Chapter 1
Electron Tomography: A Primer

Andrew Leis

Abstract This chapter is an introduction to the theory and practise of electron
tomography. It identifies the areas in need of most attention to maximise the effi-
ciency of descriptive studies of morphology, and in the case of structural biology, to
enable the transition from a reductionist approach to in-depth systems biology. The
chapter concludes with a step-by-step guide to acquiring tomograms.

1.1 An Introduction to Electron Tomography

Electron tomography provides the unique possibility to view three-dimensional (3D),
nanometre-scale detail within the cellular context (for detailed reviews, see [1-3]). Itis
one of a small group of bioimaging technologies that utilise electrons or photons to
deliver 3D information about structural complexity spanning macromolecules,
viruses, cells and tissues. These techniques include confocal microscopy, some forms
of super-resolution microscopy, and soft X-ray tomography, albeit with differing
means of generating contrast, and overlapping resolution. With proper attention to
structural preservation, these techniques are capable of capturing and deciphering
cellular events such as the workings of protein machines in healthy cells [4] and in
disease, a special case being the morphogenesis of infectious agents [5—8]. The
common feature of these techniques is the ability to image hydrated (or
frozen-hydrated) specimens. Confocal and super-resolution microscopy techniques
visualise fluorescent ‘spots’ rather than actual densities but they also provide unam-
biguous identification and possibly some temporal resolution. Furthermore, the spa-
tial information can be decisive, as is the case for fluorescence (‘Forster’) resonance
energy transfer (FRET) analysis of protein-protein interactions [9]. Cryo- electron
tomography captures snapshots of true densities within the cellular landscape but
given the prospects for macromolecular crowding, especially in prokaryotes [10, 11]
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and the similarities of many complexes at the best, attainable resolution, it can be more
difficult to assign structure or determine interactions without explicit, a priori infor-
mation. Therefore, this group of techniques should be considered together as a
complementary and powerful means of determining structure-function relationships
in cells [12]. Correlative light and electron microscopy (CLEM, [13-17]) seeks to
apply such technologies in combination for the elucidation of structure-function
relationships.

From an instrumentation perspective, electron tomography belongs to the group
of electron microscope -based technologies capable of generating 3D structures,
collectively referred to as ‘3D electron microscopy’ (3DEM, [18]). 3DEM comprises
four, independent strategies (Fig. 1.1). Three of these utilise a transmission electron
microscope (TEM) as a projection device, while a third uses a scanning electron
microscope (SEM). The first of the TEM strategies—electron tomography—con-
stitutes the main theme of this book. The second TEM technique employs a scanning
transmission electron microscope (STEM, Wolf, Chap. 2). This technique has the
advantage of being able to analyse thicker specimens and with enhanced contrast

Fig. 1.1 Imaging geometries for electron tomography. a TEM and STEM tomography. 2D
projections acquired from a 3D object (upper panel) are back-projected to provide the solution to
the structure (reproduced from [1], with permission from Nature Publishing Group);
b serial-block-face SEM tomography. Fresh layers of the specimen are removed (sputtered)
sequentially using a focussed gallium ion beam (FIB). As each layer is removed, the freshly
revealed block surface is imaged by a scanning electron microscope (SEM) to build up a 3D
volume
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compared to bright-field TEM [19, 20], noting that phase plates now offer a solution
for the latter. A third TEM technique—single-particle analysis (SPA)—should be
considered separately as a powerful means of determining the structures of identical
or nearly identical copies of macromolecules or symmetrical (principally, icosahe-
dral) viruses. SPA will be discussed briefly to introduce certain concepts, and for the
sake of completeness. The SEM tomography technique, serial block-face imaging,
utilises a scanning electron microscope in conjunction with a sectioning device,
either a diamond knife [21] or an ion beam [22-26], to build up a three-dimensional
volume, layer by layer, analogous to the operating principle of a confocal micro-
scope. At present, this technique is practised on plastic-embedded specimens. It is
covered in detail in Chap. 5. To complete this short overview of tomography
strategies, it is worth mentioning the technique known as ‘array tomography’.
Although best known from fluorescence microscopys, it is equally applicable to the
serial-block-face technique or indeed, in combination (Chap. 6). It allows large-scale
surveys of classical ultrastructure afforded by serial block-face imaging but in
combination with the mapping of fluorescent epitopes. Like serial block-face
imaging, however, it is not suited to studies of molecular structural biology.

Finally, we can define a category of biophysical techniques that provide superior
resolution to electron tomography but with the caveat that the structures are gen-
erated from isolated and purified entities that are thus removed from the cellular
context. The resulting structures can be used for visual proteomics interrogations of
cellular interaction networks. These techniques are the standard techniques of
structural biology, and include X-ray crystallography as well as single-particle
analysis (cryo-) electron microscopy. As mentioned above, SPA is a reductionist
approach to solving structure that takes advantage of statistical sampling ex vivo.
The term ‘single-particle’ is a misnomer because the technique takes into account as
many particles as can be sampled efficiently, typically tens of thousands, rather than
a unique occurrence of a molecule within its native context. SPA is related to cryo-
electron tomography in terms of common sample preparation and bright-field,
low-dose imaging conditions. It may begin with air-dried and stained preparations
because these structures serve as useful starting models for computational refine-
ment of frozen-hydrated data. Unlike X-ray crystallography, SPA does not have a
requirement for crystals, and it can cope with large, multi-unit complexes as well as
some heterogeneity. For comprehensive reviews of SPA in structural biology and
virology, the reader is referred to detailed reviews [27-33]. Modern structural
biology increasingly aims to harness the synergies of these techniques when used in
combination (‘hybrid techniques’, [34]). In particular, the high-resolution structures
can be used to populate tomograms of cells via the process of pattern recognition in
real space (see ‘Template Matching’). Thus, it is important to consider tomograms
generated by electron tomography as complete maps of a cell’s proteome, where
(dose-) limited resolution can be circumvented to produce a ‘pseudo-atomic atlas’
of the macromolecular machinery that underlies cellular function [1].

The definition of electron tomography used in this book includes TEM/STEM
tomography as well as the newer SEM strategies. It therefore expands upon the
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definition provided in the most recent textbook on electron tomography [18], which
suggests that it should loosely incorporate strategies where the specimen is tilted.
The revised definition reflects the recent success of approaches for building up 3D
volumes by SEM, which was previously regarded almost exclusively as a ‘surface’
technique. This chapter will introduce the principles of TEM- and SEM-based
electron tomography, recent technological developments, and selected contributions
to cell and structural biology. It cannot possibly do justice to the published
applications of electron tomography. For recent, general reviews, the reader is
referred to references [3, 35]. Other recent reviews cover application of electron
tomography to viruses [30, 36] and prokaryotes [37], while newer publications
enabled by low-temperature nanofabrication showcase novel insights and possi-
bilities for the biology of ‘higher’ organisms [38—41].

1.2 Principles of Electron Tomography

The TEM strategy for electron tomography is analogous to medical X-ray imaging
(computed tomography—‘CT’ or ‘CAT’ scans) in that it uses projections of a
specimen recorded from different viewing angles and back-projects them into
Fourier Space (syn. frequency domain) to calculate a real-space (syn. position
space) reconstruction of the ‘specimen’ (Fig. 1.2). The main difference to computed
tomography in terms of image acquisition is the tilting of the specimen in electron
tomography compared to tilting of the imaging gantry during computed tomogra-
phy, although a concept for a tilting electron microscope has been published [42].
Note also that ‘soft’ X-ray tomography of cells utilises a fixed X-ray source or
synchrotron beamline and either a rotating or tilting sample holder. A TEM
goniometer and sample holder are used for the latter. TEM tomography is used
routinely for specimens that have undergone a substitution process to replace the
sample’s water with a plastic resin, which in turn can be sectioned and introduced
into the microscope using a standard sample holder. This technique is useful for
studies of ultrastructure, such as the arrangements of organelles [43] or studies of
e.g. membranes during virus morphogenesis [44, 45]. A variation of this protocol
with additional contrast agent is used for serial-block-face SEM tomography [46]
(see Chap. 5 and below). Cryo- electron tomography (or electron cryotomography,
Chap. 3) is the method of choice for appropriately thin, frozen-hydrated specimens,
where structural accuracy is paramount, i.e. the density map reflects the true nature
of the feature rather than added contrast agent, the accumulation of which depends
on its relative affinity for the different regions of a molecule.

So-called ‘single-particle analysis’ 3D electron microscopy uses projections of
many copies of identical or nearly identical, frozen-hydrated macromolecules or
viruses to build up a 3D reconstruction. This powerful, biochemical reductionist
approach combines computational averaging of many copies of identical or nearly
identical, randomly orientated molecules with statistical suppression of noise to
generate a composite structure of the molecule at a resolution typically better than
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(a) (b)

Fig. 1.2 Application of the Radon Transform to mock, 2D data (adapted from Linaroudis [47]).
a Original ‘features’; b one projection; ¢ 2 projections; d 4 projections; e 45 projections; f 180
projections. In each case, the projections are equidistant and span the full angular range

10 A (reviewed in [31, 33, 48]). The sample is usually not tilted; exceptions are the
random conical tilt and related orthogonal tilt methods [49]. Instead, the typically
reasonable assumption is made that the macromolecules or viruses lie in random
orientations with respect to the beam. These different views of the ‘same’ structure
contribute more or less equally to the structure solution, and deviations from
similarity become apparent in the ‘class averages’ representing the different ori-
entations. Apart from its similar requirements for a TEM and image processing,
single-particle analysis bears little relationship to the subject of this book, electron
tomography, except that the structures it generates can be used to populate tomo-
grams of cells in the strategy known as ‘visual proteomics’ [1, 38, 50-53]. As such,
it belongs to a separate category of nominally ‘high-resolution’ techniques that
includes X-ray crystallography but also NMR spectroscopy. Another reason for
mentioning it here is that similar computational approaches can be applied to
symmetrical and/or repetitive structures in tomograms to enhance local resolution.
This is known as subtomogram averaging [54], and forms the subject of Chap. 9.

The structure of the Herpes simplex virus (Fig. 1.3) provides an elegant
demonstration of this approach because each mature virus contains both pleo-
morphic and symmetrical components [55]. The resolution for the symmetrical
components can be enhanced post-acquisition. Thus, even though electron
tomography produces a comparatively modest resolution compared to
single-particle analysis of wholly symmetrical viruses [56], it is unique in its ability
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Fig. 1.3 Electron tomography samples pleomorphic and symmetrical structures. The
three-dimensional structure of individual herpesviruses at modest resolution was sufficient to
visualise individual glycoprotein spikes (yellow) on the virus surface. Computational extraction of
a modest number of nucleocapsids (n = 11) followed by averaging and applying icosahedral
symmetry resulted in a substantial improvement in local resolution [55]. Scale bar = 100 nm.
Reproduced with permission from the American Association for the Advancement of Science

to generate structures for pleomorphic specimens at a resolution of better than
10 nm. Furthermore, tomograms of cells can be archived and refined locally when
improved structures become available. In the context of cell biology and virology,
this is extremely important: all cells are pleomorphic, and they are subject to
stochastic variability. They may contain symmetrical or repetitive structures, e.g.
icosahedral viruses but tomography is needed to visualise the cellular landscape. On
the other hand, the use of single-particle averaging for determining the structure of
wholly symmetrical viruses is well established and represents a mature technology
[57].

1.3 Sample Preparation for Electron Tomography

The ability of electron tomography to generate authentic structures at a resolution of
better than 10 nm emphasises the requirement for suitable, resolution-preserving
sample preparation procedures. All forms of sample preparation require a fixation
(immobilisation) step to stabilise the structures and maintain their spatial relation-
ships when introduced into the vacuum environment of the electron microscope.
The classical approach is chemical fixation using aldehyde-based cross-linkers,
which are easily criticised as artefacts. Physical immobilisation by rapid freezing
can be used instead, and it is used exclusively for cryo- electron tomography, as
well as for single-particle analysis. In brief, vitrification means that with sufficiently
fast cooling rates, water is transformed into an amorphous solid that is thought to
resemble liquid water, and which is (meta) stable during controlled image acqui-
sition. This is referred to as the ‘frozen-hydrated’ state.

Before discussing the different methods for acquiring, aligning, reconstructing
and segmenting tomograms (see following sections), it is first necessary to mention
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the characteristics of the specimens that determine the imaging conditions and
image-processing strategies. For example, beam-sensitive, frozen-hydrated speci-
mens require a dedicated, low-dose acquisition scheme, and the resultant noisy
reconstructions benefit from denoising to aid in surface rendering (‘segmentation’,
see later). Stained plastic sections of membrane-rich cells, on the other hand, are
more amenable to automated segmentation routines; these are suitable for charac-
terising ultrastructure rather than studying molecular arrangements and interactions.

1.3.1 Scenario 1: Plastic sections

The classical TEM protocol developed for biological samples comprises aldehyde
fixation, dehydration in a graded alcohol series, infiltration with resin, heat-induced
polymerisation and sectioning using an ultramicrotome. This procedure was the
mainstay of biological electron microscopy in the second half of the twentieth
century [58], and with mostly subtle variations, it continues to be the most widely
used strategy for studies of cell ultrastructure. Refined versions of this protocol
bypass chemical fixation in favour of rapid freezing and progressive solvent sub-
stitution at low temperature, culminating in a UV-polymerised resin block that can
also be sectioned by ultramicrotomy. This improvement avoids the artefacts of
chemical fixation, although it is difficult to study alterations that occur after
freezing. As for any vitrification process, with or without added cryoprotectant, it
depends critically on specimen thickness. Nevertheless, the freeze-substitution
process has been studied systematically from a process perspective, and it was
shown that the processing time can be reduced from days to as little as 3 h [59].
Structural preservation after freeze-substitution is clearly superior to structure
visualised after the use of chemical fixatives. In either case, sections need to be cut
as thin as possible without eliminating the feature of interest. In practical terms, this
is dictated by the accelerating voltage of the microscope. Sections of nominal
thickness 80-90 nm are suitable for electron tomography using a 120 kV TEM,
whilst thicknesses up to 300 nm represent the maximum thickness for use in
300 kV instruments whilst still avoiding the possibility of multiple scattering events
[52] that degrade resolution.

Although freeze substitution is superior to classical fixation and embedding, it is
highly informative to revisit the use of powerful (1 MV) transmission electron
microscopes as projection devices but without the benefits of adequate structural
preservation. This led to the flawed ‘microtrabecular lattice’ concept of cell
structure [60]. Here, removal of solvent and/or fixation with glutaraldehyde caused
the soluble components of the cytosol to be deposited on elements of the
cytoskeleton, portraying mammalian cells erroneously [61] as an irregular network
of cross-linked ‘microtrabeculae’ (Fig. 1.4). Porter interpreted these observations as
the fundamental organisation of the cytoplasm, the physical basis for cytoplasmic
motility, and the determinants of cell shape [61]. In the absence of tomography, he
made use of stereo pairs to demonstrate his results.
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(b)

Fig. 1.4 Models of Porter’s microtrabecular lattice [60] and axonal lattice [62]. The decorated
cytoskeleton is largely the result of soluble components of the cytosol having ‘nowhere to go’, and
agglomerating onto the cytoskeleton. Crosslinks are also difficult to reconcile. Reproduced with
permission of The Rockefeller University Press

Porter’s rather exhaustive efforts to corroborate his findings preceded cryo-EM,
and they did not survive scrutiny when it was shown that similar features could be
induced in homogeneous solutions of serum albumin [63]. The methods that led to
the erroneous microtrabecular lattice concept have been superseded by cryofixation
followed by freeze-substitution, or by cryo-EM. At present, only cryo-EM of a
sufficiently thin, vitreous specimen can guarantee a faithful reproduction of the cell
interior. New technical developments in cryo-EM are beginning to allow the study
of eukaryotic cells [39, 40, 64, 65].

1.3.2 Scenario 2: Frozen-hydrated specimens

Electron tomography of frozen-hydrated specimens is detailed in Chap. 2. Most
commonly, the specimens (isolated macromolecules, viruses, organelles; intact cells)
are vitrified by plunging into liquefied ethane. If sufficiently thin—as dictated by the
accelerating voltage—tomograms can be recorded directly. Thicker, frozen-hydrated
cells can be thinned on the sample support grid using a cryogenically-cooled focussed
ion beam setup prior to transfer to the TEM (see [66] for details). Alternatively, a
cellular sample can be vitrified by high-pressure freezing and then vitreously sectioned
using e.g. a cryo-ultramicrotome. For all manipulations that follow the vitrification
step, it is essential to maintain the specimen at a temperature colder than the devitri-
fication temperature (—137 °C/136 K) to avoid a phase transition from an amorphous
state to cubic crystalline ice. Focussed ion beam (FIB) sample fabrication at cryogenic
temperatures is an emerging technology that is still practised by a handful of specialist
cryo-tomography laboratories but its benefits have been realised recently [67-69], and
they are highly convincing. The major breakthrough is that it enables studies of plant
and animal cells by cryo- electron tomography where previously, the technique was
restricted to isolated macromolecules, viruses and small cells such as bacteria that
could be plunge frozen from suspensions and visualised directly [66]. Where available,
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cryo-FIB followed by TEM tomography essentially supersedes cryo- electron
microscopy/tomography of vitreous sections (CEMOVIS/CETOVIS) because it does
not suffer from the unavoidable artefacts that plague knife-cut sections. These include
significant compression (>30%), and further deformations that occur during cutting or
attachment to a support grid. Nevertheless, tomography of vitreous sections led to key
breakthroughs including the first demonstration of ATP synthases in mammalian cells
[64], and the discovery of the mycobacterial outer membrane [70, 71].

1.4 Radiation Damage

An electron beam represents a form of ionising radiation, collimated into a small area
such that all specimens, whether frozen or plastic-embedded, are prone to significant
and irreversible damage. In TEM tomography, the need to acquire all of the projec-
tions from the identical region of interest places an ultimate limit on the amount of
information that can be acquired. It is therefore critical to know how to measure and
control the electron dose, and to keep this dose at subcritical levels. In frozen-hydrated
specimens, radiation (colloq., ‘beam’) damage can be seen in the form of gas bubbles
that are generated as a result of radiolysis. Perhaps more critically, this is preceded by
more subtle damage that can erase fine detail. The consequence of an upper limit to the
cumulative electron dose is that it must be estimated before exposure of the specimen.
Too little dose may lead to difficulty in acquisition (failed position tracking, for
example) but more importantly, it results in a poor yield of information. The cumu-
lative dose during tilt-series acquisition should not exceed 100 e /A? [3].

For plastic sections, deformations in the form of shrinkage and mass loss are
profound [72]. It is common practice to pre-irradiate the specimen, which allows it
to undergo a rapid shrinkage phase before acquisition of the tilt series. Here,
successful alignment of tomograms is dependent on comparatively minor changes
between subsequent projections. This practise is addressed systematically in
Chap. 4. In the author’s experience, a tomographic reconstruction of an Epon
section with nominal (microtome) section thickness of 150 nm will approximate
110 nm, even when using low-dose acquisition techniques and cooling the speci-
men in a cryo- sample holder. The final thickness also appears to be quite variable.
Quantitation from plastic sections is not possible without bold assumptions con-
cerning distortions. Furthermore, these distortions are not isotropic. Even for
pre-irradiated plastic sections, it is advisable to use low-dose acquisition techniques
as described below. This helps to facilitate subsequent alignment.

1.5 Acquisition of Projections

We have already noted that tomograms comprise multiple views of the same object.
We will first discuss the considerations for acquisition of cryo tomograms. Gordon
etal. [73] summarise the electron tomography problem as the necessity to “reconstruct
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apicture from a finite subset of its projections taken at distinct angles.” Completeness
of information, however, depends on sampling statistics. For cryo- electron tomog-
raphy, this is an apparent paradox. The requirement for as many projections as pos-
sible while covering the full angular range conflicts with the need to keep the electron
dose at subcritical levels to avoid erasing details. This means that a finite electron dose
is typically fractionated over the available tilt range. The “dose fractionation theorem”
[74,75] states that the dose tolerated by the specimen can be divided by the number of
contributing projections to provide the maximum permissible dose for any one pro-
jection image of the tilt series. A negligible proportion of the dose is expended on
secondary tasks such as searching, tracking, and focussing, and ideally, tracking and
focussing are performed at adjacent positions along the tilt-axis (Fig. 1.5) so that all of
the available dose is used for acquiring structural information. Projection images
obtained with a low-dose collection strategy have poor signal-to-noise (SNR) char-
acteristics; however, contrast is restored by tomographic reconstruction and subse-
quent visualisation of each “virtual” slice. Energy filters operating in “zero-loss”
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Fig. 1.5 Schematic of simplified acquisition scheme for low-dose electron tomography. After
searching for the region of interest (outer circle indicating spread beam and low flux), the beam
position and other parameters for the exposure are copied to focus and tracking states, which are
positioned along the tilt axis using the image shift function. The beam is then re-directed to the
detector for these ‘off-axis’ states. This restricts all secondary tasks to areas adjacent to the target
region, meaning that exposure of the target is solely for the purposes of collecting data. The beam
blank function is used to ensure that exposure is limited to the times specified (while reading out
the data, for example). The areas captured by the detector are shown by photo corners, and the tilt
axis is indicated by a blue dotted line. To expedite the process, modifications such as
comparatively higher dose and partial detector readout are commonly made to the tracking and
focus states. Also, it is possible to identify multiple targets and automate serial tomogram
collection
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mode remove contributions from inelastically scattered electrons [76] that cause
image blur. The combination of moderate accelerating voltage (300 kV) and an
energy filter therefore compensate for the poor SNR characteristics inherent in frozen
specimens. They also facilitate tomography on slightly thicker specimens but with a
concomitant trade-off in resolution. Note that, for unstained (cryo) specimens, SNR is
discussed in preference to contrast, the latter of which can be enhanced artificially.
Contrast enhancement does not suppress noise.

In cryo- electron tomography, the radiation sensitivity of the frozen-hydrated
specimen means that tomograms comprise only about half as many projections as
for plastic sections, collected at increments of 1.5 or 2 degrees. Further compli-
cations arise from the increase in apparent thickness of the slab-shaped sample
during tilting and ultimately, the limited range of the tilt holder/sample grid com-
bination. This gives rise to the so-called “missing (information) wedge”, which
describes the unsampled region in Fourier space. The information deficit results in a
real-space artefact whereby features parallel to the electron beam appear to be
smeared, while features orthogonal to the beam are unresolved. A + 70° tilt range
provides 78% of the available information but with an anisotropic, i.e. biased,
representation of information. A dual-axis acquisition scheme [77, 78] addresses the
fundamental geometric bias. In this acquisition scheme, a complementary series of
projections is acquired from the orthogonal axis and merged with the initial tilt
series. If the second tilt series covers a similar angular range, dual-axis tomography
improves sampling to 93% of the corresponding Fourier space [79], and the res-
olution is more isotropic. Long, filamentous structures such as microtubules are
resolved equally well, regardless of whether they are parallel to the tilt axis or
perpendicular.

Much of the preceding discussion is applicable to plastic sections, although the
beam damage experienced is more subtle in the sense that it is deceptively gradual
and to the novice, might go unnoticed. It is not less important. For
plastic-embedded sections, a tomographic tilt-series may comprise more than 150
separate projections collected at 1° increments. If we assume that the sample
thickness remains constant, 150 similar exposures corresponds to 150 times the
electron dose for a single projection. In practise, it is much higher due to the
increased beam cross-section at progressively higher tilt, where thickness is related
to the cosine of the tilt angle. Thus, although the specimen might not appear to be
distorting, it is in fact undergoing continuous mass loss and shrinkage. Comparison
of projections 1 and 150 will show marked differences attributed to non-uniform
shrinkage alone. Apart from inadequately representing the specimen, alignment of
the projections will be difficult unless the projections are modified after acquisition
by applying stretching factors, and by accounting for non-linear movements of gold
particles. Prior to acquisition, the beam is spread for 10-15 min to expose the
region of interest and the surrounding area to a higher flux of electrons. This allows
the region of interest to undergo gross changes prior to recording the tilt-series.
Even so, further changes cannot be halted entirely—only the rate of change slows.
To minimise further changes during data acquisition, the low-dose acquisition
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procedures detailed above for cryogenic specimens may be used. Additionally, the
plastic section may be introduced into the microscope via a cryo sample holder.
After pre-irradiation, the sample holder dewar is filled with liquid nitrogen, and
once the temperature has equilibrated to, say, —175 °C, the tilt-series can be
acquired with the least possible variation from start to finish [80, 81]. This approach
results in further changes of only a few percent, making it more feasible to align the
set of projections. Cooling a plastic-embedded specimen does not eliminate
beam-induced shrinkage. Pre-irradiation of the specimen at room temperature is
mandatory, and as a consequence, profound changes (anisotropic shrinkage and
mass loss) take place prior to the acquisition of the first projection of the tilt series.
The cooling serves only to minimise further changes during acquisition. As noted
by Luther [82], the take-up of this cooled plastic-section technique has been low,
and the “ultimate goal” should be to use vitreous specimens exclusively. In practise,
however, this strategy is convenient, and its success rate in terms of yielding a
‘result’ from cellular specimens or tissues is very high. Use of this strategy should
be considered in the light of the question being posed, and whether conclusions are
likely to be the result of changes induced by sample processing.

The ability to record so many projections from a plastic section has resulted in a
further misconception about the attainable resolution explained in terms of the
Crowther criterion, which simplifies the achievable resolution by considering the
number of projections and (related to this), the angular spacing of the projections.
This will be discussed under the heading ‘Resolution’, suffice to say that the
concept is subject to limits, and ultimately, it is meaningless in the absence of
adequate sample preservation.

1.6 Special Acquisition Case: Block-Face SEM

The name ‘serial block-face scanning electron microscopy, SBFSEM’ was coined
by Denk for a technique in which a specimen block is imaged during precise
removal of sections, each of constant thickness, one layer at a time [21]. The name
describes a newer focussed ion beam sectioning approach [66] equally well.
Serial block face SEM uses plastic-embedded specimens exclusively. The ability
to image the face of a planed, frozen-hydrated block using cryo-SEM had been
demonstrated previously [83]. This might not seem obvious, as SEM is usually
thought of as a technique to visualise topography. A surface that is planed with a
diamond knife is essentially flat, except for knife marks. Contrast in a cryo-SEM is
typically achieved by brief etching of the surface to expose features. Etching is
achieved by sublimation, which in turn is effected by raising the temperature to
approximately —90 °C, well above the devitrification temperature. Thus, devitrifi-
cation has occurred, and this is likely to be the case in freeze-substitution as well.
Furthermore, due to heat-transfer considerations, it is doubtful whether larger
specimens (>200 pm) can be vitrified in the first place. On the other hand,
freeze-substitution and plastic-embedding provides specimen blocks that are readily
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amenable to large-volume imaging. It is beyond the scope of this introductory
chapter to outline the theory of scanning electron microscopy and focussed ion
beam technology, suffice to say that the sample preparation closely resembles that
of plastic blocks used for TEM tomography but with the further incorporation of/
doping with heavy metals to aid in contrast and to obviate specimen charging [24,
25, 46]. The appearance of the resulting micrographs also resembles bright-field
TEM micrographs. This familiar appearance means that interpretation and seg-
mentation tasks are similar to TEM tomography of plastic sections [84] but the
strategy is applicable to a much larger scale, such as whole cells. The approach is
described in detail in Chap. 5

It is also worth noting at this point that scanning electron microscopes using an
in-built ultramicrotome, the so-called ‘Denk technique’ [21], require a variable
pressure or ‘environmental’ SEM (VP-SEM, ESEM, respectively). This is to cope
with outgassing from each newly exposed resin surface, which has been discussed
above in relation to mass loss. Ablation with a focussed ion beam requires a
dedicated ‘dual-beam’ or ‘cross-beam’ FIB-SEM instrument. This is a scanning EM
instrument with an ion beam column fitted at a fixed angle to the electron gun (the
stage, however, can typically be tilted and possibly also rotated to provide maxi-
mum freedom for nanofabrication). Finally, the FIB-SEM with its highly flexible
milling capabilities can be used to nanofabricate specimens for cryo- electron
tomography [39, 40, 66, 67], provided that the vitrification cold-chain is uninter-
rupted, and that the specimen is protected from the formation of frost during transfer
to the TEM. Electron diffraction studies by Marko and colleagues [85] show
convincingly that the milling process does not compromise vitrification. Areas
adjacent to FIB-milled lamellae are sputtered destructively, which highlights the
importance of preserving target structures such that they are located within the
remaining volume.

1.7 Alignment of Projections

A TEM projection micrograph from a thin specimen contains a wealth of 3D
information, yet in the classical 2D depiction, features from multiple planes are
superimposed, and the ability to determine relative depth and thereby distinguish
between interconnected and discrete features is lost. For example, features may
appear to be contiguous when they are in fact separate, unconnected entities lying in
close proximity. The true nature of the sample densities and their spatial relation-
ships become apparent when an aligned tilt series of projections is viewed as an
image sequence. The current discussion refers almost exclusively to alignment of
projections acquired by TEM tomography, where alignment is a mandatory step of
the workflow. (N.B. The term ‘alignment’ is essentially synonymous with the term
‘registration’ used commonly in medical imaging.)

Unlike some related imaging techniques that operate in Fourier space, e.g.
magnetic resonance imaging (MRI), individual projections from a TEM tilt series
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require alignment to a common frame of reference prior to reconstruction. As a
consequence, electron tomography reconstructions are not available in real-time.
Misalignment of projections is due to the fact that cross-correlation-based tracking
attempts to re-centre the region of interest at each tilt angle but in the case of
low-dose tomography, this function depends on the tracking region behaving in
exactly the same manner as the recording region. Even when microscope settings
are optimised, unreliable tracking or cumulative translational shifts (c¢f. drift/
blurring) might be due to a slight unevenness in the grid, for example.

Alignment of projections has traditionally relied on the presence of fiducial
markers to create a coordinate system for mutual alignment of the projections. In
this method, colloidal gold particles are added to the specimen before
plunge-freezing (cryo-tomography) or to one or both surfaces of sections (plastic or
cryo, see below). The spatial coordinates of each electron-dense marker are selected
in every projection to establish a common coordinate system. This requires at least
3 particles to be visible in all projections, and preferably at least 5 to account for
rotations that result from variations in lens current (a nominal magnification of
20,000X might actually be 20,002X in one projection followed by, say, 19,997X in
the next, an so on). Adsorbed gold colloids on plastic sections are typically
numerous and distributed randomly. This allows for considerable manipulation of
the aligned image stack prior to reconstruction, such that the reconstruction rep-
resents a globally corrected solution. For cryo- tomography, gold colloids are
typically titrated into a suspension sample prior to vitrification. Therefore, cryo
specimens typically have fewer markers per field of view, and the gold may bind
preferentially to certain components. The lack of shrinkage and mass loss experi-
enced by these samples, however, means that this is usually sufficient. For cellular
samples grown on TEM sample grids, the markers can be deposited on the carbon
film support prior to incubation with the cells. Alternatively, colloidal gold can be
deposited onto vitreous specimens using an adaptation of the ingenious quantum
dot method demonstrated by Masich et al. [86]. Briefly, gold colloids are func-
tionalised with triphenylphosphine to render them soluble in toluene. The stabilised
particles are dried in batches, and when required, the stabilised powder is resus-
pended in isopropane, which remains liquid at —150 °C. The vitrified sample grid is
dipped in the gold suspension, blotted with filter paper, and then transferred to a
cryo sample holder for tomography [64]. Gold colloids are preferred to quantum
dots for alignment because they offer constant contrast at all tilt angles. Quantum
dots are perfect crystals. During tilting, their contrast is minimal when the plane of
the crystal lattice coincides with the direction of the electron beam. They thus tend
to ‘blink’ on and off, and often blend in with (low contrast) electron-dense sam-
ple features when the markers’ contrast is not at its maximum. It may be preferable
to use mixtures of 10 nm and 20 nm gold colloids, in the event that the 10 nm
particles become difficult to track in highly tilted projections.

Marker-free alignment, usually of the feature-tracking variety, is essential when
fiducial markers are scarce or absent, when the markers are poorly distributed (e.g.
all near the tilt axis) or when the sample does not behave as a rigid body [87, 88],
such as a poorly attached cryosection. Of course, gold colloids can be selected as
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features. These approaches are computationally more advanced but variants are
now implemented in some commercial as well as freely available software pack-
ages. The reader is referred to the review by Amat et al. [89] for an in-depth
discussion.

After alignment, reconstruction (see following section) is a comparatively simple
task that can be executed via command line, provided that the alignment meets
(user-defined) acceptable standards. For example, the operator might specify a given
tolerance corresponding to sub-pixel alignment. If the pixel size at the detector
corresponds to 1 nm, then sub-pixel alignment corresponds to sub-nanometre
accuracy. This should not be confused with resolution in the final reconstruction. It
simply means that if the alignment accuracy is better than 1 or 2 nm, then it will do
justice to the expected resolution of, say, 4 nm in the final reconstruction. In other
words, it does not degrade resolution.

By definition, the principle of SEM ‘slice and view’ tomography (Chap. 5)
would indicate that individual slices do not require further alignment: the block is
not tilted during acquisition, and the detector-block geometry is maintained
throughout the process, such that sequential images should be in perfect registration
as they are acquired. Specimen drift or other factors such as stage movement can
lead to a translational (xy) shift between one or more slices. These image shifts are
easily corrected during or after acquisition, however, and the process can be
automated. This is done most easily via a cross-correlation function, and it would
make sense to include this in the workflow, even if the unaligned stack passes
visual inspection. Typically, the first step in such a workflow would be to deal with
the massive file size via an initial xy scaling (‘binning’) factor. Alignment could be
done after this step. If dedicated functions are not provided by the system, suitable
scripts/macros for this task are freely available for software such as Imagel,
although they may have been written for other techniques (e.g. Turboreg).

1.8 Reconstruction of an Aligned Tilt Series

As discussed in the preceding section, sequential micrographs acquired by slice and
view SEM are by definition already registered, and as such, represent xy slices of
the reconstructed volume. The remainder of this section applies to reconstruction of
tilt series acquired by TEM tomography. For a more detailed discussion, see
Chap. 5.

After achieving a satisfactory alignment (preferably according to some quanti-
tative criterion), the practical execution of a reconstruction algorithm using modern
software packages can be as simple as a one-step operation using default settings.
This will generate a mathematically valid solution to the reconstruction problem,
which can be output as an xy image stack and/or animation. The defaults would
typically comprise a reconstruction of the entire volume corresponding to equal xyz
dimensions. Since a slab geometry is typically characterised by z dimensions that
are a small fraction of the xy area, reconstruction of equal xyz dimensions results in
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a reconstruction with a huge amount of redundant space above and below the actual
specimen. This can be cropped from the 3D volume to save disk space. More
sophisticated software allows the user to specify the z dimensions to be recon-
structed as well as any centre offset, which saves computation time, especially in the
case of more intensive algorithms.

For many years, radioastronomers, medical X-ray (CT) tomographers and, more
recently, electron tomographers have used reliable reconstruction algorithms based
on the Radon Transform. The standard reconstruction algorithm for this purpose is
the weighted back projection (syn. filtered back projection) algorithm [90]. This
algorithm is based on the theorem proved mathematically by Radon in the early
1900s [91] and which was rediscovered by radioastronomers in the 1960s [92].
Typically, each image of a single-axis tilt series corresponds to a projection of the
object onto a plane perpendicular to the tilt axis. In electron tomography, the
intensities arise from electrons that pass through the specimen, essentially along a
straight line or ‘ray’ perpendicular to the plane. The number and type of electrons
reaching the detector depends on their interactions with the specimen and the
electrostatic densities along a given path through the specimen [93]. Radon’s the-
orem explains that each real-space image corresponds to a 2D plane in Fourier
space that intersects the origin and is perpendicular to the viewing axis.
Back-projection algorithms make use of this theorem by repopulating the planes
according to the angular projections acquired at the microscope. In real space, this
is equivalent to an inverse projection operation, with the observed densities being
distributed equally along the ray onto all volume elements that contribute to the
projection (Fig. 1.1 (lower panel), 2, 9). Thus, back-projection algorithms are
regarded as a first-order approximation to an underdetermined system of linear
equations given by the projection images. Prior to summation, appropriate filtering
(‘weighting’) is used to reduce artefacts caused by uneven sampling in Fourier
Space (‘discretisation artefacts’), which effectively bias the distribution towards low
frequencies [94].

Post-reconstruction image processing can be applied to reduce the size of the
calculated volume or to make an arbitrary correction for X-axis tilt. Due to the
speed and robust nature of the weighted backprojection algorithm, it is common
practise to perform this calculation even if the intention is to proceed to more
time-consuming, iterative reconstruction algorithms such as the algebraic recon-
struction technique (ART) or simultaneous iterative reconstruction technique
(SIRT). Both of these algorithms involve repeated back-projection steps [95]. ART
compares the differences between the reprojections of the reconstructed volume and
the measured data and corrects the volume accordingly [96, 97]. It then takes the
respective difference images and multiplies them by appropriate weighting factors
and adds them to the original back-projection model, and the projections are
recalculated until such time as a certain stopping criterion is met. ART is com-
putationally efficient and contains all frequency information but tends to be rela-
tively unstable with respect to noise. The SIRT algorithm is similar to ART, but
performs the update of the reconstruction volume only after all corrections have
been calculated as opposed to one at a time [90, 98]. SIRT converges more slowly
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but it is regarded as superior with respect to noise and artificial edge enhancements.
Thus, SIRT reconstructions perform well with noisy data typical of cryo-EM and
generally tend to look ‘smoother’ than the corresponding weighted backprojection.
Ultimately, the choice may come down to user preference and perceived aesthetic
qualities of the final result but both represent mathematically correct solutions to the
backprojection problem. More importantly, the choice of reconstruction algorithm
may influence the efficacy of subsequent denoising and segmentation routines.
Electron tomography may yet benefit from alternative reconstruction algorithms that
were abandoned originally due to (then) unrealistic computational requirements.

1.9 Resolution

We have already defined electron tomography as a technique capable of 4 nm
resolution. Resolution is discussed in detail in Chap. 10, and in relation to subto-
mogram averaging below. Resolution in 3D space is not a trivial concept, and
misleading claims of resolution are sometimes made due to a fundamental
misunderstanding of the Crowther criterion, which relates resolution to sampling
efficiency. Assuming that the object is sampled isotropically, i.e. the angular range
is sampled evenly (which is usual for some forms of tomography but does not
usually apply to electron tomography), the Crowther criterion simply states that the
resolution is a function of the number of unique projections. This seems logical but
it represents a theoretical or ‘best-case’ scenario. For plastic-embedded samples that
seem to tolerate many projections without obvious radiation damage, it is tempting
to record projections with an increment of 1 degree or less, which generates more
than 150 projections. Inserting this number into the formula for the Crowther
criterion produces an impressive number that certainly cannot withstand scrutiny.
The obvious test of this claim is to be able to identify a feature in the tomogram that
demonstrates such resolution. Resolution of better than 0.8 nm should be able to
resolve alpha helices in proteins. The best resolution achieved using cryo- electron
tomography does not exceed 4 nm, nor is it likely to exceed 2 nm in raw data.
Information and resolution are related but information is more important than
unproductive debates [4]. In practice, resolution is degraded by specimen thickness,
interpolation artefacts that occur as a result of the reconstruction algorithm, and in
the case of unstained specimens that require phase contrast via imposed underfocus,
the contrast transfer function (CTF) determined by the chosen defocus value. The
latter is of course addressed by the use of phase plate technology [99]. Perhaps
more obviously, resolution is a function of the magnification, which implies that it
cannot surpass the Nyquist Frequency. For a more thorough treatment of resolution
in electron tomography, the reader is referred to the work of Steven [100] and the
chapter by Penczek [101], as well as Chap. 9. Subtomogram averaging (see below)
is a means of increasing resolution locally where structures are amenable to
averaging.
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1.10 Post-reconstruction Image Processing

This section introduces the strategies for mining the complexity of tomograms,
which are covered in detail in subsequent chapters (Chaps. 8, 11 and 12). These
optional techniques are segmentation, which is often aided by prior denoising, and
subtomogram averaging. Template matching can be used to select subtomographic
volumes for subtomogram averaging; this can be regarded as a special form of
segmentation.

Fig. 1.6 Progress in segmentation. Early 1970’s. a Thin section electron micrograph of a
compartmentalised bacterium and b ‘artist’s impression’ of internal structure based on the
micrograph and a clay model [104]; ¢ surface-rendering of an appendage from a mammalian cell
grown in tissue culture
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1.10.1 Segmentation and denoising

Segmentation can be defined as the process by which electron-dense features in a
tomogram are ascribed identities and highlighted relative to other features (Fig. 1.6;
Chap. 12; [18]). This decomposition into structural components, e.g. membranes or
filaments is essential to understanding function [35]. Early examples of segmen-
tation were actual models made with, for example, ping pong balls, corks [102],
balsa wood [103], and even clay [104]. Given that segmentation still tends to be
time-consuming, even for a specialist, the reasons for doing so are to give clarity to
the features of interest (via the use of colour and shading but also by purposefully
omitting distracting features), and to present the data in a way that does justice to
3D spatial representation. Here, the benefits of tomography are finally realised.
Judicious use of colour, lighting and perspective provides an intuitive representa-
tion of features in real space. There is no convention for colour-coding of features,
and colours can be chosen to emphasise distinct structures and even their functional
relationships. Segmentation of a 2D micrograph is certainly possible but it makes
assumptions about whether features are interconnected or merely in close prox-
imity. 2D snapshots from any plane of the reconstruction can reveal details that
were not apparent from the original 2D perspective.

Computerised segmentation can be an entirely objective approach [105, 106],
not to mention the least tedious. Semiautomated (semi-objective) approaches can
also be highly efficient [84]. Nonetheless, tomograms are often segmented manually
because the available segmentation algorithms are often inferior to human antici-
pation, which can infer incomplete and/or anisotropic data. Examples of features
that can be delineated without a priori information (such as an electron-dense label)
include membranes, components of the cytoskeleton, and distinctive molecular
complexes such as the 26S proteasome [38]. In this case, structural signature alone
is sufficient for reliable identification [107].

Stained plastic sections are dominated by amplitude contrast and a corre-
spondingly high signal-to-noise ratio. In the simplest case, manual thresholding of
intensities and removal of spurious (outlying) features may yield an acceptable
result for less complex tomograms. The ‘Watershed’ algorithm and other useful
segmentation methods are discussed in Chap. 12. Projections of unstained cryo
specimens are dominated by (weaker) phase contrast and noise. Bilateral filtering
and nonlinear anisotropic diffusion (NAD) [108] are examples of real-space, non-
linear denoising algorithms that are relatively stable with respect to noise; however,
they remove some signal component selectively, resulting in data with higher SNR
but suboptimal preservation of information (see Chap. 8). Therefore, denoising is
suitable as an aid to segmentation but not for further quantitative analysis or
subtomogram averaging.
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1.10.2 Template matching

A special subset of segmentation is ‘motif search’ or ‘template matching’, a form of
pattern recognition. This is the basis for ‘visual proteomics’ [53]. Like subtomogram
averaging, it can only be performed on cryo datasets because these faithfully rep-
resent the native structure. Briefly, a tomogram of a cell contains densities corre-
sponding to the expressed portion of the genome, the proteome. If a template
structure generated by an independent technique is modified to suit the character-
istics of the tomogram (CTF, resolution), then the tomogram can be searched
exhaustively using this structure as a template, and cross-correlation peaks indicate
the spatial coordinates of the ‘hits’ as well as the statistical likelihood of it being true
(Fig. 1.7). Of course, templates can be obtained from the tomogram too. A complete
set of templates allows the tomogram to be repopulated with the structures posi-
tioned at their respective 3D coordinates and correct spatial orientations.

(a)

ATP synthase ribosome GroEL GroEL/ES Hsp15

RNA polymerase Il

Fig. 1.7 Visual proteomics [1, 3, 51, 52] is an approach that takes ‘high-resolution’ structures
generated by single-particle analysis, X-ray crystallography and/or NMR spectroscopy, and docks
these densities into the 3D space of a cell via ‘template matching’, a form of pattern recognition.
The approach uses the available catalogue of possible structures, taking into account the available
resolution in the tomogram. Reproduced from [51] with permission from Nature Publishing
Group. Scale bar = 200 nm
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Fig. 1.8 Strategy for subtomogram averaging (reproduced from [54], with permission from
Elsevier)

1.10.3 Subtomogram averaging

Resolution of 4 nm must be improved upon to realise the full potential of molecular
cartography, and to decipher molecular function. The best resolution that can be
expected in electron tomography raw data, i.e. without interpolation artefacts and
signal loss at the detector, might never surpass 2 nm [109]; however, this would
suffice for the unambiguous structural determination of many intermediate-sized
molecular complexes. The improvements required for this are now being realised
via the use of phase plates [110] and direct electron detectors that account for all
electrons incident on the detector [111]. Considerable information is present beyond
(2 nm)~", buried in noise [52]. This information can only be extracted using fil-
tering techniques in conjunction with a priori knowledge of expected structure.
Another possibility is provided by subtomogram averaging. A requirement of
subtomogram averaging is that the features be recognisable in the tomograms. After
localising the repetitive features manually or via template matching, they are
extracted in silico, after which the subtomograms are subjected to classification,
alignment and averaging [54, 112] (Fig. 1.8). The original features in the tomo-
grams can be replaced with the relevant averages to generate ‘synthetic’ tomograms
with a superior local SNR ratio (Chap. 9). For reasons discussed previously, this is
only possible using cryo- electron tomography. For example, a resolution of 7.7 A
was achieved by applying this technique to the Gag polyprotein, the major struc-
tural component of retroviruses including HIV [113]. Importantly, the technique
has been quite successful for membrane-associated complexes where other struc-
tural biology techniques struggle. The reader is referred to Chap. 9 and references,
e.g. [54], for further information.
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1.11 Recommendations and Future Perspectives

Electron microscopes and tomography software have become very user-friendly,
and they often incorporate automated column alignments that assist the acquisition
process to run to completion. Alignment is now comparatively easy thanks to
optimised SNR collection, smoother tracking, and flexible tilt series alignment
software that automates identification and tracking of fiducial markers or
other features in 3D space, perhaps by combining both strategies (treating adsorbed
gold beads as ‘features’). These procedures are non-invasive—gold particles do not
need to be injected destructively into the specimen prior to fixation via a gene gun -
type approach.

Nevertheless, it is just as useful to identify current bottlenecks and impediments
to progress. Most tomography reviews over the past 10-15 years have highlighted
the need for optimised detectors, phase plates, and artefact-free specimen thinning.
Efforts in these areas have led to significant improvements. The ability to make use
of every (elastically scattered) electron incident on the detector surface means that
information yield can be truly optimised. Of course, nothing can be done about the
inelastically scattered electrons, apart from removing their collective contribution to
blurring via an zero-loss energy filter [76]. Depending on the question, STEM
tomography (Chap. 2) provides further flexibility for thicker specimens. The use of
phase plates allows projections to be recorded close to focus, circumventing the
need for CTF correction. Several studies demonstrate the success of this technology
[110, 114-117]. Previously, a defined level of underfocus was required to provide
optimal contrast for features of interest with a given size but at the expense of
high-frequency information [118]. Volta phase plates do not suffer from fringing
artefacts inherent in Zernike-type plates. They are also highly practical, allowing
routine use [99, 119].

These breakthroughs in combination with true advances in sample preparation
mean that single-particle cryo-EM and electron tomography have entered a new era.
Vitrification is now common to both plastic and cryo workflows. Therefore, apart
from the necessity to render infectious agents inactive, the artefacts of chemical
fixation should no longer play a role. It is tempting to conclude that the major
challenges (images acquired in focus, suitable specimen thinning procedures, close
to 100% information yield from calibrated electron dose) have been addressed
satisfactorily, and although there is always room for improvement, perhaps the most
important point to note is that these solutions are costly in terms of instrumentation
and highly-trained, dedicated personnel.

Finally, the success of standard sample collection geometries for numerous
high-impact publications belies the fact that cylindrical samples have numerous
advantages, including constant focus and thickness during tilting. For the last part
of this chapter, I will explain why this is problematic and how this setup could help
electron tomography data collection to be even more efficient, and to realise its true
potential in terms of information yield.
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1.12 The Importance of Sample Geometry

The ‘slab’ geometry common to microtome sections and vitreous thin films is
suboptimal for a number of reasons. The missing (unsampled) wedge in Fourier
space corresponds to information content that is substantially incomplete, and the
sampled 2D planes are not sampled evenly due to the increase in apparent thickness
at progressively higher tilt angles: every projection of the tilted sample is inferior to
the sole projection of the untilted sample where the sample is thinnest. At pro-
gressively higher tilt, and using the same electron dose or greater for the ‘thicker’
beam cross-sections, the specimen suffers from a concomitant increase in radiation
damage and degradation in resolution. In terms of all-important information yield,
the reliance on a slab geometry is simply inefficient. Attempts to deal with imperfect
data (reviewed in [120]) take up considerable resources [121] and makes interpre-
tation of tomograms difficult [122]. The dual-axis acquisition scheme deals with
anisotropy but only partly addresses the completeness of information. The ideal
sample geometry is in fact a cylinder used in conjunction with an on-axis, rotating
sample holder. With this setup, the following benefits would become apparent:

Fig. 1.9 Effect of the missing wedge on mock 2D data. The upper panels a, b represent sampling
of the full angular range (180°) achieved with an on-axis rotation holder, while the lower panels c,
d represent a missing wedge of £ 30°, corresponding to a tilt range of 120° common to a slab
geometry. a, ¢ 5 projections; b, d 25 projections
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(1) the full angular range would be sampled. There would be no missing wedge or
missing pyramid, leading to (a) simplified interpretation and (b) easier seg-
mentation due to the fact that information is substantially complete and iso-
tropic (Fig. 1.9);

(2) unlike the case for slabs, there would be a negligible focus gradient across the
specimen during ‘rotation’. An imposed defocus of, say, =5 pm would be valid
for all areas, which would simplify CTF correction and would also allow the
use of large-format detectors. Where phase plates are used to provide in-focus
contrast, this benefit would be realised fully;

(3) the thickness would remain constant during rotation, meaning that every pro-
jection would have identical SNR characteristics. Each projection would con-
tribute equally to the reconstructed volume. As a corollary, radiation damage
would be uniform, simplifying the dose fractionation task. For example, some
acquisition schemes for plastic sections attempt to compensate for the increased
beam cross-section at higher tilt by calculating the exposure time necessary to
keep the brightness constant for all projections, and increase the exposure time
accordingly. This leads to highly irregular distortions;

(4) constant thickness means that fiducial markers would be equally apparent in
every projection. An inability to track markers precisely or at all sometimes
leads to projections of highly-tilted specimens being discarded;

(5) larger volumes could be reconstructed: if desired, the cylindrical specimen
could be slightly thicker than an untilted slab because all projections will have
the same quality. Proportionally more dose could be expended on each pro-
jection. Therefore, for the same nominal resolution, the cylinder allows for a
larger reconstructed volume.

In principle, cylinders of vitreous material can be manufactured by lathe using a
modified cryo- ultramicrotome setup, or by focussed ion beam. Rotation sample
holders for room-temperature tomography have been available for some time but an
equivalent cryo- sample holder has not. The use of a vitreous cylinder was proposed in
2009 [4] and adapted for proof of principle studies of ribosomes, vesicles and bacteria
[123]. Specimens that were plunge-frozen in carbon nanotubes were imaged with
moderate success using a standard (tilting) goniometer, which allowed tilting to +79°
but as noted above, with equivalent SNR in all projections. In the absence of a
dedicated cryo- rotation holder, the main limit to quality seemed to be the thickness of
between 400 and 800 nm, and not the carbon nanotube wall thickness of 1020 nm,
which corresponded to the thickness of amorphous carbon films used for plunge
freezing. Nanotubes with an internal diameter of <1 pm impose restrictions on the size
of specimen that can be introduced, which must be in the form of a suspension.

Although progress has been made towards nanofabrication of suitable sample
geometries, targeted milling (preserving the target whilst sputtering less relevant
features above and/or below the target) has only been addressed in part. Methods
for localising features prior to electron tomography have been demonstrated [15,
124, 125]. These methods establish the xy coordinates of features of interest but
they seldom take into account the fact that thinning (as in the case of FIB) can
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inadvertently eliminate the feature of interest due to an inability to determine the
position of the feature relative to the z axis.

1.13 Conclusion

The functions of viruses and cells are linked inextricably with structure. Electron
tomography is therefore pivotal to an enhanced understanding of biology. This
chapter hopefully makes clear that the practise of electron tomography has matured
to the point of being useful to specialist biologists who have minimal training in
physics and computer programming. A capable microscopist, however, will be able
to troubleshoot effectively and adjust suboptimal beam conditions that would
otherwise lead to the collection of inferior data. They will also be more wary of the
numerous traps of image analysis [126].

Visualisation using electron tomography must always be considered in the light
of structural preservation. Tomograms of plastic-embedded, stained samples provide
information about the architecture and arrangements of organelles: ultrastructure.
These amplitude contrast -dominated (stained) specimens are easier to segment, and
all other factors considered, they supplant the need for stereological techniques and
their assumptions. Importantly, quantitation of e.g. the volume fraction of mito-
chondria must take into account anisotropic (and frequently disregarded) shrinkage
and mass loss that occurs during pre-irradiation and tilt-series acquisition. These
considerations do not attempt to take into account the shrinkage, swelling, extrac-
tion, or redistribution of components that precedes image acquisition.

Tomograms of frozen-hydrated cells are effectively low-resolution snapshots of a
cell’s proteome. They are mandatory for studies of structural biology. Studies of
function depend on the maintenance of spatial relationships between macromolecular
assemblies. This is afforded by vitrification, which is routine for viruses and small
cells [127, 128], and has become feasible for mammalian cells thanks to cryo- electron
tomography of vitreous sections furnished by focussed ion beam milling [67, 129].
The majority of organelles are easily recognisable, and we have now entered an era of
being able to make this claim for many large molecular assemblies in sifu, where
unambiguous structural signatures allow tomograms to be searched via sophisticated
3D cross-correlation functions. In the absence of improved resolution, smaller and/or
less distinctive structures require correlative techniques for meaningful localisation.
Thankfully, fluorescent and/or electron-dense markers for this purpose have been
identified that are compatible with vitrification and even freeze-substitution strategies
[17]. Also, photobleaching is less problematic at vitreous temperatures [130, 131].

The importance of recent developments in phase plate technology and nanofab-
rication cannot be understated. The next major technical advances in electron
tomography are likely to emerge as aresult of improvements to sample fabrication that
will in turn facilitate faster and more objective 3D segmentation. Applications will
benefit most from cryo-correlative microscopy, particularly sub-diffraction-limit
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cryo- fluorescence microscopy [132—136], and time-resolved electron tomography of
cellular events [137].

1.14 Protocol

This protocol is universal in the sense that low-dose acquisition schemes should be
used for plastic sections as well as for beam-sensitive cryo samples. The reader
should consult several such protocols, including those published by the Boulder,
CO, group and the cryo protocol of Sun and Li [138].

6]

(@)

3

“)

®)

(6)
)
®)
©))
(10)

1L

12)

13)

Prepare sample according to data acquisition strategy (plastic or cryo). For
detailed instructions on plunge freezing, refer to one of the numerous protocols,
e.g.: [139-141]. Carbon-coating of plastic sections is recommended [82].
Perform all microscope column alignments, and in particular, beam tilt pivot
points, tomo rotation centre, beam tilt calibrations, image (beam) calibra-
tions, image shift pivot points, and image shift for the working magnification
range.

Record a gain reference and check that it is valid via integration and/or
auto-correlation (e.g. Digital Micrograph, Gatan, Pleasanton, CA). Determine
the electron dose.

Load the sample. Plastic sections can be mounted in a cryo sample holder
where available. In this case, the holder is inserted, filled with liquid nitro-
gen, and allowed to reach a stable temperature before continuing.

Locate the region of interest. This might be done manually or via input of
coordinates obtained via fluorescence microscopy on a Finder-style sample
grid, for example. Use the lowest practical magnification and enhance phase
contrast by underfocussing.

Adjust the eucentric height, and focus on the specimen.

Centre the condenser aperture and adjust the gain conditions.

Align the rotation centre, preferably using gold markers.

Correct for objective astigmatism, and focus on the specimen.

Determine the possible tilt range, i.e. until a grid bar obscures the detector or
image quality is too degraded.

Set the acquisition states for a minimum of tracking, focus and recording
positions. Set the focus and tracking positions adjacent to the recording posi-
tion but further along the tilt axis where the illuminated areas do not overlap.
Set the defocus value to correspond to the resolution of the target structure
(not applicable for phase plate -equipped instruments).

If necessary, burn a hole in the tracking and/or focus areas by condensing the
beam for a few seconds. For stained plastic sections, specify focus close to
zero (say, —200 nm) to ensure that the autofocus function attempts to cal-
culate a target focus value. For plastic sections, focussing and tracking can be
done on the target (recording) area but this is not recommended.
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Specify the tilt series parameters including file name, tilt range, tilt incre-
ment. Also, take care to specify the image file format, and whether you wish
to save individual projections or an image stack (this is not critical, as it is
easy to convert between the two later).

Record the tilt series and align and reconstruct using e.g. IMOD [142].
Usually, a tilt log of metadata will be saved along with the image stack,
specifying all acquisition conditions including tilt angles.

Save aligned image stack (optional) and reconstructed volume.

Optional steps: denoising*, segmentation, template matching*, subtomogram
averaging*

applicable to cryo data only
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