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M Check for updates

Most life scientists would agree that understanding how cellular processes work
requires structural knowledge about the macromolecules involved. For example,
deciphering the double-helical nature of DNA revealed essential aspects of how
geneticinformationis stored, copied and repaired. Yet, being reductionist in nature,
structural biology requires the purification of large amounts of macromolecules,
often trimmed off larger functional units. The advent of cryogenic electron microscopy
(cryo-EM) greatly facilitated the study of large, functional complexes and generally of
samples that are hard to express, purify and/or crystallize. Nevertheless, cryo-EM still

requires purification and thus visualization outside of the natural context in which
macromolecules operate and coexist. Conversely, cell biologists have been imaging
cells using anumber of fast-evolving techniques that keep expanding their spatial
and temporal reach, but always far from the resolution at which chemistry can be
understood. Thus, structural and cell biology provide complementary, yet
unconnected visions of the inner workings of cells. Here we discuss how the interplay
between cryo-EM and cryo-electron tomography, as a connecting bridge to visualize
macromolecules insitu, holds great promise to create comprehensive structural
depictions of macromolecules as they interact in complex mixtures or, ultimately,

inside the cell itself.

Imagine you could magically shrink, as in the movie A Fantastic
Voyage, into the realm of the nanometre world, and that you could see,
with your own eyes, the intricate molecular jungle filling up our cells
(physical laws be darned!). For those of us who have trust in the ‘seeing
isbelieving’ paradigm when it comes to molecular mechanisms, thisis
probably not an unusual dream. For decades, structural biologists have
used apoor man’sapproach to such dreams by painstakingly purifying
their biological macromolecules of interest out of their cellular context
and using the tools of the trade to generate atomic models, with luck,
in several functional states, to infer the chemical and physical rules
that governtheir function. This reductionist approach has populated
the Protein Data Bank (PDB)'at an ever-increasing rate and has allowed
us to generate a physical framework that integrates biochemical and
biophysical data, maps human mutations, predicts or helps toimprove
small-molecule binding for therapeutic purposes or, in the wake of
aglobal pandemic, to map viral mutations that escape our antibod-
ies or could weaken the effectiveness of our vaccines. Valuable as our
visualization of macromolecular structure is out of the context of the
cell,itis clear that the tunnel vision it provides is only asmall part of a
bigger, more complex story that ultimately has toinclude the molecular
sociology?that necessarily governs cellular function, as cell biologists
willbeready totell you. The closest thing to our dream so far hasbeen
to contemplate the fabulous and aesthetically pleasingimagery of cel-
lular landscapes that David Goodsell has created using the PDB, other
available data, and anincredible taste for colour® (Fig. 1).

Shrinking fantasies and beautiful drawings aside, macromolecules
canbe ‘seen’bothinside and outside our cells, just not with our eyes, not
withlight and not without some compromise. This Review explores the
use of electrons and the study of frozen-in-time molecules and cells by
the sister methodologies of single-particle cryo-EM and cryo-electron
tomography (cryo-ET) (Box 1). It is not meant to detail the principles
behind suchtechniques, norisacomprehensive summary of exciting
new structures and cellular landscapes, for which we direct the readers
tosomeexcellentrecent reviews* 8, Instead, this Review is an attempt
tolookinto the present and the future of how different combinations
ofeelectron microscopy methods that visualize cryogenically preserved
biological samples with different levels of complexity can bring us
closer to our ultimate dream of understanding how macromolecules
operateinside our cellsto generate the adaptive and responsive com-
plexity of the biological world.

Cryo-EM, atechnique bornseveral decades ago but that has gained
centre stage among structural biology methods in the past decade’,
has several advantages with respect to X-ray crystallography or NMR,
including the fact that, typically, much less sample material isneeded
andthatthereisnoupperlimitinthesize of the macromolecule under
study. These properties have made cryo-EM the method of choice to
study many ‘omes’, that is, the (reasonably) stable complex molecular
machinery thatgovern, amongothers, the central dogma (forexample,
DNA replication' and repair’, transcription'?, splicing'®, translation™,
protein folding" and protein degradation'®, among others), to obtain
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Fig.1|Astructural biologist’s dream. a, lllustration by D. Goodsell depicting
the VEGF signalling pathway. Blood serumis at the bottom left. Cellmembranes
areshowningreen, withthe VEGF receptor in yellow-green and adisassembling
adherentjunctionindarker greenatthe bottom. Multiplekinases (pink) are
activated and travel through the cytoplasm (blue) and the nuclear pore (green;
centre) to phosphorylate transcription factorsin the nucleus (purple). Adapted
with permission fromref. 3, copyright ©1999-2024 John Wiley & Sons, Inc. or
related companies. b, Annotated rendering of cryo-ET data depicting aHeLacell
nuclear periphery. The nuclear envelope (transparent white) with nuclear pore
complexes (purple) separates the nucleus (gold) from the cytoplasm containing
ribosomes (blue and yellow), microtubules (green) and actin (red). Adapted
withpermission fromref.118, AAAS. c-e, High-resolution reconstructions of
macromolecular assemblies visualized in vitro by cryo-EM. ¢, Human Polycomb
repressive complex 2 (PRC2) at approximately 3.5 A resolution interacting witha

the structure of integral membrane proteins such as ion channels”,
viral proteins'®, signalling complexes' or photosynthesis complexes®,
or to visualize biological polymers at ever increasing resolution®%,
During the past decade, methodological improvements in cryo-EM
haveincreased its throughput, applicability and resolution (now with
demonstrated true atomic resolution for both simple test samples® and
large complex assemblies™), greatly enhancing the biological insight
that this method has been able to provide. In parallel, cryo-ET, which
promises in situ visualization of all those macromolecules as they
interact with each other in the complex cellular milieu, has started to
overcome some of the technical hurdlesinherent to the study of cells**:
the need to generate thin samples (via mechanical cryo-sectioning® %
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nucleosomal substrate (DNA shownin cyan) recognizinga ubiquitinin histone
H2A (orange) as the SET domain of EZH2 (blue) engages the histone H3 tail (pink)
for methylation. Other domains of EZH2 are showninyellow and maroon, EED in
light blue, SUZ12ingreen, RBAP48ingrey, AEBP2inred and JARID2 in magenta.
Adapted with permission fromref.119, AAAS. d, Actin filaments in the Mg?'-
ADP-BeF ;- state at approximately 2.2 A resolution. One actin subunit is
colouredblue, the nucleotideis yellow and ordered waters are red. Adapted
fromref.21, CCBY 4.0. e, Bacterial translating ribosome at 1.55 A resolution
colouredindarkyellow (16SrRNA), light yellow (ribosomal proteinsin the small
subunit), light blue (large subunit ribosomal proteins) and dark blue (23S and 5S
rRNA). Adapted fromref. 14, CCBY 4.0.f, Astructural model of the human
nuclear pore complex built using integrative structural modelling with
AlphaFold2 and adensity map from cryo-ET of isolated nuclei. Adapted with
permission fromref.120, AAAS.

or now more often by focused ion beam (FIB) milling?™'), the compro-
mised quality ofimages of tilted samples while maintaining atolerable
electron dose, the limited resolution in the subsequent tomographic
reconstructions, or the interpretability of those cellular volumes
permitted by the low signal-to-noise ratio compounded by the dense
and complex nature of the cell®’. If you are interested in a particular
biological process, you are likely to consider the use of both meth-
ods. Infact, the two techniques can feed each other to provide bio-
logical insight that is more than the sum of their parts. For example,
the high-resolution structures of large macromolecular complexes,
polymers or membrane proteins, as obtained by cryo-EM of purified
complexes, can help to find those structures in the cell when seen in
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Box 1

Differences between cryo-EM and cryo-ET

Although in both cryo-EM and cryo-ET the samples are imaged in
a frozen-hydrated vitreous state and using a transmission electron
microscope of similar if not identical configuration, there are
fundamental differences between the two methodologies (for
some classical references on vitrification and 3D reconstruction
principles, see refs. 26,124-127).

Most obviously, they differ in the data collection strategy used:
single images (cryo-EM) versus tilt series (cryo-ET). When the object
isimaged only once, the full electron dose allowed by radiation
damage can be used to generate a high signal-to-noise ratio, and
therefore a high-resolution image. Typically, thousands of images
are taken, each one containing between tens and hundreds of
‘particles’, to generate datasets containing hundreds of thousands,
if not millions, of particle images of the biological molecule of
interest. A central assumption is that the particles are sufficiently
self-consistent and that they are viewed in different orientations.
Through a computational pipeline'® that involves alignment and
classification schemes, in both 2D and 3D, and a refinement that
iteratively defines the relative angles of the different views being
analysed, the selected images are merged together in one or
several reconstructions that, if successful, result in density maps
of sufficient resolution to allow the generation of an atomic model
(typically at better than 4 A resolution). However, in complex
samples, such as inside the cell, particles densely stacked along
the projection direction will produce overlapping signal in the 2D
image. Typically, instead of taking a single image of a particular

cryo-tomograms, or subtomogram averages of a certain complex as
obtained fromanalysis of cryo-ET data canbe interpreted by compari-
sonwith those structures of the complex obtained under controlledin
vitro conditions. There are clearly multiple experimental paths across
bothtechniques, and here we propose some that can be usedin synergy
to gain mechanistic information in the pursuit of a certain biological
process. These combinations of experimental strategies are probably
not the only ones possible.

Technical advancesin cryo-EM and cryo-ET

Several technological breakthroughs have transformed the capabilities
ofboth cryo-EM and cryo-ET over the past decade. Arguably, the most
dramatic effect on both methods has come from the development
and commercialization of better detector technology. The so-called
direct electron detectors (DEDs) have greatly improved the contrast
and resolution of the images®. Improving quantum efficiency and
allowing for the correction of beam-induced motion (through align-
ment of video frames permitted by the fast readout of the cameras)**
have both contributed to the highly improved performance of DEDs
with respect to film. Automation of data collection and advances in
the optical system of modern microscopes have also contributed to
the quality and quantity of the images obtained and have led to both
the general applicability of cryo-EM and its much-improved resolution.
When it comes to cryo-ET of intact cells, where the major bottleneck
for decades had been thinning of the sample to electron transparency,
the adaptation of FIB milling, commonly used in the material sciences,
to cryogenic samples finally provided an essential and routine solu-
tion that substantially minimizes perturbation to the sample?-335-%7
compared with traditional cryo-sectioning®.

Perhaps asimportant as the hardware advances is the development
of new software platforms that have taken advantage of the improved

area in such samples, a series of images is acquired at different tilts,
and the dose is fractionated across the multiple tilt images. Thus,
each image in the tilt series has a low signal-to-noise ratio, which
progressively deteriorates as the sample is tilted to higher angles
owing to the thicker effective cross-section that the beam must go
through. Using a pipeline that involves alignment of the tilt images
in 2D, followed by 3D reconstruction, a tomographic volume is
generated with improved signal-to-noise ratio and contrast over
the individual images. This 3D volume, or tomogram, contains a
somewhat distorted representation of the macromolecular 3D
structures; although the original images are typically collected

at 1-4 A per pixel, tomograms show resolvable details only in

the 2-5-nm range. This deteriorated resolution originates from
technical limitations of tilting the stage inside the electron
microscope and the restricting sample grid geometry, leading to
incomplete sampling (‘missing wedge’), and from the substantial
non-linear deformation and damage that the biological material
experiences when bombarded with the large number of electrons
required to generate a tilt series (in the range of 120e"A?). These
limiting factors can be mitigated by the generation of subtomogram
averages when self-consistent structures viewed in different
orientations exist in the 3D tomograms, a process that involves
alignment, classification and merging of the selected particles
into reconstructions, similarly to how it is done in single-particle
cryo-EM. This practice has started to yield resolutions better than
7A (refs. 41,42,121,129-133).

images and of Bayesian approaches to separate conformational or
compositional states of the sample and discard contaminating or
damaged particles that had contributed negatively to cryo-EM recon-
structions®™*°, Schemes of 2D and 3D classification are now nested
withinthe pipeline ofimage analysis, inways that are still often sample-
and user-specific. These have allowed the improvement of resolution
and often also describe, to different extents, the conformational land-
scape of the molecule under study. Although streamlined software
solutions are now developed for the analysis of single-particle cryo-EM
data, processing of cryo-ET data faces similar challenges and is han-
dled through analogous, although more involved and somewhat less
effective, pipelines* ., Furthermore, visualizing functional molecules
withinthe cellular context inherently involves capturing a potentially
wide variety of interaction partners and/or conformations, which will
require powerful software to untangle such complexity during the gen-
eration and analysis of subtomogram averages. New machine learning
methodologies are also addressing the challenge of describing continu-
ous conformational changes in macromolecules*®**** and thus have the
potential to provide novel insights into the complex conformational
landscapes that are often at the heart of macromolecular function.

Sample complexityin cryo-EM and cryo-ET

Thenature of the sample under study will be what ultimately determines
whichimaging technique to use (Fig.2).In cryo-EM, the assumptionis
that the object being studied is simple in terms of compositional and
conformational variation: for example, purified ribosomes (although
probably in multiple states) would typically be the subject of cryo-EM.
Conversely, higher-order assemblies of ribosomes in polysomes pre-
sentin a cell will be imaged via cryo-ET. This reasoning takes us back
to theinitial consideration of cryo-EM as a more ‘classical’ reduction-
ist, structural biology method, whereas cryo-ET holds the promise
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Fig.2|Characterizing Increasing sample complexity by acontinuum of
cryo-EMmethods. a, Overview of the spectrum of samples for cryo-EM or
cryo-ET.b, Pulldown on a GFP-tagged subunit of the TREX complex directly from
anuclear extract followed by sucrose gradient fractionation provided samples
forboth high-resolution single-particle cryo-EM and cryo-ET of ribonuclear
particles (RNPs), leading to the determination of a pleomorphic mRNA core
bounded by structurally defined TREX complexes necessary for nuclear export
of RNPs. mRNA*indicates place holder mRNA derived from the humanribosome,
asnostructure of the pleomorphic mRNA in RNPs exists. Adapted fromref. 60,
Springer NatureLtd. ¢, Invitro reconstitution of the pre-initiation complex (PIC)-
mediator supracomplex on chromatinized core promoter DNA fromindividual
complexes (left) allowed cryo-EM analysis thatled to astructural model for the

of imaging the cellular content in its somewhat chaotic and complex
beauty. However, there is almost a continuum in the nature of the
complexity of a sample; this spectrum necessarily challenges simple
distinctions and blurs the boundaries of when one method or the other
can be used. What follows is a proposal of different levels of sample
complexity and the role that cryo-EM and cryo-ET can have in their
structural characterization.

Traditional sample purification

The pipeline of sample preparation for cryo-EM often parallels that
used for traditional structure determination, for example, by X-ray
crystallography: overexpression of the macromolecule or complex
in a heterologous system followed by strict purification aiming for a
single biochemical species. However, because there is noneed to obtain
crystals, and because of the nature of electron scattering, typically
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full functional assembly (right). Adapted with permission fromref.12, AAAS.
d, Pipeline for structural analysis of heterogeneous mixtures of humancell
lysates, combining shotgun cryo-EM analysis and classification with protein
identification by mass spectrometry. LC-MS/MS, liquid chromatography-
tandem mass spectrometry; SEC, size-exclusion chromatography. Adapted
fromref. 63, CCBY 4.0.e, Complex ribosomal assemblies engaged with the
integral-membrane translocon studied in situ by cryo-ET of microsomal
fractions from human cells (right). The protein-conducting channel SEC61
associates with distinct combinations of cofactors, such as TRAP and OSTA
(left), reflecting the requirements of different protein substratesin cells.
Colours next to headings correspond with colours of individual particles
shownintherightmostimage. Adapted fromref.121, CCBY 4.0.

much less sample is required for cryo-EM. Thus, biological samples
that are traditionally hard to overexpress in large amounts, such as
integral membrane proteins*®* (which can even be studied embed-
dedinlipids*®) or large complexes of many components**, are more
accessible by cryo-EM. But it is even more important to mention that
the light requirements in terms of sample concentration for cryo-EM
mean that it is possible to rely on endogenously purified material for
structural studies, even when the complex pursued is present in low
abundancein cells®. A general strategy could be to CRISPR-engineer a
celllinein which one of the subunits of acomplex of interest has been
chromosomally tagged for affinity purification’***. The advantage of
this method is that the purification scheme can be relatively simple
and preserve the integrity of assemblies, so as to guarantee a close
resemblance to the state of the complex in the cell, including subunit
composition and post-translational modifications. Samples can then
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be concentrated for imaging via different forms of ‘affinity grids™~.
Although this ‘milder’ purification scheme may lead to samples of
increased biochemical complexity (which could be defined via mass
spectrometry), itis probably still constrained to a finite number of
molecular entities that can be dealt with using single-particle cryo-EM
principles. Furthermore, the arrival at asingle species may not be easily
achievable, and in some cases, not even desired. In cases where alimited
number of macromolecules (for example, 2-5) co-purify inthe chosen
final step (for example, membrane fractions from an organelle that are
separated in a sucrose gradient™), it has proven possible to deal with
the different species simultaneously during cryo-EM data processing.
The system still needs to be simple enough to have a defined parts list
that would help with the processing by guiding the number of species
expected during classification and reconstruction. Conversely, purified
samples that are nevertheless pleomorphic, such as enveloped viruses”
or ribonuclear particles that have an ill-defined stoichiometry®, are
typically considered more suitable for cryo-ET characterization.

Complex reconstitutions

When the system reconstituted from purified components gains in
complexity owing to the number of molecular parts and/or unique
arrangements of those parts (for example, multiple interactors bound
toacytoskeletal polymer® or coat protein-membrane assemblies®?),
itmay be necessary to use non-trivial, tailored single-particle schemes
to deal with this complexity, or cryo-ET followed by subtomogram
averaging and classification. Collecting both modalities of data and
analysing those datasets in parallel for systematic comparison of the
resulting structures and interpretation may prove to be the most robust
way to gain functional conclusions in some of the most complex recon-
stituted systems.

Crude purifications

It has become possible to relax the ‘extraction’ process to deal with
only partially purified material (for example, size-exclusion fractions
ofa celllysate) and pursue the simultaneous cryo-EM reconstruction
of several macromolecules from a single grid or dataset of a highly
complex mixture. In this way, a chromatographic method is used to
separate components into ‘bins’ on the basis of size or charge, and dif-
ferent fractions are analysed in consecutive cryo-EM studies. Examples
include human cell extracts®, eukaryotic thermophile cell extracts®*,
malaria parasite cell lysates® and detergent-solubilized membrane
pellets frombacteria®. Such approaches are faced with the challenge
of grouping the single-particle cryo-EM images according to different
structures when there is no or little pre-existing knowledge of such
structures, or even of how many should be expected to be present
(here, mass spectrometry can provide some useful information). As
of today, the process cannot be done reliably without some human
intervention in the early stages of generating initial models, and so
far, itsimplementation has concentrated on the most abundant and/
or featureful (large, symmetric) molecules. In this context, a more
objective way of generating initial models to seed the image analysis
process, with the potential to pursue the structure determinationina
more systematic way, should be considered. One possibility would be
to obtain cryo-ET data from the same sample grid to generate initial
models. Whether the ‘raw’ volumes would be sufficient or some sub-
tomogram classification, not without its own limitations when dealing
with highly heterogenous samples, needs to be carried out may depend
onthenature of the molecules and the quality of the tomograms. Imag-
ing schemes that maximize the signal, such as phase plates®*®, may be
beneficial to simplify the process of generating initial models from
cryo-ET that can be used for cryo-EM analysis of complex mixtures.

Cellfractions
Abootstrapping step moving from purified systems, of any complexity,
tolookinginside acellisthe visualization of cellular fractions. Extracts

and cell fractions have been broadly used for decades to elucidate cel-
lular pathways. In the context of cryo-EM imaging in the transmission
electron microscope, the advantages of the extract over working with
intact cellsinclude overcoming the bottleneck of generating thin cel-
lular sections, and the opportunity to manipulate the extract to either
remove components (for example, byimmunodepletion) or by adding
them, via overexpressionin cell culture systems or by exogenous addi-
tion®. Inthe latter case, added key components could be fluorescently
labelled so that they can be followed by correlative light and electron
microscopy (CLEM) methods, or evenlabelled with an electron-dense
marker for direct identification in cryo-EM, without the need of gen-
erating a more complex in vivo labelling scheme. The benefit of the
extract with respect to a complex reconstitution is that it does not
involve purification of components, whichin some cases faces technical
bottlenecks. Italso provides amore physiological environment where
functionally relevant partners that may not yet be known are present
and where the ‘crowdedness’ of the cellular milieu can be maintained
ifdesired. More recently, methods have emerged that combine micro-
fluidic single-cell extraction with single-particle analysis by electron
microscopy to characterize protein complexes from individual Cae-
norhabditis elegans embryos™. Conversely, working with cell extracts
is acompromise in which interpretation may be just as difficult asin
aninsitu study, yetin which the true cellular context has beenlost. In
general, itislikely that these systems willneed tobe studied by cryo-ET.

Working with intact cells

In many cases, the biological question being addressed will require
looking directly into the cell or tissue. If amolecular interpretation of
the cellular landscape is desired, the cell or tissue will first have to be
vitrified. Depending on the original thickness of the biological object,
traditional plunge freezing can be used (for example, for single cells)*
or high-pressure freezing” may be required (for multicellular or tissue
samples). Regardless of the vitrification method, the ideal sample for
analysis with areasonable signal-to-noise ratio requires asample thick-
ness of less than 0.3 um (and ideally half of that). This can be accom-
plished via cryo-sectioning or, more commonly these days, via FIB
milling®?, typically coupled to scanning electron microscopy (SEM)
to monitor the process and visualize the resulting lamella. These thin
sections orlamellae willbe the onesintroduced into the transmission
electron microscope and imaged, most commonly, via cryo-ET. Until
recently, cellular thinning and high-quality cryo-ET dataacquisition on
FIB lamellae were accessible tojust afew experts. However, the increas-
ing availability of commercial, out-of-the-box hardware solutions’,
knowledge transfer and standardization of sample preparation®7>7,
innovation in integrated instrumentation (for example, inclusion of
alight microscope in the FIB chamber™ 78 to minimize cumbersome
sample transfers between microscopes), and automation in both FIB
preparations”®®° and large-scale cryo-ET imaging® ®* are gradually
making these methods more widely available across the life sciences
and to non-expert communities through service provisions in large
facilities and centres.

Extracting information in complex samples

What kind of information can be obtained when the complexity or
nature of the sample requires cryo-ET? Cryo-tomograms are often
interpreted after some denoising®* %, segmentation and/or localiza-
tion of the most obvious elements, such as membranes, cytoskeletal
polymers and large macromolecular assemblies such as ribosomes.
The identification of the structures of interest in the cellular milieu
(orincomplex mixtures/cellular extracts) canbe performed by com-
putational pattern recognition using, for example, templates from
high-resolution structures and matching them with the tomograms
(as discussed below) employing either traditional cross-correlation®,
supervised deep-learning®®° or by unsupervised algorithms®® (which
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Fig.3|Cryo-ET visualizes complex cell biology. a, Cryo-ET study of
bacteriophage-infected bacterial cells and reconstituted bacteriophage
assemblies. The phage assembles anuclear shell from one protein (chimallin A).
Fromlefttoright: tomographicslice; segmented cryo-tomogram; subtomogram
average of the phage ‘nucleus’ and structure resolved by cryo-ET of aminimal
chimallinshellreconstitutedin vitro. Adapted fromref.104, CCBY 4.0.b, Cryo-ET
ofintact Chlamydomonas reinhardtii ciliacombined with cross-linking-

mass spectrometry and AlphaFold predictions reveals the intraflagellar transport
machinery ortrains (IFT). From left toright: tomographic slice; acomposite map
obtained from subtomograms averaging of four IFT components showing the
independently refined domains of the anterograde trains positioned above the
microtubule doublet (grey), with IFTB1 (blue), IFTB2 (green), dynein (pink) and
IFTA (yellow); and astructural model of IFTAand IFTB derived from AlphaFold2

still require substantial developments and validation). There are two
additional alternative approaches for particle identification based
on tagging the component of interest. The first involves the use of
correlated light and electron microscopy of fluorescently tagged
complexes®**, for which methodologies are being developed to
overcome the diffraction limit of light (that is, super-resolution
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andfittedinto the cryo-ET density using molecular dynamics flexible fitting.
Adapted fromref.105, CCBY 4.0. ¢, Cryo-CLEM of aFIB lamella with quantitative
measurements and sub-tomogram classification tostudy organelle contacts
between the endoplasmic reticulum (ER) and plasma membrane (PM) in budding
yeast.Fromlefttoright: overlay of cryo-fluorescence microscopy image (GFP
channel,acquired before FIB milling) and cryo-EMimage of alamellae of cells
expressing GCaMP, afluorescent indicator of intracellular Ca* concentration;
atomographicslice showing ER-PM contacts (arrows) ina cell overexpressing
Tcb3-eGFP;and density projection profiles along the major axis of the bridges
seeninthe 2D class averages (right most) obtained by subtomogram averaging of
thebridge structures. For each profile, the indicated length measured between
the cytosolicleaflets of the PM and the ER provides an estimate of the length of
thedifferentbridge classes. Adapted fromref.122, CCBY 4.0.

approaches) to achieve registration precision on the scale of 10 nm
in cryogenically preserved samples® . The second entails the use of
molecular tags that can directly pinpoint the location of the complex
of interestin cryo-tomograms. Current applications involve either
electron-dense particles that produce high contrast in the elec-
tron microscope®® or self-assembling particles with distinct shapes
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Fig. 4 |Insitu cryo-EM with 2D template matching. Pipeline for the use of 2D
template matching: high-dose, high-resolution 2D projectionimagesofa
cellular slice (from FIB milling, top left) are matched against (a number of)
available high-resolution structures from structural databases or structure

that can be identified using template matching or machine learning
algorithms®>1%°,

Bona fide structural understanding will often require analyses that
go beyond segmentation and localization. Similar to single-particle
ryo-EM, obtaining a molecular structure from cryo-ET requires
averaging and classifying multiple copies of similar entities, espe-
cially when attempting to disentangle variability with a higher level
of detail and resolution. Therefore, populations of conformations
with low abundance can be easily missed. Although in single-particle
cryo-EM this is typically addressed by enriching the particular entity
or state in the specimen, acquiring large numbers of particle images,
and using classification schemes, for cryo-ET of intact cells, a brute
force approach for higher-throughput data collectionis typically the
only way to achieve this. Cryo-ET is limited in throughput compared
with cryo-EM, although recent developments®*' have dramatically
improved the speed at which tomograms can be collected. It is also
important to note that despite the power of FIB-SEM to produce thin
cellular lamellae, thismethodology is still not perfect, and samples are
not entirely undamaged by the thinning process'®*'%, Contrast also
remains alimitation in cryo-ET. Thicker and more-complex samples
result in necessarily reduced contrast compared with that obtained
from purified cryo-EM samples. Finally, non-trivial sample preparation
and analysis pipelines still require substantial expertise and pains-
takingly acquired knowledge of experimental details. Nevertheless,
combinations of the technical advances mentioned above will soon
lead to the generation of thousands of tomograms for each biologi-
cal process or object of interest. As they stand, current applications
of state-of-the-art cryo-ET, in its different flavours and in combina-
tion with correlative methods, are already providing unprecedented
insights into complex cell biology, even when they do not produce
high-resolution subtomogramaverages frommacromoleculesimaged
insitu. A few breath-taking examples include bacterial cell biology of
phage infection'®, the exceptionally complex regulation of molecular
transportinspecialized cellular subcompartments'® and of interorga-
nellemembrane contact sites in eukaryotes'*® (Fig. 3). These examples
represent only a glimpse into the outstanding impact cryo-ET, when
integrated with structural modelling, will likely have in bridging struc-
tural and cell biology.

Interplay between cryo-EM and cryo-ET

Because the resolution of structures that can be generated by cryo-ET
is often lower than that of cryo-EM, but the former provides a more
physiological context all the way to the native cell or tissue, the two
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prediction (bottom left); high correlationscoresindicate the presence of the
templateinthe cellular volume (centre), allowing the identified structures to
bepositionedin the cellular context (right). Adapted fromref.123, CCBY 4.0.

approaches are naturally complimentary. As noted above, cryo-EM
isinherently reductionist in nature, although it can readily deal with
large assemblies containing many subunits and therefore study fully
biochemically functional complexes. The more transient interactions
of such‘stable’ complexes with regulatory factors canalso be studied in
thisway. These supramolecular assemblies are very likely to resemble
those in mild purifications, extracts or inside the cell. Thus, cryo-EM
structures areideal tointerpret lower-resolution cryo-ET maps derived
from more complex systems (for example, extracts and cells). Addi-
tional complementary structural methods, both experimental and
computational (that is, predictions'®"1°) can also be used. Although
integrative modelling can be used to combine predicted structures of
individual components with additional information, such as crosslink-
ing mass spectrometry'®!° large complexes are not yetin the realmof
what canbe systematically predicted. Therefore, the larger molecular
sizes studied by cryo-EM, often providing multiple functional states,
giveitanadvantage, and structures generated by cryo-EM can be readily
used tointerpret the complex cryo-ET reconstructions.

One obvious way in which cryo-EM and cryo-ET can be combined is
to use cryo-EM structures as templates® to search tomographic vol-
umes and identify the position of the corresponding molecule in the
cellular context. The low signalin tomograms has so far restricted this
approach to relatively large complexes, such as ribosomes or prote-
osomes, and this method has yet to be broadly successfully applied
even to particles in the hundreds of kilodalton range. An alternative
to 3D template matching on tomographic volumes is to perform
2D template matching in single, high-resolution images of cellular
slices™™ (Fig. 4). Here the identification of the molecule of interest
relies on high-resolution features in the image, and the accuracy in
finding a match requires high similarity between the template and
the biological object in the micrograph. Although the shortcoming
is that the precise high-resolution structure may not be available, the
upsideisthat the method should be able to discriminate even different
conformational states of each instance of the object (without resort-
ing to averaging and classification) if such structures are available in
the PDB or can be computationally generated (for instance, through
molecular dynamics simulations). On the one hand, additional cofac-
tors that interact with the complex in the native cellular context may
be potentially recovered using alignment and averaging strategies
analogous to single-particle cryo-EM™, Although algorithms are still
being developed to carefully address the expected strong template
bias, the mere emergence of such extra densities in the analysis (when
they did not exist in the template) provides strong evidence that new
structures could be obtained using 2D template matching and promise
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Box 2

Cryo-EM and cryo-ET data
accessibility

Many years ago, the maturity of the X-ray crystallography field both
allowed and demanded that the coordinates of structural models
be deposited following publication, so that the entire scientific
community could mine the richness of information contained in
such structures. The PDB™* was born to host X-ray, NMR and the rare
electron crystallography structure. As the single-particle cryo-EM
field gained output and maturity, the same became a requirement
for its structures and maps (the latter deposited in the Electron
Microscopy Data Bank (EMDB)'®). Image analysis developers

have benefited from the availability of raw data which, in the case
of electron microscopy, is deposited in the EMPIAR (Electron
Microscopy Public Image Archive)™®. The discussion on how to
make available tomographic data is still open. It is clear that it
would help to speed up technical developments and to increase the
biological insight mined from each tomogram, thereby propelling
the advancement of cryo-ET as an emerging method in structural
biology. However, it is also clear that the community needs careful
thought about cryo-ET data deposition that maintains meaningful
connectivity across the substantially different data types, from

the raw micrographs in a large number of tilt series, through
reconstructed 3D volumes, coordinates of localized particles,
annotations of their identified functional states and their mapping
into the original cellular volumes in the form of 3D segmentations.
It is important to also consider that the latter data types would

be of interest to researchers in different disciplines, such as cell
biologists, who may not be familiar with file formats specific to the
cryo-EM field. Therefore, for these data to be helpful, especially

to those without a structural biology background, it is important

to implement user-friendly visualization of the tomograms and
segmentations, and to facilitate retrieval of quantified and localized
particle data, which can describe, for example, the molecular
concentrations of functional complexes and their distributions
across different subcellular areas or cell states.

anexciting opportunity tocomplement cryo-ET approaches in obtain-
ing high-resolution structuresinsitu. On the other hand, 2D template
matching, by concentrating on specific molecular targets, does not
provide amore complete view of their intracellular context (for exam-
ple, avolumetric description of membranes, the cytoskeleton or other
unknown molecular assemblies).

Todate, both 3D and 2D template matching have been demonstrated
only for a handful of large complexes and remain computationally
expensive. How far each of these methods cangoinidentifying smaller
complexes based on experimentally or computationally generated
structures remains to be seen. Each methodis likely to improve, both
with betterimages obtained with new phase plate-based instruments
and/or better detectors, and with the improvement of processing algo-
rithms. Although the choice of one versus the other may depend on
the biological question being asked, one option would be to obtain
both cryo-EM and cryo-ET and carry out both 2D and 3D template
matching on the same sample region. Both types of template match-
ing could be done in parallel and the results compared™. When used
sequentially, a lower-resolution tomogram (in this case, somewhat
reduced in quality by the approximately 20 e” A2 invested in a first 2D
high-resolution projection) would visualize the 3D environment that
gives context to the analysis by 2D template matching. Optimization of
bothapproacheswith the right type of test cases would allow objective
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validation, perhaps using more simplified systems, before we are able
to move fully into the systematic analysis of complex cellular sociology
thatis ultimately the target.

Beyond cryo-EM and cryo-ET

The major advantage of studying intact cells by cryo-ET is its potential
to capture the full set of macromolecules and their interaction partners
inacontext-dependent manner. However, the use of thin cellular slices
(approximately 200 nmthickness) and the restricted field of view in the
tomograms thatis associated with the angstrom-range pixel sizes of the
data, both required to achieve high-resolution imaging, greatly limit
the region being visualized out of the full cell or multicellular speci-
men. Cryo-ET studies are often complemented by correlative imag-
ing methods, most commonly fluorescence microscopy, sometimes
withsuper-resolution methods, to provide essential knowledge on the
location and identity of a subcellular structure or molecular assembly,
bothtoguide the FIB milling process and the subsequent cryo-ET data
collection and interpretation. However, fluorescence-based imaging
suffers from the limitation of visualizing a selected number of tagged
molecules or organelles. Owing to their non-selective contrast mecha-
nisms, room temperature FIB-SEM"*' and SEM block face™® volume
imaging, and cryogenic X-ray tomography'’, are increasingly used to
generate 3D data on cellular ultrastructure at resolutions spanning
10-50 nm. These methods reveal the intricate connectivity between
cellular organelles, their abundance and distributions across entire
cells, even within complex multicellular tissues or entire organisms.
Ultimately, to connect molecular-level structures obtained by cryo-EM
or cryo-ET to function at the cellular and organismal level will require
further developments in large-volume imaging methods of frozen
hydrated samples, which could then be followed by FIB milling and/or
extraction of specific sections** for subsequent cryo-ET. Such meth-
odology is starting to emerge and will mature over the coming years.
Finally, with cryo-ET methods fast evolving on multiple fronts towards
higher throughput, they could be complemented by the integration
of multi-omics single-cell data (for example, high-throughput and
quantitative light microscopy, transcriptomics, metabolomics and
proteomics) to reveal the beautiful variability and stochasticity of
biological processes across cells. When combined with high-resolution
structures from cryo-EM of purified macromolecular complexes, anew
mechanistic understanding of cellular processes and their regulation
issure to emerge.

The structural databases (see Box 2 for a perspective on past and
future structure databases) have contributed to the emergence of
transformative protein structure prediction, which has taken struc-
turalbiology by storm. Although the world of structure prediction had
progressed at a steady but frustrating pace for years, what artificial
intelligence methods such as AlphaFold'®® or RosettaFold'” can now
dohaselevated structure prediction toatotally new level. Asthereach
ofthese methods expands to predict complexes that include multiple
protein chains, many even wonder what the future of experimental
structural biology is. Obviously, artificial intelligence protein structure
prediction can be a strong ally that augments the reach and speed
of structural biology. Predictions may guide selection of samples to
study or generate expectations concerning well versus poorly struc-
tured regions. Most importantly inan electron microscopy study, once
acryo-EM or cryo-ET density is available, predictions can speed up
atomic model building by providing initial structures of all potential
or actual parts of the complex, which can then be refined more care-
fully into the experimental density map. Forinsitu studies, predictions
can be used to generate templates for 2D and 3D template match-
ing, a principle that will become more applicable as the tomograms
quality and template matching schemes allow detection of smaller
entities and/or when predictions can be applied to large complexes
with many subunits. What is clear is that today bootstrapped paths



from artificial intelligence-based predictions to cryo-EM experimental
structures of large assemblies and to the interpretation of intracellular
landscapes captured by cryo-ET in terms of molecular structure are
already areality.
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