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Abstract

Since the Human Genome Project, drug discovery via structure-based drug design and development has significantly accelerated. Therefore,
generating high-resolution structural information from biological macromolecules and macromolecular complexes, such as proteins and nucleic
acids, is paramount in structural biology, medicine and the pharmaceutical industry. Recently, electron cryomicroscopy (cryo-EM) has undergone
a technological revolution and attracted much attention in the structure-based drug discovery pipeline. This recognition is primarily due to its abil-
ity to analyze and reconstruct high-resolution structures of previously unattainable large target macromolecular complexes captured in various
functional and dynamic states. Previously, cryo-EM was a niche method in the structure determination field, and research was limited to a small
number of laboratories and produced low-resolution structures incomplete for detailed and unambiguous structural interpretation. However,
with the development of new camera technology, software and computational algorithms that now seamlessly integrate these new develop-
ments, the achievable resolutions produced from cryo-EM-determined structures have dramatically improved. This has solidified cryo-EM as
one of the main structural determination methods widely used in the field. In this review, we introduce the evolution of two essential techniques
incorporated into the cryo-EM workflow—single particle analysis and tomography—focusing on achievable resolution and the technological inno-
vations that have become indispensable tools for high-resolution reconstruction and structural analysis of biological macromolecules. Here, we
also describe challenges and discuss future prospects that have fixed cryo-EM as a dominant feature in the landscape of high-resolution structure
determination methods and the structure-based drug discovery pipeline.
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Introduction that can routinely obtain 3D structures of macromolecules or
complex assemblies at resolutions routinely better than 4 A.

There are three main techniques deployed for macro-
molecule structure determination and structural analysis tech-
niques using cryo-EM: electron diffraction (including micro-
crystal electron diffraction), single particle analysis (SPA),
and cryo-electron tomography (cryo-ET). Here, we present
the resolution capabilities from two of these methods; the
SPA approach—in which the resolution has been dramatically
improved in recent years and has become a mainstay of struc-
tural analysis—and cryo-ET, which is the unique method that
enables the structural analysis of macromolecular complexes
functioning within a cell.

Biological macromolecules such as proteins or nucleic acids
carry out various essential biological functions within a cell. In
structural biology, the link between a macromolecule’s three-
dimensional (3D) structure and its function is referred to as
the structure—function relationship. This relationship not only
provides a deeper understanding of the function and biologi-
cal activity of biological macromolecules within the context of
the cell, but additionally, the structural information is essen-
tial for drug design [1]. However, revealing the 3D structure of
a macromolecule at near-atomic resolutions requires the anal-
ysis of raw images containing sufficient spatial resolution with
proper procedures.

Recent technological breakthroughs in electron cryomi-
croscopy (cryo-EM) and innovations from computational and Structural analysis by SPA
methodological approaches have brought about a ‘resolution Bef
revolution’ in the field of structural biology. Two distinguish- etore came.ra _ ) i
ing features of the cryo-EM method of structural analysis In the comparison with other structural analysis techmques

such as X-ray crystallography and nuclear magnetic reso-

compared with other structural techniques, such as X-ray : '
crystallography, are (i) it does not require a unique sample ~ 1ance (NMR), SPA cryo-EM does not require a crystallizable
preparation or crystallization to analyze structures closer to sample as is necessary for X-ray crystallogrz.iphy and can ana-
their functional state, and (ii) it enables direct visualization lyze larger macromolecular complexes unlike that of NMR.
of immobilized, biological macromolecules embedded in vit- Therefore, SPA cryo-EM has access to a broader range of tar-
get macromolecular complexes and complex macromolecular

reous ice in their near-native conformations. In combination . ¢ acro
with new technologies, these features have promoted cryo-EM assembhe's available fqr 3D structural determlnatlor}.. How-
ever, despite these crucial features, SPA cryo-EM traditionally

as one of the mainstream structure determination methods
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Fig. 1. The trend of the highest and average resolution by SPA in every
year.

reported lower-resolution structures until about 10 years ago.
Figure 1 illustrates the average and maximum resolution of
structures derived from SPA to date. Before 2015, the aver-
age resolution was 15-20 A. This resolution range is sufficient
to identify a target macromolecule’s overall structure and
individual domains. However, secondary structures such as a-
helices and B-sheets cannot be resolved at such a resolution,
and therefore, the atomic models could not be built from the
resulting EM coulomb density volumes (density maps) derived
by SPA.

To address the issue of insufficient resolutions for modeling
the atomic coordinates, the general approach was to perform a
quasi-atomic resolution structural analysis. In this approach,
the whole structure of the complex was analyzed by SPA pro-
ducing a low- to an intermediate-resolution density map, and
the subunits or local domains of the density map would be fit-
ted with atomic coordinates previously determined by X-ray
crystallography or NMR. In the early days of cryo-EM struc-
tural analysis, it was often derided as ‘blobology’ which is
a combination of the words ‘blob’ and ‘biology’, because it
produced low-resolution, nearly spherical, featureless density
maps that could fit atomic models in any orientation.

After direct electron detector

Previously, target macromolecular images were recorded on
film or conventional charge-coupled device (CCD)/comple-
mentary metal-oxide semiconductor (CMOS) cameras. The
biggest drawback of the SPA approach at that time, i.e. the
3D reconstruction of low- and intermediate-resolution struc-
tures, was improved mainly by a new type of camera that
detects electrons directly. In 2013, several impressive struc-
tural analysis articles using this new camera, called direct
electron detector (DED), were published, demonstrating its
immense effectiveness [2—4]. In 20135, the average resolution
improved dramatically to about 6 A as shown in Fig. 1. In
the author’s experience, at present, many biomolecules exam-
ined by SPA cryo-EM can now be analyzed and regularly
reconstructed to resolutions around 2.5-4.5 A. At near-atomic
resolutions reported in this range, a typical user can not only
build the atomic model of the main chain from the density
map but also unambiguously register side chains.

The dawn of a new era brought about by the DED is named
as the ‘the resolution revolution’ in 2014 [5]. Although the
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basic research on DEDs at that time had already demonstrated
a higher detective quantum efficiency (DQE) and modulation
transfer function (MTF) than conventional CCDs, scintillator
and fiber optic CMOSs and photographic film, the appearance
of the first DEDs did not bring about a dramatic change [6-9]
at least in terms of the reported resolution. Actually, DEDs
had already been commercially available since 2008, approx-
imately 5 years before the first impressive paper about using
DED:s for SPA.

One significant factor that contributes to the lack of high-
resolution structures produced by the SPA cryo-EM early on,
despite the advances in DED technology, was the sample
movement in the ice layer induced by electron beam irradi-
ation, which is called ‘beam-induced motion’ [10,11]. The
beam-induced motion of particles in ice eliminates higher-
resolution information more so than the DQE and MTF of
the camera. Therefore, the beam-induced motion was consid-
ered one of the most important factors limiting the achievable
resolutions of SPA structures and resulted in the exploration
of many potential solutions [12-17]. One very effective solu-
tion significantly curbing the seemingly intractable problem of
beam-induced motion was the capability of DEDs to record
movies with a fast frame rate.

All current DEDs made of CMOS sensors record infor-
mation projected on the detector with a high frame rate.
Therefore, DEDs can also record the data not as a single
image, as is the case with conventional cameras or film, but
as moving frames. Even if the sample moves in ice due to the
beam-induced motion, each frame recorded in the movie can
be aligned computationally during image analysis to produce
a sharp, blur-free single image. The process of correction for
beam-induced motion is called ‘motion correction’ [2,18-20],
and combined with the detector’s sensitivity, motion correc-

tion has dramatically improved the achievable resolutions
produced by SPA.

World records for resolution

The highest resolution of structural analysis using film was
published by Yu et al. in 2011 of a 3.1A resolution cyto-
plasmic polyhedrosis virus [21]. By contrast, the first example
of the highest resolution using a DED was a 2.8 A resolution
structure of 20S proteasome by Campbell ez al. in 2015 [22].
This result was the highest resolution at that time, and the
first example beyond 3 A using SPA cryo-EM. In the same year,
Grant et al. determined the structure of rotavirus VP6 at 2.6 A
resolution [23], and the world record for resolution was bro-
ken. In this article, the estimation of optimal exposure values
and filtering movie frames using these values was carefully
analyzed to showcase the advantages of movies recorded by
DEDs. This filtering, called ‘dose weight’, is now a standard
protocol for high-resolution structural analysis, as is motion
correction. Shortly thereafter, Bartesaghi et al. in 2016 pub-
lished the structure of b-galactosidase at 2.2 A resolution [24].
Surprisingly, from this resolution, the holes from aromatic
ring side chains, such as phenylalanine and tryptophan, could
be visualized in the density map.

The 2.2 A structure of b-galactosidase provided the first
significant indication that SPA, as a tool for near-atomic res-
olution structural determination, was now assembling struc-
tures close to the average resolution of those produced from
X-ray crystallography. Furthermore, in 2016, Merk et al.
were the first to demonstrate that SPA could bring structures
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to atomic resolutions (better than 2A) by reconstructing
the structure of glutamate dehydrogenase (GDH) at 1.8 A
resolution [25].

Next, Zivanov et al. successfully performed the structural
analysis of a 1.65 A resolution structure of apoferritin in July
2018. This investigation was a test sample for the develop-
ment of the latest version, v3.0 of RELION, currently the
most popular structural analysis software available. Zivanov
et al. reported their 1.65 A in resolution result to the world
via Twitter before publishing the article, breaking the previ-
ous world record GDH at 1.8 A in resolution [26]. However,
on the same day, Danev et al. also reported the structural anal-
ysis of apoferritin at 1.62 A resolution via Twitter, thereby
the world record was broken in the same day [27]. Later, in
October 2018, Yoshioka et al. announced on Twitter that they
had achieved a resolution of 1.56 A for the adeno-associated
virus (AAV) structure [28]. Their AAV is the only example
other than apoferritin that has been successfully analyzed to
resolutions higher than 1.7 A. In 2019, Kato et al. succeeded
in analyzing the structure of 1.54 A resolution structure of
apoferritin [29]. In addition to the highest resolution at the
time, the data by Kato et al. were unique in that the data
were obtained using the latest JEOL electron cryomicroscope
(CRYOARM300), instead of the Titan Krios from Thermo
Fisher Scientific, which has cornered the market as the cryo-
EM instrument of choice, and given the users a new option.
The CRYOARMS300 is the first cryo-EM to install the cold
field emission gun (cold-FEG) [30]. The energy spread of the
cold-FEG is approximately half that of the typically used
Schottky-type FEG (0.3 eV and 0.7 eV, respectively) and can
produce a more coherent electron beam. The cold-FEG has
been used as a standard electron gun in the material science
field for more than 10 years. However, it has not been used
for SPA—which requires several thousand to tens of thou-
sands of images/movies with the same quality because it is
less stable than Schottky-type FEG, and the quality varies
as the recorded images/movies become darker over time by
reducing the current. Cold-FEG developed by JEOL provides
stable electron beam irradiation over long periods, with only
a 10% reduction in brightness over 8 h [31]. Because cryo-
EM data collection requires periodic refilling of the liquid
nitrogen to the stage and sample loader section, flashing is
performed to restore the reduced current over time. After
flashing, data collection can begin again, enabling stable imag-
ing of the sample at almost the same quality even with several
thousand images. This result predicts that cold-FEG will be
indispensable for cryo-EMs and, therefore, used for SPA in the
future.

In 2020, Yip et al. published the result of a structural
analysis using a cryo-EM equipped with a monochromator
and an aberration corrector [32]. In that study, they used a
monochromator to set the energy spread to 0.1eV and suc-
ceeded in analyzing the structure at 1.25 A with a lower energy
spread than the 0.4 eV of the cold-FEG. At the same time as
Yip et al., using the latest Titan Krios equipped with a cold-
FEG, a Selectris imaging filter, and a new DED (FalconlV),
Nakane et al. were able to produce a 1.22 A resolution struc-
ture of apoferritin [33]. Incredibly, they achieved this high-
resolution structure from only one and a half days of data
collection on the microscope. These results not only estab-
lished cryo-EM as a tool that can reach atomic resolutions—
with more practical machine times—but also demonstrated

the capacity of SPA cryo-EM to reconstruct and visualize
hydrogen atoms, thereby achieving ‘true’ atomic resolution
reconstructions. Recently, Maki-Yonekura et al. using the
JEOL CRYOARM300 reached a resolution of 1.19 A using
more than 2 million particle images of apoferritin [34] and
remarkably demonstrated the possibility of visualizing the
charge of amino acid side chains. Figure 2 shows the differ-
ences in the visibility of these world record maps, focusing
on tryptophan in each map. The highest resolution map in
the database is 1.15 A, but this is not addressed in this article
because the possibility of over-estimation is pointed out in the

paper.

Visiting new, learning old

It is worth noting that when technological advances push the
limits of what is possible, even older techniques can produce
results that exceed previous expectations. For example, in
20135, Fischer et al. used Falconl, which cannot take movies,
to analyze the structure of the ribosome-EF-Tu complex at
2.9 A resolution [35]. This result was reported after motion
correction proved to be the key to high-resolution structural
analysis, and it was higher resolution than the 3.1 A achieved
by film. Furthermore, in 2020-21, Pintilie et al. and Danev
et al. successfully analyzed apoferritin, the most widely used
benchmark protein in the SPA cryo-EM workflow, to the res-
olution of 1.27 and 1.31 A, respectively. These findings, which
were obtained using electron microscope with a Shottky-
type FEG, demonstrate that a cold-FEG or monochromator
is not necessarily required for reaching atomic resolutions of
approximately 1.3 A [36,37].

Improvement the resolution by software

In addition to hardware development, software advances have
been essential for high-resolution structural analysis. In the
case of conventional cameras and films, much of the high-
resolution information is lost due to various factors inherent
with that technology, and it is impossible to retrieve the non-
existent high-resolution information by any superior algo-
rithm. Attempts at recovering this lost information via new
algorithmic analysis methods were also developed, but the
achievable resolutions obtained from these methods did not
change significantly.

With the implementation of DEDs, high-resolution infor-
mation could be recorded, and thus higher-resolution analysis
became possible through computational algorithms that ana-
lyzed per-particle contrast transfer function (CTF) correction
[26], Ewald sphere correction [26,38], anisotropic magnifica-
tion distortion correction [39,40], beam tilt correction [26]
and higher-order aberration correction [40].

Bartesaghi et al. re-processed using per-particle motion
correction, per-particle CTF correction and dose weight by
Frealign to improve their own previously published data of
2.2t0 1.9A [41].

Tegunov et al. developed the software named ‘M’ which has
a unique algorithm for refinement to improve the resolution
from 1.54 to 1.34 A using deposited apoferritin data on cryo-
EM image database EMPIAR-10248 [42]. The result gives
us expect that with higher-resolution data, 1.19 A by Maki-
Yonekura, 1.22 A by Nakane or 1.25 A by Yip, M can be used
to analyze at higher resolution, e.g. beyond 1 A.
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Fig. 2. The highest resolution EM map of all time focused on phenylalanine or tryptophan.

Future perspectives for SPA

SPA cryo-EM has undergone many technological and com-
putational advances in recent years, comparable to those of
NMR and X-ray crystallography, and has since developed into
a potent tool for high-resolution structural analysis. How-
ever, in order to understand the chemical reactions that occur
in macromolecules, structural analysis at atomic resolutions
must be attainable for the majority of target macromolecules
and macromolecular complexes. Unfortunately, most macro-
molecules are not static and exhibit significant flexibility and
dynamic motions that impede high-resolution structural anal-
ysis. To date, only analysis with apoferritin, a rigid and
symmetrical protein, has resolved structures with resolution
range at the atomic level. Therefore, some of the follow-
ing challenges for atomic resolution structure determination
will be, for example, the design and engineering of a stable
sample, new sample preparation techniques that produce the
best quality of sample embedded in vitreous ice and novel
approaches that enable the structural determination of highly
dynamic targets.

Cryo-EM for visualizing the heterogeneous
specimens

As mentioned above, SPA by cryo-EM enables us to obtain the
structures of macromolecular complexes with atomic resolu-
tion and contributes to our understanding of mechanisms and
function. As the name indicates, the specimens of the SPA are
a homogeneous population of purified ‘single particles’ rep-
resenting macromolecular complexes or complex assemblies
suspended in vitreous ice.

In contrast with SPA method, cryo-ET is another cryo-
EM method for 3D structure determination [43,44]. In the
cryo-ET, raw tilt images are acquired at the same position by
constantly tilting the specimen to +60° along with the tilt axis.
Then, 3D structure (tomogram) is obtained from aligned tilt-
series images by the back-projection method [43,44]. There-
fore, cryo-ET can visualize 3D structures of heterogeneous
biological specimens such as cells, organelles, bacteria and
viruses [44].

In modern-day tomography (cryo-ET), there is a theorem
called ‘Crowther criterion’ to estimate the resolution of the
object in the reconstructed tomogram [45]. The Crowther
criterion considers in an ideal situation; however, there are
several limitations in practical cryo-ET work such as tilt range
and electron beam dose amount. Practically, cryo-ET is able
to visualize the 3D structure of biological specimens up to
~500 nm thickness with a resolution of approximately 5 nm
[46]. However, because the tilt range of the tilt-series image is
limited to +60°, the reconstructed tomogram lacks one-third
of the information. Due to the missing wedge, a recon-
structed tomogram is slightly stretched to in the Z direction
[47]. However, a method known as subtomogram averag-
ing is applied to compensate for the missing information
and improve the signal-to-noise ratio (SNR). The resolution
of subtomogram representing averaged particles, especially
in situ macromolecular complexes, has not yet reached a
comparable level of resolution to those of SPA. However,
recent advances of the cryo-ET methods enable subtomogram
averaging to achieve near-atomic resolution. The following
section introduces recent advances of cryo-ET methods and
the current state of achievable resolutions from subtomogram
averaged macromolecular complexes.

Methodological advances
Specimen tilt scheme

In the beginning era of the cryo-ET, the uni-directional (con-
tinuous) tilt scheme meaning start of data acquisition, would
begin at one end of the tilt range, for example -60° to
+60°, and vice versa, is used for tilt-series images acquisi-
tion (Fig. 3a). However, the uni-directional tilt scheme has a
problem: images acquired at shallow angle (~420°) may con-
tain damage due to electron beam irradiation. To reduce the
accumulation of beam irradiation damage in images acquired
at shallow angles, bi-directional tilt scheme is applied for
recording tilt-series images (Fig. 3b). The bi-directional tilt
scheme starts recording an image at for example -20° and
continues acquiring images until the opposite end of the tilt
range +60° (Fig. 3b). Then, the specimen is tilted back to
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60°

Continuous method  Bi-direction method Dose-symmetric method

Fig. 3. Schemes of tilt-series acquisition. (a) Continuous method. (b) Bi-directional method. (c) Dose-symmetric method.

-22° and recording images restarts until -60°. The latest
tilt scheme is known as a dose-symmetry tilt scheme [48].
The dose-symmetry tilt scheme starts recording at 0°, and
then the specimen is tilted to one side and then tilted to
the opposite side like a pendulum with increasing the tilt
angle (Fig. 3c). Therefore, the dose-symmetry tilt scheme is
possible to acquire fresh images at shallow angles. Compared
to other resolutions produced by other tilt schemes, the dose-
symmetry approach yields the best resolution reconstructions
[48,49].

Recently, two notable reports of a hybrid method using
SPA and cryo-ET have been developed. One method is known
as the TYGRESS (tomography-guided 3D reconstruction of
subcellular structures) [50], and the other is hStA (hybrid
subtomogram averaging) [51]. With the hybrid approach,
a user records a tilt-series using dose-symmetry tilt scheme;
however, utilizing the residual electron dose after acquiring
a high-dose image of the specimen tilted at 0°. The ini-
tial structure of target macromolecule is then obtained by
applying subtomogram averaging to the particles chosen from
reconstructed tomograms. The geometric information of each
particle obtained during particle picking and subtomogram
averaging is then used to refine the reconstruction of target
structure from particles picked from high-dose images by SPA.
These hybrid methods seem to reduce the particle number
required for achieving atomic resolution.

Acquisition methods

As with SPA, the more particles number provide spatial res-
olution in the subtomogram averaging. If the target macro-
molecular complex has only a small number of copies in
cells, the number of tomograms becomes a limiting factor
when subtomogram averaging is applied. For example, only
93 particles of tripeptidyl peptidase II were detected in 70
tomograms of the primary cultured hippocampal neuron [52].
Therefore, shortening and efficiency of tilt-series image acqui-
sition time are important for achieving higher resolution from
subtomogram averaging.

One of the solutions for shortening of the tilt-series images
acquisition time is fast-increment single exposure (FISE)
method [53,54]. The idea of the FISE method is recording
a long movie file without focus steps and tracking steps in
each tilt angle, as subtomogram averaging of in vitro 70S
ribosome acquired with FISE method. Using this method, res-
olution reaching 9 A was achieved, and the image quality was
secured [54]. Because the acquisition time of FISE method
is limited by the stage stability and higher electron counting

speed in camera at present, it is expected that new generations
of hardware will enable further faster tilt-series acquisition.

Although acquisition time was shortened by the FISE
method, it still acquires tilt-series images one by one. To be
efficient in the tilt-series image acquisition, beam image-shift
electron cryo-tomography (BISECT) method has recently
been developed [55]. The BISECT method applies beam tilt
induced image-shift approach combined with SPA. Recently,
two other beam image-shift cryo-ET methods named parallel
cryo-electron tomography (PACE-tomo) [56] and Multishot
tomography [57] are developed. Both PACE-tomo and Multi-
shot tomography have been demonstrated to acquire tilt-series
images of not only purified specimens but also focused ion
beam (FIB) milled cellular specimens. These beam-image-
shift methods efficiently capture high-quality tilt-series images
and allow for structural analysis by subtomogram averaging.
Bringing the point further, through these new techniques, the
resolution of subtomogram averaging from particles derived
from FIB milled specimens has now achieved subnanometer
[56,57].

Software packages for subtomogram averaging

There are many software packages for subtomogram aver-
aging, each of which has unique features [58]. The
improvements to these software packages and workflows
have contributed significantly to achieving better resolution
[40,59,60]. Despite many options for software packages, one
of the most remarkable software packages seems to be an M
[42]. The application of M combined with Warp and RELION
enabled users to obtain the structure of an in situ 70S ribo-
some with a resolution 3.5 A, and resolutions achieved in this
range are now comparable with those structures derived from
SPA (Fig. 4).

Fig. 4. Structural comparison of 70S ribosome obtained by SPA and
subtomogram averaging. (a) SPA of isolated 70S ribosome from E. coli.
(b) Subtomogram averaging of in situ 70S ribosome in M. pneumoniae.
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Fig. 5. Panels of recent subtomogram averaged structures of in situ macromolecular complexes. (a) Helicobacter pylori flagellar motor (EMD-25 123), (b)
central pair apparatus WT Chlamydomonas (EMD-31 143), (c) 26S proteasome (GS1) (EMD-3916), (d) SRAS CoV-2 spike glycoprotein (EMD-11222), (e)
HIV-1 capsid-SP1 (EMD-11 655), (f) EIAV capsid-spacer-peptide hexamer. Scale bar: 100 A.

Progress of the resolution of macromolecular
complex in situ

Cryo-ET and subtomogram averaging have contributed sig-
nificantly to the exploration of structures from macromolec-
ular complexes in situ (Fig. 5). In the following sections, we
will discuss subtomogram averaging of several in situ macro-
molecules and introduce key features that directly contributed
to their reconstructions.

Flagellar and cilia

The flagellar and cilia are highly sophisticated macromolec-
ular complexes, which convert chemical energy to physical
energy. The first subtomogram averaging of in situ macro-
molecular complex was performed on the flagellar motor in
Treponema primitia [61]. The tilt-series images from that
study were recorded with a 300keV TEM equipped with
a CCD camera. Although the averaged map’s final resolu-
tion was 70 A, the reconstruction contained the structure of
the flagellar motor. By contrast, the current equipment and
workflow methods today commonly produce structures of
F bacterial flagellar motor of approximately 20 A resolution
[62,63].

The motile cilium has a 9 + 2 structure which comprised of
an outer doublet microtubule corresponding to ‘9> and central
pair apparatus corresponding to 2°. For an improved res-
olution, subtomogram averaging of the 9 +2 structure was
averaged individually of one another. This resulted in recon-
structing one microtubule from the central pair at ~23 A
resolution and the central pair apparatus at ~33 A [64,65].

Although these resolutions are not relatively high, the combi-
nation of structural results with that from genetic modifica-
tion of the cells makes it possible to identify and annotate the
cilium structure by comparisons with wild type.

Viruses

Because of the physical size of viral particles, viral speci-
mens can be much thinner than typical cellular specimens.
Therefore, the tilt-series of viral specimens display better SNR
and is appropriate for high-resolution subtomogram averag-
ing. The Human Immunodeficiency Virus-1 (HIV-1) lattice is
one example and is used for systematically tests of various
experimental parameters [49].

The highest resolution of subtomogram averaged viral
specimen to date is 2.9 A resolution reconstruction of Equine
infectious anemia virus (EIAV) virus-like particle [66].

Since 2019, worldwide pandemic of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) has continued.
Essential to the invasion of host cells is the surface protein of
SARS-CoV-2, known as the spike protein. Therefore, the spike
is a prime target for the neutralizing antibodies. Recently, the
structure of SARS-CoV-2 spike protein has been obtained with
subtomogram averaging [67,68], and these SARS-CoV-2 spike
proteins will contribute to pharmaceutical drug discovery and
design.

Proteasome

The 26S proteasome consists of 66 subunits and exhibits dif-
ferent conformations depending on the functional state. The
first subtomogram averaging of in situ 26S proteasome was
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conducted with primary cultured hippocampal neurons [69].
Due to the acquisition of the tilt-series images with the Volta
phase plate [70], the 26S proteasome particles are clearly
distinguishable in reconstructed tomograms by visual inspec-
tion. Furthermore, the subtomogram averaged 19S regulatory
particles in the 26S proteasome could be classified into two
classes: ground state and substrate processing state. The res-
olution of the subtomogram averaged 26S proteasome in the
ground state and substrate processing state was 27 A and 31 A
resolution, respectively. As shown in this work, it became
possible to correlate the in situ localization of the macro-
molecular complexes and their functional state. Since then,
subtomogram averaging of iz situ macromolecular complexes
has become more enthusiastic. The subtomogram averaging
of 26S from FIB milled specimens such as Chlamydomonas
and primary cultured neuronal cells has also produced results
with ranges of resolutions capable of determining biological
function [71-74].

Ribosome

The ribosome functions as a protein synthesis machine and
is critical function for the life. Furthermore, the ribosome
exhibits several states, such as the membrane-bound state,
polysome state and 100S ribosome (pair of 70S ribosomes).
Due to the particle size and molecular weight, both 70S and
80S ribosomes are easily distinguishable from other macro-
molecular complexes visualized in cellular tomograms by
visual inspection. Previously, subtomogram averaging of ribo-
some particles was carried out by several groups, with recon-
structions reaching ~30 A resolution [74,75]. Subtomogram
averaging of the ribosome has also been carried out with FIB
milled specimens for structural analysis of pre-ribosomes in
the nucleus [76]. Currently, the highest resolution of the in
situ 70S ribosome is 3.4 A in Mycoplasma pneumoniae [42].
In M. pneumoniae cells, several states have been determined
with a subnanometer resolution, such as the 70S ribosome
and RNA Polymerase-ribosome supercomplexes [77]. Due to
the large copy number of ribosomes within a cell, this has
established the ribosome as a benchmark from the cryo-ET
workflow, including subtomogram averaging [56,57,78].

Future perspectives cryo-ET and subtomogram averaging

Visualizing macromolecular complexes in situ with high res-
olutions is critical to investigating the details of how and
where these macromolecular complexes contribute to biolog-
ical functions. The cryo-ET and subtomogram averaging had
made possible structural and topographic analysis of macro-
molecular complexes in situ. Furthermore, the improved
hardware and steady progress of advanced methods for cryo-
ET, such as those described from the subtomogram averaged
structures of in situ macromolecular complexes, have shown
that cryo-ET can now achieve near-atomic resolution. How-
ever, the targets of subtomogram averaging are still only
macromolecular complexes such as ribosome. Therefore, one
of the future challenging of the subtomogram averaging seems
to be extending the analysis targets to include smaller molecu-
lar complexes. Once the targets for the subtomogram averag-
ing are extended to smaller molecular complexes, much more
information can be extracted from cellular tomograms.

Due to accumulations of the structural analyses of molecu-
lar complexes by X-ray crystallography and SPA, it is possible
to search the protein structures by accessing to the Protein

Data Bank and the Electron Microscopy Data Bank. How-
ever, it is still hard to say that the databases cover all protein
complexes formed in cells. Hence, cryo-ET of cellular spec-
imens has a possibility to discover novel protein complexes.
The structural analysis of the unknown molecular complexes
can be managed by the subtomogram averaging. However,
subtomogram averaging is not able to identify the protein
complex. Therefore, another future challenging of the cryo-ET
and subtomogram averaging is developing a method for iden-
tification of the novel protein complexes. Once a method for
identification of unknown protein complexes from subtomo-
gram averaged particles was developed, the combination of
cryo-ET and the identification method will be a game-changer
of structural biology.
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