, and I

will give examples of research areas where the method

has already had major impact.

The basic principles of the method
Subtomogram averaging incorporates features of cryo-

electron tomography and single particle reconstruction.

The basic principle is as follows: multiple copies of a

macromolecular complex of interest are identified from

within a 3D cryo-electron tomography reconstruction and

subtomograms that contain the complex of interest are

cut-out, aligned and averaged together to obtain an iso-

tropic, 3D structure of the complex. This principle is

expanded upon here, relating subtomogram averaging to

cryo-electron microscopy, tomography and single particle

image processing.

Single particle cryo electron microscopy and cryo-electron

tomography both make use of transmission electron micro-

scopes to generate projection images of biological samples.

The samples have been vitrified — that is they have been

frozen with sufficient speed, or under sufficient pressure,

that crystalline ice has not formed, but the sample is instead

preserved in a glass-like vitreous state. In order for the

electron beam to pass through the biological sample and

generate a projection image, the sample must be thin,

typically less than 500 nm. If the sample is not thin to

start with (such as a thin layer of buffer, or the thin

protrusions of a cell), then sections of the sample can be

cut using a microtome (‘vitreous-sectioning’ [1]) or thin

lamella can be generated by using a focused ion beam to

mill away surrounding material [2]. Biological samples are

easily damaged by the electron beam, and for this reason

only very low electron doses can be used for imaging. As

when taking photos at twilight without a flash, this results

in images that have very low signal-to-noise ratios.

In single-particle cryo-electron microscopy (for a recent

review see [3]). the sample is a thin layer of a buffer solution

containing the macromolecular complex of interest.

Although the signal-to-noise ratio of each image is low,

images of many different copies of the macromolecular

complex can be collected, and these can be averaged
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together to obtain better signal-to-noise and better resol-

ution. Since the complexes are often randomly oriented

within the sample, the dataset will contain images showing

the complex viewed from all directions. Combining many

thousands of such images allows a high-resolution three-

dimensional reconstruction of the complex to be obtained.

In cryo-electron tomography (for a recent review see [4])

the sample is a unique object: part of a cell, a hetero-

geneous virus particle or an organelle. In order to view the

sample from different directions the sample is physically

rotated within the electron microscope and images are

collected at different rotation angles. Combining these

images allows a three-dimensional reconstruction to be

obtained. The total electron dose that the sample can

tolerate is divided over all of the collected images, and the

images therefore have an even lower signal-to-noise ratio

than the images used in single-particle cryo-electron

microscopy. The information in a typical cryo-electron

tomogram can be reliably interpreted only to a resolution

of approximately 5 nm. Because the sample cannot be

rotated through a full 1808 in the electron microscope (the

sample holder at some point obscures the beam), some

views are missing, and the resolution of the reconstruction

is lower parallel to the beam than in other directions. This

is known as the ‘missing-wedge problem’ because in

Fourier space the missing information has the shape of

a wedge. Since the sample is a pleomorphic object (e.g. a

cell), it is not possible to average many images of different
Figure 1
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copies of the sample to increase the signal-to-noise and

therefore the resolution. The cell might, however, con-

tain multiple identical copies of certain macromolecular

complexes.

Single-particle averaging methods can generally not be

applied to average these complexes because the projec-

tion image of the complex of interest in situ is obscured by

all of the other objects above and below it in the sample

that superimpose in the image. In some cases the complex

of interest may be bound to another heterogenous feature

in the sample, for example ribosomes bound to the

endoplasmic reticulum, which also hinders single-particle

averaging. In the 3D reconstruction from a cryo-electron

tomogram, the 3D nature of the information removes the

super-position problem and macromolecular complexes

can more easily be identified. Where many copies of the

macromolecular complex of interest are found within the

tomograms, these can be extracted in 3D, aligned to a

reference and averaged together (Figure 1) (see also [5]).

A classification step may also be included to identify only

those complexes in a particular conformation. The align-

ment process is iterative: the subtomograms are aligned

against a reference structure, then averaged to generate a

new structure, and this new structure is used as a refer-

ence for alignment of the subtomograms (Figure 1). This

procedure can be iterated until the structure no longer

changes. Averaging improves the signal-to-noise and

therefore the resolution. Further, since the different
ed to
rence

subtomograms
(aligned)

averaged subtomograms
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use new reference for alignment
iterate until reference is stable
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copies of the complex are oriented differently relative to

the missing wedge of information, the final reconstruction

has higher-resolution in all directions. In this way sub-

tomogram averaging can be used to obtain 3D structural

information. The 3D structure, however, is not the only

information that is obtained. The positions at which the

complex of interest was found within the tomogram,

together with information from the alignment step,

defines the relative positions and orientations of the

different copies of the complex. Subtomogram averaging

can therefore be used both to resolve the structure of a

complex in situ, and also to understand the spatial distri-

bution and relative spatial relationships of the copies of

the complex.

The limitations of the method
In order to be able to carry out subtomogram averaging, a

number of conditions need to be fulfilled. Firstly, the

macromolecular complex must be present in multiple

copies within the tomographic dataset. Secondly, it must

be possible to locate and orient the complex within the

tomogram. To do this the object must be sufficiently large

and have strong enough low-resolution features to be

distinguishable from surrounding objects. The majority

of successful applications of subtomogram averaging

focused on large complexes located inside cells or orga-

nelles (typically above �750 kDa), small complexes

located on the surface of viruses or vesicles (typically

above �300 kDa), or smaller complexes that assemble

into regular arrays where the feature which is identified is

an oligomer (such as viral structural lattices or chemo-

ceptor arrays). Thirdly, the object must show limited

structural heterogeneity so that at least a sub-population

with a conserved conformation can be identified and

averaged.

The resolution that can be obtained is dependent on a

number of factors: firstly, the number of copies of the

object which can be included in the reconstruction (more

subtomograms generally gives higher resolution); sec-

ondly, the structural flexibility of the complex (an object

which is highly flexible will only be reconstructed to low

resolution); thirdly the thickness of the sample (thinner

objects give higher signal-to-noise in the tomogram which

is reflected in improved alignments and higher resol-

ution). The highest-resolution de novo structures obtained

by subtomogram averaging had resolutions of around

2 nm. This does not, however, represent a resolution

limit: refinements in image processing combined with

better samples are likely to yield structures at higher-

resolution over the coming years.

As for single particle EM, caution should be taken to

validate the structure resulting from subtomogram aver-

aging. Potential sources of error may include reference-

bias and over-alignment, both of which can be avoided. In

reference bias, the structure has features of the initial
www.sciencedirect.com 
reference used for alignment that are not true features of

the data. Reference bias can be avoided by using a

cautious starting model (such as noise), by checking that

different starting references give the same final model, or

by using a starting reference of relatively low resolution

while recovering high-resolution information in the final

structure. In over-alignment, repeated iterations of align-

ment and averaging give a structure containing high-

resolution features resulting from the alignment of noise

against itself in a reinforcing manner. Over-alignment can

be avoided by using references that contain only lower-

resolution information at all iterations of alignment, while

recovering higher-resolution information in the final

structure. Alternatively, over-alignment can be avoided

by treating two halves of the data independently —

carrying out completely independent alignments against

independent references — and by subsequently verify-

ing that the two independent alignments converge to the

same structure at all interpreted resolutions.

Application of the method: success stories
Over recent years, the application of subtomogram aver-

aging methods has had a major impact in a number of

fields (Figure 2). Studies have revealed the architecture

and arrangement of polysomes [6,7], virus surface glyco-

proteins [8,9,10�,11], internal virus structural proteins

[12–18], flagella [19], microtubule binding proteins

[20], nuclear pore complexes [21–23], the mitochondrial

F1Fo-ATPase [24��], respiratory chain complexes [25],

chromatin [26], chemoreceptor arrays [27,28], desmosome

plaques [29�] and coated trafficking vesicles [30��]. It is of

note that many of these applications involve membrane

bound complexes which are particularly challenging to

study by other structural biology methods. The list above

is far from complete. Here I briefly describe some of these

examples.

Virus proteins in situ

Subtomogram averaging has been used to resolve the

structures of surface proteins from enveloped viruses in
situ. The small size of the virus particles allows thin samples

to be prepared, and facilitates large data-collections, so

studies of viruses have yielded some of the highest resol-

ution subtomogram structures to date. Studies of the HIV

glycoprotein alone or in complex with antibodies have

allowed the description of open and closed conformations

of the glycoprotein spike at �2 nm resolution, and have

defined antibody binding sites [9,10�,11]. Studies of a

hantavirus revealed unexpected patches of tetrameric

envelope protein complexes arranged in a square lattice

[8]. These small lattice patches may play a role in mediat-

ing membrane curvature.

Subtomogram averaging has also been applied to the

helical nucleocapsids of negative stranded RNA viruses.

In studies of Marburg virus [12], and Measles virus [16],

the Nucleocapsid was found to form a helix with a helical
Current Opinion in Structural Biology 2013, 23:261–267
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Figure 2
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Examples of recent structures solved by subtomogram averaging, shown approximately to scale. (a) Ribosomes on the ER membrane [46��]. (b) COPI

coated vesicles [30��]. (c) The glycoprotein spike of HIV [11]. (d) The human nuclear pore [23]. (e) A microtubule doublet from a Chlamydomonas

flagellum [36]. Panels were adapted from the original references. Panel e # 2011 Rockefeller University Press. Originally published in Journal of Cell

Biology. 195:673–687. http://dx.doi.org/10.1083/jcb.201106125.
symmetry that differed from the adjacent matrix layer

with which the nucleocapsid interacts. The Marburg virus

study was extended to look at nucleocapsids during

assembly within infected cells. By applying subtomogram

averaging to specific regions of nucleocapsids at different

stages of budding, it was shown that the nucleocapsid

adopts its mature assembled state before being wrapped

in its membrane envelope [12].

The structural protein lattice of immature HIV has also

been studied by subtomogram averaging, allowing

approximate positioning of protein domains, as well as

showing the overall arrangement of the proteins within

the virus [13,17]. These studies led to a model of HIV

assembly where the structural protein, Gag, forms a

hexameric lattice that becomes curved by the incorpora-

tion of irregularly shaped defects. The lattice is incom-

plete, containing a large gap at the point at which the

immature virus particle underwent membrane scission to

release it from the infected cell. By studying structural
Current Opinion in Structural Biology 2013, 23:261–267 
changes in virus particles containing mutations limiting

proteolytic maturation of the virus, the role of individual

proteolytic sites in disassembling the immature lattice

was explored [14,15,18].

Flagella, cilia and microtubules

The arrangement of microtubules and their associated

proteins in flagella and cilia has been explored by a series

of subtomogram averaging studies of flagella, both pur-

ified and in situ (see also [31]). The central axoneme of the

flagella contains nine microtubule doublets arranged in a

circle around a central microtubule pair. Dyneins mediate

sliding of the doublets against one another to bend the

flagella. Subtomogram averaging has been used to gen-

erate 3D reconstructions of flagella in the 3–4 nm resol-

ution range [32–34,35�,36,37�]. By comparing the

structures of flagella from wild-type cells with flagella

from mutants lacking particular proteins, the positions of

individual proteins have been defined, and compared

between different doublets within the axoneme
www.sciencedirect.com
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[37�,38,39], as well as between axonemes from different

organisms [40]. By understanding the arrangement of

proteins on and between the microtubules in the axo-

neme it is hoped that models describing the mechanism

of bending can be derived. Subtomogram averaging is also

being applied to related areas such as the arrangement of

proteins in the basal body [41,42], or in the ventral disc of

Giardia [43].

Coated vesicles

Cages assembled from the outer coat proteins of the

COPII and clathrin vesicular coats had previously been

studied by single-particle electron microscopy revealing

beautiful geometric cage structures [44,45]. We recently

used subtomogram averaging to resolve the structure of

the COPI coat on vesicles assembled in vitro [30��]. This

approach allowed the coat structure to be visualized in the

context of all of the protein components as well as the

underlying membrane. The subtomogram averaging

approach revealed not only the structure of the repetitive

building block of the coat, but also its arrangement over

the surface of each vesicle. We found that coatomer, the

basic building block of the cage, was able to interact with

either one or two copies of itself, depending on its

position within the coat. We were then able to use the

spatial distribution information from the subtomogram

averaging to extract new subtomograms from the pos-

itions where different interactions were found, and to

average them to resolve the 3D structure of the interact-

ing regions. By combining the different structures with

the spatial distributions calculated for individual vesicles

it was possible to produce structural models of individual

coated vesicles.

Ribosomes in situ

Purified ribsomes have been one of the most favoured

objects for study by single particle cryo-electron micro-

scopy, allowing the ribosome structure to be resolved to

resolutions of less than 1 nm. Subtomogram averaging has

been used to look at the structure and distribution of

ribosomes within intact human cells [6]. The structure of

the ribosome was resolved in this way to 4 nm. More

revealing was that multiple ribosomes translating single

mRNAs were arranged in preferred orientations relative

to one another. These orientations were similar to those

previously described in a similar study on bacterial poly-

somes in lysates [7], and they were specific to actively

translating ribosomes. It remains unclear why adjacent

ribosomes on the chain have preferred relative orien-

tations, but the conservation of the arrangements be-

tween bacteria and mammals suggests a critical

function. The arrangement may prevent interactions

between adjacent nascent polypeptide chains, or serve

to protect the mRNA under certain conditions.

The application of subtomogram averaging to ribosomes

on the surface of ER-derived microsomes yielded a
www.sciencedirect.com 
structure at �3 nm resolution [46��]. This revealed that

the ES27L ribosomal subunit forms a bridging density

between the ribosome and the ER membrane, and

showed the presence of lumenal densities, which likely

correspond to ribosome-associated complexes. As in cyto-

solic polysomes, the ER associated ribosomes had a

preferred arrangement relative to one another, which

may facilitate the simultaneous translation of an mRNA

by multiple ribosomes. Together these studies shed first

light on the structure and defined arrangements of ribo-

somes in situ: further studies of translating ribosomes in
situ are now required to understand the functional sig-

nificance of these arrangements.

The nuclear pore

The nuclear pore from an amoeba was one of the first

structures described using subtomogram averaging

methods [21,47]. More recently, structures have been

solved for frog [22] and human [23] nuclear pores at

around 6.5 nm resolution. The general structure of an

eight-fold ring is conserved, but the metazoan pores are

taller than those of the amoeba. In all cases the pores are

not perfectly circular, and therefore the eight asymmetric

units are aligned and averaged separately. The low resol-

ution of the pore structures, as compared to other struc-

tures solved by subtomogram averaging, is likely to reflect

a combination of several unfavorable factors including

thick samples, relatively small datasets, and inherent

flexibility within the pore.

Hybrid image processing methods

Subtomogram averaging can also been incorporated into

hybrid image processing methods. In single-particle re-

construction methods, obtaining a reliable initial 3D

model of the structure from 2D projections is often

challenging, and 3D subtomogram alignment may be

one avenue to generate such starting models. Subtomo-

gram averaging has also been used to measure the shape

of tubular protein arrays, and the arrangement of proteins

within the arrays for subsequent reconstruction from 2D

images by helical/single particle reconstruction methods

[12,48��]. We used such an approach to resolve the

arrangement of capsid proteins in in vitro assembled

tubular arrays that mimic the immature state of retro-

viruses [48��] — subtomogram averaging was used to

determine the helical symmetry parameters of individual

tubes, 2D helical reconstruction was then used to solve

their structures, and 3D subvolume averaging to combine

data from multiple tubes. The final 8 Å structure revealed

regions of the protein involved in retrovirus assembly, and

the structural changes associated with maturation of retro-

viruses into the infectious form.

The future
Subtomogram averaging is currently unique in its power

to describe the structure and the spatial arrangement of

macromolecular complexes in situ. Over the coming years
Current Opinion in Structural Biology 2013, 23:261–267
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I expect that the number of labs applying these methods

will increase, and also that the power of the method to

address difficult problems will increase. There are a

number of factors that will contribute to this expansion.

Firstly, the efficiency of sample preparation methods will

improve, allowing thin sections or lamella to be robustly

produced from thick vitrified cells thereby permitting a

wider number of targets to be addressed. Secondly,

electron microscope hardware improvements, in particu-

lar the combination of direct-electron detectors and

energy filters, will lead to collection of higher signal-to

noise data. This will permit robust alignment of smaller

objects from thicker samples, and will decrease the

amount of data required to obtain a given resolution.

Thirdly, data collection routines will continue to be

optimized, leading to collection of datasets that are larger,

datasets from which critical microscope parameters such

as defocus are known or can be reliably determined and

datasets which have the optimal conditions of dose, focus,

and geometry for the problem being addressed. Fourthly,

powerful and increasing user-friendly software for the

alignment of tomographic series and of subtomograms

is being developed and will continue to be developed (e.g.
[49��,50,51]), making subtomogram averaging more

accessible, while also improving the quality of alignment

and classification of the data.

Subtomogram averaging is a relatively young method, and

there remain many avenues for optimization, as well as

many unexplored applications. By revealing the structure

of macromolecular complexes in situ it can have major

impact on our understanding of biological mechanism and

function.
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