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Cryo-electron tomography (cryo-ET) is a three-dimensional imaging tech-
nique that makes it possible to analyse the structure of complex and
dynamic biological assemblies in their native conditions. The latest techno-
logical and image processing developments demonstrate that it is possible
to obtain structural information at nanometre resolution. The sample prep-
aration required for the cryo-ET technique does not require the isolation of
a protein and other macromolecular complexes from its native environment.
Therefore, cryo-ET is emerging as an important tool to study the structure of
membrane-associated proteins including pores.

This article is part of the themed issue ‘Membrane pores: from structure
and assembly, to medicine and technology’.

1. Introduction

Cells are complex environments populated with millions of proteins [1]. Every
one of these proteins has multiple interaction partners, such as other proteins,
DNA or RNA, and the duration and specificity of each macromolecular com-
plex can be extremely variable [2]. For decades, structural biologists have
been able to resolve the structure of isolated proteins or complexes and generate
models representative of those isolated states. Currently, there are three major
techniques commonly used for this purpose: X-ray crystallography, nuclear
magnetic resonance (NMR) and single-particle cryo-electron microscopy (SP
cryo-EM) [3]. All three of these approaches have demonstrated that the struc-
ture of a protein or complex can be resolved to atomic or near-atomic
resolution; however, the overall picture of the macromolecular activity remains
incomplete unless related to its native environment [4].

There have been a number of techniques developed to retrieve structural
information directly from within the cell or organelle environment, and
which ensures that the macromolecular complex is studied in its intact state.
The most commonly used technique today is fluorescence microscopy, which
can be used to visualize the dynamics of a protein directly in a living cell or
organism [5]. Fluorescence microscopy can provide detailed information
about the localization and the dynamics of a macromolecular complex, and
over the past years there has been an increase in single-molecule-based
techniques that can provide insights into the structural conformation of a
protein [6,7]. However, the level of detail is limited by the fact that the signal
comes from the fluorophore used for detection rather than from the target
protein (figure 1).

An alternative method to analyse the cell is electron tomography (ET), and
although it provides a more static image, the details are at higher resolution
compared to fluorescent microscopy. ET can be performed either on fixed
and stained samples or under cryogenic conditions (cryo-ET). In cryo-ET,
there is no need to fix or stain the sample, and therefore it is considered to
reflect the native conditions of the macromolecular complex [8] (figure 1).

© 2017 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Schematic of the possible imaging modalities that can be applied to obtain structural information depending on the sample properties.

When performing cryo-ET, the sample is immobilized by
plunging it in liquid ethane, or by high-pressure freezing,
and then stored in liquid nitrogen. This procedure ensures
optimal structural preservation and transparency to electrons
[9]. A target region is then imaged in a transmission electron
microscope (TEM) from multiple angles, and a three-
dimensional volume is computed from the projections. This
technique has the capability to provide a very detailed map

(3-8 nm resolution) of the molecules within the field of
view; however, it is limited to image samples whose thickness
is below 500 nm [10]. Given that cell thickness can range from
100 nm to 30 wm, depending on cell type and location, this
limitation of the technique has meant that most of the cellular
cryo-ET data collected to date have been performed on the
periphery of the cell, where the thickness is compatible with
data collection. In order to access regions in the centre of a
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cell, the techniques of cryo-sectioning of vitreous samples
(CEMOVIS) [11] or cryo-focus ion-beam milling (cryo-FIB)
have been developed [12].

Cryo-ET is the only technique of choice to analyse the
ultrastructure of samples that are complex and multi-layered
because of its three-dimensional information and its
independence from labelling and staining. With single projec-
tions, it is impossible to assign the imaged densities to the
correct molecular layer, resulting in difficult, if not imposs-
ible, structural analyses. Cryo-ET can be used for two main
purposes: (i) the description of the landscape of a cellular
region and (ii) the determination of structures of large macro-
molecular complexes. The data collection between these two
applications changes significantly. If the goal is to obtain a
detailed description of the cellular landscape, the magnifi-
cation is typically lowered to allow the resolution of the
structure of interest and to obtain a large overview of the
landscape surrounding the target. The electron dose will be
maximized (up to approx. 100e” Afz), and the defocus
will be increased to provide the best possible contrast. Alter-
natively, if the goal is to obtain molecular structural
information, the electron dose is typically minimized to pre-
vent damage (approx. 50 e” Afz) [13]. However, a recent
report showed that it is possible to increase the dose applied
to the sample, without incurring any resolution loss, by
application of a dose-dependent filter throughout the tilt
series [14]. The magnification needs to be increased depend-
ing on the information limit required, and defocus needs to
be stable within a tilt series [15]. The recent introduction of
direct electron detectors [16] has significantly improved the
image quality and dramatically reduced the high noise
levels that typically characterize cryo-electron tomograms.
In addition, the introduction of Volta phase plates [17]
makes it possible to collect data that are defocused by only
a few tens of nanometres and yet have high contrast.

A typical problem arising upon the inspection of a tomo-
gram collected on a cellular sample, as well as poorly purified
samples, is that only a small fraction of the densities can be
unequivocally recognized based on their shape or location.
Over the past 5 years, the use of correlative light and electron
microscopy (CLEM) has been applied to cryo-preserved
samples, allowing the identification of rare events and associ-
ating a structure to a protein complex or event [18-20].
Current developments in cryo-CLEM showed that it is pos-
sible to predict the position of a molecule in three
dimensions with a precision better than 200 nm, and it is
therefore possible to target the cryo-FIB milling to prepare
the sample for cryo-ET [21].

2. Cryo-electron tomography: an ideal tool to
study membrane-associated complexes

For many years, the structure of membrane-associated pro-
teins has been extremely difficult to resolve and study.
About a quarter of all proteins are associated to a membrane
but only 656 unique protein structures have been determined
(reported in November 2016 on MemProtMD (http://blanco.
biomol.uci.edu/mpstruc/)). In fact, the presence of exposed
hydrophobic transmembrane regions makes the crystalliza-
tion process difficult, and often the transmembrane domain
is cleaved to increase chances of success [22]. Alternatively,
the preparation of two-dimensional crystals, and their

analysis through electron diffraction, allows resolution of
the structure of membrane-associated proteins in a confor-
mation that is the closest to the one displayed in the lipid
bilayer [23,24]. Two-dimensional crystallization relies on the
use of detergents that maintain the hydrophobic regions
properly folded while also using conditions for crystallization
that can be extremely difficult.

Over the past 5 years, the use of liposomes, lipid nanodiscs,
detergents and amphipols has overcome the need for crystal-
lization, allowing membrane-associated proteins to be
studied in closer to native conditions through SP cryo-EM.
The use of nanodiscs is particularly advantageous in the
study of protein-lipid interactions [25]. Together with nano-
discs, the use of detergent micelles and amphipol showed
reproducibly to allow sub-nanometre structural determination
on a number of complexes, such as y-secretase [26], the TRP
channel [27] and ryanodine receptor C [28,29]. Another
method for imaging isolated membrane-associated complexes
uses liposomes [30,31]. Although the obtained resolution of
liposome-embedded complexes has been lower than with
the previously described detergent/amphipol solubilization
methods, liposome-protein complexes have allowed the
structure of lipid bilayer embedded protein complexes to be
studied. For example, SP cryo-EM has been used to determine
the structure of pore-forming toxins such as suilysin and
pleurotolysin [32,33].

Altogether, the presented approaches have in common
the need to either extract a protein from its native environ-
ment or assemble it within a non-native environment. This
strategy removes complexity from the system; however, it
does not allow the complete overview of the structure
within the cellular context. Cryo-ET is not subject to the
artefacts generated during purification because it can be per-
formed directly within cells. This also ensures that the full
spectrum of interactions of the target molecule is preserved
for imaging [34,35].

3. Image processing techniques for cryo-electron
tomography

The resolution in a cryo-tomogram is limited by two factors:
Firstly, the limited electron dose applicable to the sample
(ideally below 100e™/ Az) [36,37], and its distribution
across multiple images in the tilt series, results in a high
level of noise and extremely poor contrast [38]. Secondly,
the maximum achievable tilt range is approximately 140°
due to the slab shape of the EM grid [38]. The limited tilt
range results in an incomplete angular sampling with conse-
quently a lower resolution along the beam axis; hence, the
resolution is proportional to the maximum angle that can
be imaged.

In order to overcome the high noise level, a range of filter-
ing methods can be applied from simple frequency band pass
and spatial blurring, to more targeted noise filtering methods
based on anisotropic diffusion [39,40]. The user can choose
the preferred method depending on the type of information
required, the size of the dataset and the computing power
available. Importantly, although filtering methods can high-
light features that are already above the noise level, they
cannot retrieve any information that is below the noise level.

The most effective way to overcome the low signal has
been shown to be through averaging. If multiple copies of
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Figure 2. Gallery of membrane-associated proteins, structures determined through the application of tomography and sub-tomogram averaging. Surfaces are
coloured based on distance from the membrane with which the complex is associated. The red surface represents the membrane or the area where the membrane
is associated, and the blue represents the component of the complex furthest away from the membrane. (a) The structure of the HIV-1 glycoprotein GP120 resolved
on the virus. (b) The structure of the COPI coat resolved on the surface of in vitro assembled vesicles. In panel (c), we show the MAC, and in (d), there is a
cumulative view of the NPC resolved on purified nuclear membranes. All panels have been generated from the density maps deposited on the EMDataBank

(EMD: 5272, 2985, 3289, 3006—3009).

the same structure can be identified, aligned relative to each
other and then averaged, then the conserved information
will be boosted above noise level. Another advantage of aver-
aging multiple copies of the same structure is to overcome the
anisotropy of the tomogram data. If the individual copies of
the structure analysed are randomly oriented relative to the
beam axis, averaging leads to filling the missing angular
information and therefore the resolution of the average will
be isotropic [41-43]. This technique is called sub-tomogram
averaging and has already been demonstrated to allow the
resolution of macromolecular structures to sub-nanometre
resolution for large viral assemblies [15,44], as well as
near-atomic resolution on the HIV-1 immature capsid [14].

4. Analyses of glycoproteins in enveloped viruses

For a long time, viral proteins have been the most studied by
structural biologists, not only for the high pathological rele-
vance, but also because a significant proportion of the
viruses studied over the years have a capsid that is organized
following strict icosahedral symmetry [45]. Glycoproteins in
icosahedral viruses are generally located in defined positions
on the capsid. The structure in those cases can be obtained
together with the capsid structure through cryo-EM and
icosahedral reconstruction [46]. With the implementation of
sub-tomogram averaging, it is now possible to resolve the
structure of viral glycoproteins located in the membrane of
enveloped viruses. Even without knowing the exact location
of the target proteins, the typical workflow consists of the
indiscriminate extraction of observed density located on the
membrane surface followed by iterative alignment. This
method works based on the idea that the most abundant fea-
ture will predominate in the final average, while all densities
that do not match will be excluded based on correlation
threshold when compared to the average. A few densities
are manually picked based on the expected shape and size
and are used to provide a reference model. The classification
can be done by applying a threshold in the cross correlation

value calculated during the alignment with the reference or
with the sum of the densities after alignment.

Sub-tomogram averaging was used to successfully deter-
mine the structure of the gp120 trimer (figure 24) on the
surface of SIV and HIV-1 virions at a resolution close to
2 nm [47,48]. The analysis in this case allowed the binding
dynamics and conformational changes induced by the neu-
tralizing antibodies to be understood. In another example,
the structure of the Lassa virus glycoprotein showed how
conformational changes were induced by the pH variation
directly in situ. This research supported the hypothesis that
the viral entry mechanism depends on a lysosome-resident
receptor (LAMP1) [49].

A study of Tula virus showed how, through in situ ana-
lyses, it is possible to map the exact position and relative
orientation of each glycoprotein and identified the presence
of ordered patches. The authors also inferred that those
patches are driven by regulated interactions, which could
be sufficient to drive the required membrane curvature for
the viral budding [50]. Similarly, in herpesvirus, it was poss-
ible to identify the existence of lateral protein—protein
interaction between multiple copies of glycoprotein B. The
described interactions induced the formation of a locally con-
tinuous coat, suggesting the role of this protein as a potential
driver for the fusion process during infection [51].

5. Large molecular motors

Tomography has demonstrated its value particularly when it
comes to the analysis of large molecular machines that are
difficult to purify or to assemble in vitro. For example, the
study of type IVa pili, on the surface of the bacterium Myxo-
coccus xanthus, provided an understanding of the assembly
and functioning mechanisms of these large machineries
[52]. Here, the authors combined topologic and structural
analyses to be able to discriminate between different confor-
mational states. The sub-tomogram averaging reconstructions
further allowed structures at resolutions of 3-5nm to be
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identified. The high resolution on such large protein com-
plexes, together with the analyses of mutants, allowed the
distinction of all subunits.

Other molecular motors have been studied using cryo-ET,
including cilia and flagella, which are associated with cell
motility. Owing to the stability of the structures, they could
be studied both in situ and in vitro [53]. The first structure
of a flagellar motor ever solved was done by averaging
only 20 motors and led to a resolution of approximately
7nm [54], and at this resolution it was possible to identify
the rotor from the stator and resolve its 16-fold symmetry.
Reconstructions of microtubules and microtubule-associated
proteins (e.g. dynein), in the resolution range between 3
and 4 nm, showed how the sliding of microtubule doublets
against each other induces bending of the flagella to control
cell movement [55-57].

6. Analyses of cellular vesicles and organelles
associated proteins

For years, clathrin-coated vesicles were the only cellular
coated vesicle for which both the structure and the assembly
mechanism were known [58,59]. The reason for this is linked
to the highly ordered basic triskelion unit, which was first
studied in an isolated state in 1983 [60]. The structure of
the assembled cage could be resolved using standard SP
cryo-EM [61].

COPII coats were first resolved by SP cryo-EM of in vitro
assembled cages composed of the sub-complex (Sec13/31)
but lacked both the membrane and cargo [60]. Using sub-
tomogram averaging, it has recently been possible to describe
the assembly of the complete COPII transport vesicle with a
resolution of approximately 2 nm (figure 2b). In this case,
the vesicles were also assembled in vitro but in the presence
of membranes and the cargo-binding proteins (Sec23/24).
Similarly, COPI-coated vesicles have recently been described
through sub-tomogram averaging [62,63]. The difficulties
linked to generate stable COPII complexes that were not
associated with the membrane, together with the fact that
every vesicle is different, required a method that could
inspect a structure locally without expecting a rigidly ordered
repetitive structure.

Over the past years, it has been possible to attempt struc-
tural biology directly within the cell. A sample preparation
method that includes the use of a focused ion beam (FIB) to
etch away a part of the sample that does not contain the struc-
tures of interest allows thick samples to be studied using
cryo-ET [12]. This approach can be coupled to fluorescence
light microscopy in order to specifically target the region
containing the complex to be studied, using CLEM [21].
Using this method to prepare the sample, intracisternal protein
arrays were observed in the Golgi apparatus [64]. Given the
high level of repetitiveness of those arrays, it has been possible
to obtain a structure with a resolution in the range of
approximately 2 nm.

7. Transmembrane proteins and pores

Transmembrane proteins are, for structural biologists, among
the most difficult samples. If they are part of a large complex,
the stability of the complex itself is heavily dependent on the

presence of the lipid bilayer [65]. An extremely powerful [ 5 |

method to solve the structure of a transmembrane protein
in a native-like condition has been through electron diffrac-
tion on two-dimensional crystals [65—-67]. Despite the good
results that this technique can bring, the process of two-
dimensional crystallization can be difficult or can require
conditions that are far from physiological. In cryo-ET, the
sample preparation is minimized to the fast freezing of the
sample that is coupled to a thinning method. The resolution
is limited only by the flexibility of the complex and by the
number of asymmetric units that can be collected. Cryo-ET
has been applied only to a limited number of samples; how-
ever, the use of this technique is increasing with the recent
advent of fully automated data collection, improved detectors
and Volta phase plates.

An example of a transmembrane pore protein that was
studied by cryo-ET has been presented by Sharp et al. [68].
The authors here acquired tomograms of partly and fully
assembled membrane attack complex (MAC) pores on lipo-
somes. Through sub-tomogram averaging, they could obtain
a structure at a resolution between 2 and 3 nm for the fully
assembled MAC (figure 2c). This study also represents the
first attempt to image this machinery during its assembly
phase. Similarly, a cryo-ET study of pneumolysin observed
full-ring pores and incomplete rings, referred to as arcs, in
both the prepore and pore state [69]. The structures analysed
raise the question of whether arcs could be as effective as
full pores in the biological function of pneumolysin and
other CDCs.

As previously mentioned, the application of cryo-ET in situ
often requires the sample to be thinned in order to be compa-
tible with high-resolution imaging. One of the early examples
of structural biology i situ is the analysis of the architecture of
desmosomes [70]. Here, the authors performed 80nm
cryo-sections on a vitrified epithelial tissue and could get a
complete view over the desmosomal region. They then
applied sub-tomogram averaging to enhance the resolution
on the extracellular region and obtained enough detail to
allow fitting of pre-existing crystal structures.

Among the most studied large membrane-associated
complexes is the nuclear pore complex (NPC). This machine
is 124 MDa in size, highly dynamic and is composed of
approximately 450 proteins [71]. The size of the NPC makes
it impossible to purify or assemble the whole complex
in vitro. The early structural studies were performed on Xerno-
pus laevis oocytes [72] and provided a general understanding
of the symmetry and architecture of the NPC to a resolution
of approximately 12 nm. Subsequent studies performed on
Dictyostelium discoideum as well as on human cells achieved
a resolution down to 2nm [73,74], providing a detailed
understanding of the mechanisms used to allow the passage
of molecules through the NPC (figure 24).

8. Conclusion

As outlined in this review, cryo-ET is an emerging technique
which has just started to show its potential. The hardware
development that has occurred in the past 5 years, together
with the recent advances in image processing techniques,
has made cryo-ET available to a constantly growing com-
munity. Cryo-ET provides the possibility of performing
structural biology studies of complexes within their native
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environment. This attribute makes cryo-ET the perfect tool
to study membrane-associated proteins, particularly those
complexes that are not stable when purified or that
cannot crystallize.

It has been shown that it is possible to achieve near-
atomic resolution with cryo-ET when used in conjunction
with sub-tomogram averaging. A limiting factor at the
moment is the high number of copies required to achieve
such resolutions, and therefore it is unlikely that cryo-ET
will be routinely used for high-resolution studies. However,
it is also reasonable to predict that the use of cryo-ET will
increase over the coming years and will become the tech-
nique of choice to study the structure of complexes that
cannot be reconstituted in vitro or that can be reconstituted
only in large liposomes. When used on cellular samples, it
will allow an understanding of the distribution and the
steps of assembly of macromolecular complexes inside
their native environment.

Overall, the information retrieved will be complemented
with data coming from classical structural biology tech-
niques, such as X-ray crystallography, NMR or SP cryo-EM.
In this scenario, each component of a macromolecular com-
plex will be resolved at high resolution individually, while
the assembled complex will be resolved at intermediate reso-
lution (1-2 nm) through cryo-ET and individual components
will be fitted into the low-resolution density. Given the

current state of cryo-EM and cryo-ET techniques, the resol- n

ution at which a complex can be resolved is not limited by
the technique in use but the flexibility of the target complex
or by the number of copies that can be imaged. The obser-
vation of different states or flexibility of a macromolecular
complex is in itself important information that can be used
to inform crystallization approaches.

Although it has not been in the focus of this review, it is
important to mention that there are multiple software
packages that can be used to perform sub-tomogram aver-
aging (Pytom, Dynamo, Jsubtomo, EMAN2, Relion2). All
the available packages have proven to be functional although
the workflows are not yet completely set, and procedure
requires significant expertise to avoid the pitfalls of reference
bias and noise alignment. The future perspectives in the field
will likely see cryo-ET tightly bound to correlative
microscopy, to allow any target to be recognized and
imaged. The exciting developments in the fields of cryo-FIB
milling, when mature, will allow reproducible imaging in
any region of the cell.
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