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Cryo-electron microscopy has emerged as a transformative technique in structural biology, enabling the
high-resolution structural determination of large and heterogeneous biological assemblies. This review
highlights recent advances in understanding the structural and functional diversity of protein cages,
ribonucleic acid molecules and complexes, as well as enzyme complexes, as revealed by cryo-electron
microscopy. We discuss how cryo-electron microscopy provides unique insights into the architecture,
dynamics, and mechanisms of action of these essential biological components.
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1. Introduction

Structural biology is fundamental to elucidating
the intricate mechanisms underlying life's processes.
Determining the three-dimensional arrangement
of biomolecule atoms and interactions allows re-
searchers to decipher the functional consequences of
speci�c structural features, dynamic conformational
changes, and regulatory mechanisms. While X-ray
crystallography and nuclear magnetic resonance
(NMR) spectroscopy have long been cornerstones of
structural biology, cryo-electron microscopy (cryo-
EM) has undergone a profound technological and
methodological transformation, often referred to
as the �resolution revolution,� driven by advance-
ments in direct electron detectors technology, im-
proved sample vitri�cation strategies, sophisticated
image processing algorithms, and increasing levels
of instrumentation automation [1, 2]. This has en-
abled the determination of high-resolution struc-
tures of increasingly complex biological assemblies,
often bypassing the need for crystallization, which
is a major limitation of X-ray crystallography, and
restriction of molecule size � the main constraint
of NMR. Consequently, these developments enable
the cryo-EM method to become an indispensable
tool for the routine determination of near-atomic-
and atomic-resolution structures of a wide range of
biological macromolecules, including protein com-
plexes [3], ribosomes [4], viruses [5], and membrane
proteins [6].

Despite its transformative impact, cryo-EM
intrinsically relies on the interaction of high-energy
electrons with radiation-sensitive biological speci-
mens, making radiation damage a fundamental lim-
itation of the technique. Electrons interact with
the sample through two principal mechanisms, i.e,
elastic and inelastic scattering. Elastically scattered
electrons are de�ected by the electrostatic potential
of the sample without energy loss and are respon-
sible for generating the image contrast between the
biological material and the surrounding vitreous ice.
In contrast, inelastic scattering events involve par-
tial energy deposition within the sample, leading to
excitation and ionization processes that contribute
directly to radiation-induced damage and degrada-
tion of structural integrity. Notably, the ratio of
damaging (inelastic) to non-destructive (elastic) in-
teractions is estimated to be approximately 3 : 1 [7],
underscoring the intrinsic vulnerability of biological
specimens to electron irradiation.
Radiation damage in cryo-EM is commonly de-

scribed as a multistage process. Primary damage
results from the direct interaction of incident high-
energy electrons with the sample, causing ion-
ization, bond breaking, and the generation of
secondary electrons and reactive free radicals.
Secondary damage follows as these secondary elec-
trons and free radicals migrate through the spec-
imen interior, initiating a cascade of chemical
reactions that amplify both structural and chemi-
cal alterations. Finally, tertiary damage manifests
through the accumulation of molecular hydrogen
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Fig. 1. The cryo-EM work�ow presenting �ve essential stages of a standard cryo-EM SPA or cryo-ET
experiment.

within the sample, leading to pronounced mor-
phological changes such as bubbling or mass
loss. Together, these processes progressively erode
high-resolution structural information during data
acquisition.
To mitigate beam-induced damage while preserv-

ing su�cient image contrast, careful control of the
total electron dose is essential [8]. In practice, this
involves optimizing imaging conditions to balance
signal-to-noise ratio against structural preservation.
A standard strategy for dose control is adjustment
of the exposure time per movie, thereby regulat-
ing the total number of electrons that interact with
the specimen during data collection. Such dose-
fractionation strategies are now a central compo-
nent of modern cryo-EM work�ows and are crit-
ical for maximizing the achievable resolution of
radiation-sensitive biological samples.
This review highlights recent cryo-EM-derived

structural �ndings generated in collaboration
with the National Synchrotron Radiation Centre
(NSRC) SOLARIS Cryo-EM Facility. For clarity,
the reported results are grouped into three major
categories of biological molecules and assemblies:
(i) protein cages, both natural and arti�cial; (ii) ri-
bonucleic acid (RNA) and its modi�cations; and
(iii) enzyme complexes. We explore the diversity
in size, architecture, and molecular mechanisms re-
vealed by recent cryo-EM studies, drawing atten-
tion to the wide range of biological systems that
can now be visualized with unprecedented clarity.
We emphasize the importance of high-resolution
structures in elucidating molecular interactions,
conformational changes, and regulatory pathways.
Access to near-atomic details allows researchers to
infer essential information about the behavior and
functionality of investigated macromolecules. The
overarching goal of this work is to provide a com-
prehensive overview of the structural and functional
knowledge gained through cryo-EM, highlighting

recent progress. By showcasing structural and func-
tional diversity, we aim not only to summarize
current developments but also to inspire further
research in this rapidly evolving �eld. Ultimately,
demonstrating the strengths of cryo-EM under-
scores its potential to unravel the complexities of
biological systems at multiple levels of organiza-
tion, thereby paving the way for new therapeu-
tic strategies, diagnostic tools, and biotechnological
innovations.

2. SOLARIS Cryo-EM Facility

infrastructure

2.1. Experiments using SOLARIS equipment

The standard cryo-EM experiment encompasses
multiple steps, including sample preparation, sam-
ple vitri�cation, grid screening, high-resolution data
collection, and data processing with reconstruc-
tion of three-dimensional (3D) potential maps of
the sample. Figure 1 presents the scheme of the
cryo-EM work�ow. The sample can be prepared
in a biological or biochemical laboratory and pre-
characterized with the use of common methods
such as denaturing polyacrylamide gel electrophore-
sis (SDS-PAGE), size-exclusion chromatography
(SEC), native mass spectrometry (nMS), dynamic
light scattering (DLS), etc. The ideal candidate
sample for a cryo-EM experiment should be of
very high purity, monodispersed (> 99%, i.e., single
band on an SDS-PAGE gel), and have low confor-
mational heterogeneity (ideally locked in one cat-
alytic state). The ideal bu�er composition should
be of low-to-moderate ionic strength (0�150 mM
NaCl) and should not contain or contain only very
low levels of cryo-protectants (i.e., < 2% of glyc-
erol). Such a sample has the potential to pro-
vide a high-resolution cryo-EM reconstruction. To
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TABLE I
Speci�cation of Krios G3i and Glacios cryo-electron microscopes used in SOLARIS Cryo-EM Facility.

Parameter Value

Microscope Cryo-TEM Krios G3i Cryo-TEM Glacios Cryo-TEM

Source X-FEG (high-brightness �eld emission gun)

Accelerating voltage 300 kV 200 kV

Cryo-autoloader Automated and contamination-free loading of cassettes (up to 12 Autogrids)

Lenses

• Automatic condenser, objective, and SA
apertures
• Three-condenser-lens system for auto-
mated, continuous, and parallel sample
illumination
• Symmetric constant power C-TWIN
objective lens with wide-gap pole piece
(11 mm)

• Automatic condenser, objective, and SA
apertures
• Symmetric constant power objective
lens (minimize image aberrations and lens
hysteresis during mode switching)
• Symmetric constant power C-TWIN
objective lens with wide-gap pole piece
(11 mm)

Stage

• Computerized 4-axis specimen stage
with ±70-degree alpha tilt
• Cryo-stage with single-axis holder for
optimized stability and drift performance

• Computerized 4-axis specimen stage
with ±70-degree alpha tilt
• Cryo-stage with single-axis holder

Imaging Rotation-free imaging with changing magni�cation

Advanced performance

monitoring

Self-assessment of optical microscope status, combined with automated alignments,
ensuring that optimal experimental conditions are always available

AFIS (aberration-free

image shift)

Enhancing throughput with shorter relaxation times when moving coma-free between
grid holes

FFI (fringe-free imaging)
Enhanced throughput with multiple image
acquisitions per grid hole

−

Software

Thermo Scienti�c:
• EPU Software for single-particle analy-
sis (SPA) screening and data acquisition
• Tomography Software (cryo-ET)

Thermo Scienti�c:
• EPU Software for single-particle analy-
sis (SPA) screening and data acquisition
• Tomography Software (cryo-ET)
• EPU-D software

Detectors

• Falcon 4i Direct Electron Detector
• Falcon 3 Direct Electron Detector
• Thermo Scienti�c Ceta 16M
• CMOS Camera

• Falcon 4 Direct Electron Detector
• Thermo Scienti�c Ceta-D�Camera

Energy �lter Selectris Energy Filter −
Other options Thermo Scienti�c Phase Plate Solution −

preserve macromolecules in a high vacuum of a
transmission cryo-electron microscope, the sample
needs to be vitri�ed, or in other words, freezing
must happen fast enough to avoid crystalline ice
formation. This is accomplished by rapidly plunging
the grid with the applied sample solution into liquid
ethane at a temperature below −135◦C using semi-
automated plungers. The optimal grid has particles
trapped in a thin layer of amorphous ice, evenly dis-
persed and covering the full range of orientation dis-
tribution. Importantly, most often the quality of the
sample undergoing vitri�cation is what determines
whether high-resolution cryo-EM imaging and 3D
reconstruction can be performed.
Once a sample has been vitri�ed, it is �rst ex-

amined using a diagnostic cryo-EM Glacios micro-
scope (Table I) prior to any high-resolution data
collection. At this stage, the specimen undergoes
an initial evaluation in which several parameters are

inspected, including ice thickness and homogeneity
across the grid, overall ice quality, as well as protein
integrity, concentration, stability, and spatial distri-
bution � particularly with respect to potential ag-
gregation or complex dissociation. The information
obtained during this preliminary assessment is criti-
cal for adjusting grid preparation procedures so that
the resulting grids meet the quality standards re-
quired for advanced data acquisition. If the sample
demonstrates promising characteristics during this
evaluation, additional images can be recorded to en-
able preliminary 2D and 3D processing (Fig. 2), re-
sulting in an initial low- to intermediate-resolution
map that can already allow for the identi�cation
of overall macromolecule architecture and domain
organization. Once samples have been successfully
screened and optimized, they may be transferred to
the Krios G3i cryo-EM for data acquisition at the
highest attainable resolution (Table I).
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2.2. Data processing with SOLARIS cryo-EM

Single-particle analysis (SPA) datasets collected
at the SOLARIS Cryo-EM Facility enable struc-
tural determination approaching near-atomic level
details, typically reaching resolutions of ≈ 2 Å.
Progressive improvements in 3D electron density
maps obtained through successive rounds of data
collection can be directly incorporated into down-
stream model-building programs, facilitating more
accurate and detailed structural interpretation. A
key aspect of cryo-EM image processing and gener-
ating the mentioned 3D density maps is that all
images and reconstructions are transformed into
Fourier space. In this reciprocal space, structural
information is represented in terms of spatial fre-
quencies, which facilitates e�cient �ltering, align-
ment, and three-dimensional reconstruction. Impor-
tantly, resolution estimation and validation are also
performed in Fourier space. The �nal resolution of
the cryo-EMmap, de�ned as the global resolution of
the reconstruction, is typically determined using the
gold-standard Fourier shell correlation (GSFSC). In
this method, the dataset is partitioned into two
statistically independent subsets, each of which is
processed separately to produce two independent,
so-called half-maps. The level of agreement between
these reconstructions is evaluated by calculating the
Fourier shell correlation (FSC) as a function of spa-
tial frequency. This yields a GSFSC curve, which
serves as a reliable and cross-validated measure of
resolution while reducing the likelihood of over�t-
ting [9]. According to established cryo-EM stan-
dards, the �nal resolution is de�ned at the spatial
frequency at which the GSFSC curve meets the
0.143 criterion [10].
The operating voltages of each microscope are ex-

plicitly listed in Table I. For each instrument, the
acceleration voltage is �xed during standard oper-
ation. Experimental conditions are accordingly op-
timized to ensure high throughput and the highest
attainable resolution for biological samples across a
large user base.
The cryo-EM facility at the SOLARIS Centre is

primarily dedicated to the structural characteriza-
tion of biological samples and is speci�cally op-
timized for high-resolution single-particle analysis
work�ows. However, in response to speci�c user
needs, the facility also provides access to com-
plementary methodologies, including cryo-electron
tomography (cryo-ET) and microcrystal electron
di�raction (MicroED). These techniques extend the
scope of structural investigations to di�erent levels
of structural organization.
Both microscopes, i.e., Krios G3i and Glacios, are

equipped with highly stable automated goniometers
with a single tilt axis, allowing for tilt angles up to
±70◦. This angular range is essential for both tomo-
graphic data acquisition and three-dimensional elec-
tron di�raction (3DED) experiments. For 3DED,

Fig. 2. Essential steps in cryo-EM SPA recon-
struction: (a) averaged movie, (b) magni�ed view
of particles chosen for extraction, (c) reference free
2D classes, (d) 3D macromolecule potential map;
scale bar 20 nm.

continuous-rotation data collection is supported,
while dose-symmetric tilt schemes and multishot ac-
quisition strategies are available for cryo-ET.

3. Protein cages

3.1. Size and architecture

Protein cages, both naturally occurring and ar-
ti�cially designed, represent a diverse class of
supramolecular assemblies with remarkable struc-
tural and functional properties. These cage-like
structures are typically formed through the self-
assembly of multiple protein subunits, resulting in
a hollow interior that can encapsulate a variety
of cargoes. Naturally occurring protein cages, such
as viral capsids and ferritin, exhibit a wide range
of sizes and architectures, re�ecting their diverse
roles in viral replication and iron storage. In recent
years, there has been growing interest in the de-
sign and engineering of arti�cial protein cages for
applications including drug delivery, vaccine devel-
opment, and nanomaterial organization. The size
and architecture of arti�cial protein cages can be
precisely controlled through careful design of the
protein subunits and their interactions. For ex-
ample, TRAP-cages, constructed from ring-shaped
protein subunits, can be engineered to form cages
of di�erent sizes and shapes by varying the number
of subunits and their spatial arrangement [11�13].
Similarly, MS2 bacteriophage virus-like particles
(VLPs) can be modi�ed by inserting peptides into
the capsid protein, resulting in the assembly of par-
ticles with larger sizes than the native form [14, 15].
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3.2. Resolution and structural insights

The resolution of structural data is paramount
to understanding the intricate details of biologi-
cal assemblies, and advancements in cryo-EM have
dramatically improved the achievable resolution in
recent years. High-resolution structures, typically
de�ned as those with a resolution of 4 Å or bet-
ter, provide detailed information about the atomic
arrangement of molecules, the nature of intermolec-
ular interactions, and the conformational changes
that occur during biological processes. In the con-
text of protein cages, high-resolution structures can
reveal the precise arrangement of protein subunits,
the location and orientation of cargo molecules,
and the structural features that govern cage as-
sembly and disassembly. Sub-5 Å resolution struc-
tures of arti�cial protein cages with embedded gold
nanoparticles have enabled detailed analysis of cage
architecture and nanoparticle encapsulation. Fur-
thermore, cryo-EM can be used to visualize assem-
bly intermediates and defects, providing valuable
insights into the mechanisms of cage formation. Be-
yond static structures, cryo-EM can also be used to
study dynamic conformational changes in biological
assemblies.

3.3. Mechanisms of cage assembly and disassembly

The mechanisms that govern the assembly and
disassembly of protein cages are critical determi-
nants of their function, particularly in applica-
tions such as drug delivery and cargo encapsulation.
Many protein cages are designed to be stimuli-
responsive, meaning that their assembly or disas-
sembly can be triggered by external causes such
as changes in pH, temperature, or the presence of
speci�c molecules. Metal coordination is a versa-
tile strategy for controlling the assembly and disas-
sembly of protein cages. Programmable disassembly
strategies can also be used to control the release
of encapsulated cargoes. The precise mechanism
of cargo encapsulation also plays a critical role in
determining the e�ciency and speci�city of cargo
delivery.

3.4. Applications of protein cages

The unique structural and functional properties
of protein cages make them attractive candidates
for a wide range of applications in biotechnology,
medicine, and materials science. Their ability to en-
capsulate and protect cargo molecules, their tunable
size and architecture, and their stimuli-responsive
behavior make them particularly well-suited for
drug delivery, vaccine development [14, 15], and
nanomaterial organization [16].

4. RNA

4.1. Size and complexity of RNA molecules

Ribonucleic acid (RNA) is a versatile biological
macromolecule that participates in various cellular
processes, such as gene expression control or protein
synthesis. RNA exhibits remarkable diversity in size
and structure. This diversity arises from the unique
chemical properties of RNA, its ability to form com-
plex secondary and tertiary structures, and its ca-
pacity to hybridize with other nucleic acid molecules
or interact with a wide range of proteins and other
biomolecules. The size of RNA molecules varies
widely, from 20 to 4000 nucleotides. Beyond their
linear sequence, RNA molecules can adopt complex
three-dimensional structures through the formation
of base pairs, stacking interactions, and other non-
covalent interactions. Post-transcriptional modi�ca-
tions further enhance the complexity and functional
diversity of RNA molecules.

4.2. High-resolution structures of RNA and
RNA�protein complexes

Determining the three-dimensional structures of
free RNA molecules and their complexes with
proteins is essential for understanding biological
processes. While X-ray crystallography and NMR
spectroscopy have been valuable tools for years,
cryo-EM has emerged as a powerful technique for vi-
sualizing previously di�cult to study RNA-protein
assemblies. Cryo-EM has several advantages, in-
cluding its ability to study molecules in their native
state and the possibility of studying large, �ex-
ible, and heterogeneous complexes. Cryo-EM has
revealed the structures of transfer RNAs (tRNAs)
with various modi�cations, providing insights into
how these modi�cations a�ect tRNA structure and
function, the structures of RNA in complexes with
modifying enzymes [17], as well as the structures of
viral RNA genomes [18, 19].

4.3. Molecular mechanisms of RNA modi�cation
and function

Chemical modi�cations are essential for main-
taining the structure, function, and role of RNA
molecules. They a�ect a wide range of cellular pro-
cesses. For example, m6A (N6-methyladenosine) is a
prevalent modi�cation in messenger RNA (mRNA)
molecules [20]. If present in an mRNA codon, it
slows down the translation process. This e�ect
is counteracted by transfer RNAs (tRNA), whose
wobble uridine is modi�ed by Elongator, a large
multi-subunit enzyme [21�23]. For this counter-
action, tRNA thiolation, where the Uba4�Urm1

S171



G. Wa»ny et al.

complex plays a role [24], is also needed. PUS3 is
yet another modifying enzyme, a pseudouridine syn-
thase that catalyzes the formation of pseudouridine
at speci�c sites in tRNA molecules, mostly respon-
sible for structure stabilisation [20, 21].

5. Enzyme complexes

5.1. Size and architecture of enzyme complexes

Some enzymes are multi-subunit assemblies that
play essential roles in catalysing biochemical re-
actions within cells. They often consist of mul-
tiple protein subunits and require cofactors and
regulatory proteins for their function. The size and
architecture of enzyme complexes are critical deter-
minants of their activity and regulation, in�uenc-
ing substrate binding and catalytic e�ciency. The
cytochrome b6f complex is a multi-subunit com-
plex that participates in electron transfer between
Photosystem II and Photosystem I [25, 26]. The
eIF5A-DHS cryo-EM structure shows how eukary-
otic translation initiation factor 5A (eIF5A) Lys50
undergoes the process of hypusination catalyzed by
deoxyhypusine synthase (DHS) [27, 28].

5.2. Resolution and active site details

High-resolution structures provide invaluable
insight into the active site architecture and cat-
alytic mechanism of enzyme complexes. Cryo-EM
has proven to be particularly useful in resolv-
ing the structural details of complex enzymes,
enabling researchers to visualize substrate binding
and transition states at the nearly-atomic level.
High-resolution structures of cytochrome b6f show-
case quinone binding sites [25, 26]. Human ELP123
structures, Elongator larger subcomplex, shed light
on tRNA binding and anticodon unwinding to pre-
pare wobble uridine for carboxymethylation at the
5th carbon position [16�18]. An eIF5A-DHS struc-
ture at 2.8 Å resolution explains the hypusination
mechanism [27, 28].

5.3. Mechanisms of enzyme regulation

Enzyme activity is tightly regulated in response
to cellular signals, ensuring that biochemical reac-
tions are coordinated and appropriately modulated
to meet the needs of the cell. The cytochrome b6f
complex is regulated by a combination of substrate
availability, inhibitor binding, and conformational
changes [26]. The eIF5A-DHS complex, involved
in hypusination of the eukaryotic translation ini-
tiation factor 5A (eIF5A), is regulated by the ex-
tracellular signal-regulated kinase 1/2 (ERK1/2)

signaling pathway [28]. Allosteric regulation is a
common mechanism for controlling enzyme activity.
The SARS-CoV-2 methylation complex is subject
to allosteric regulation [19].

5.4. Antibiotic resistance mechanism

Fighting antibiotic resistance is a burning issue
in the scienti�c world. It drives research into novel
strategies, for example, inhibiting essential cellular
processes in bacteria. Albicidin, a peptide antibi-
otic, exhibits potent bactericidal activity by target-
ing deoxyribonucleic acid (DNA) gyrase through a
dual-binding mechanism � one terminus disrupts
the gyrase dimer interface, while the other inter-
calates into cleaved DNA, e�ectively locking the
enzyme in a trapped state and preventing DNA
religation. Cryo-EM structures of albicidin and its
analogues reveal enhanced solubility and broadened
activity against gyrase variants and topoiso-
merase IV, underscoring promise for last-resort
therapeutic use [29]. In parallel, understanding bac-
terial uptake systems o�ers opportunities for preci-
sion delivery of antimicrobial peptides. Structural
characterization of the SbmA and BacA trans-
porters has uncovered a novel fold de�ning a family
of SbmA-like peptide transporters. These secondary
transporters utilize conserved glutamate residues
for proton-driven translocation and feature an
outward-open conformation with a large substrate-
binding cavity, enabling promiscuous peptide up-
take. Elucidation of this mechanism provides a foun-
dation for designing narrow-spectrum antibiotics
that exploit endogenous transport pathways [30].

6. Conclusions

Cryo-electron microscopy has revolutionized
structural biology, enabling the determination of
high-resolution structures of complex biological as-
semblies that were previously inaccessible. This re-
view has highlighted the structural and functional
diversity of complex biological assemblies revealed
in collaboration with the NSRC SOLARIS Cryo-
EM Facility. Presented cryo-EM studies of pro-
tein cages, RNA molecules, and enzyme complexes
showcase the transformative impact of this tech-
nology and its bene�t to the �eld of structural
biology. In the realm of protein cages, cryo-EM
has provided detailed insights into assembly, cargo
encapsulation, and responses to external stimuli. In
RNA biology, cryo-EM has enabled visualization of
RNA molecules in their native state, revealing their
complex structures and interactions with proteins.
Cryo-EM has also provided invaluable insights into
the structure and function of enzyme complexes,
leading to a deeper understanding of essential cel-
lular processes. While cryo-EM has proven to be a
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powerful tool, its limitations must be acknowledged.
One limitation is the relatively low throughput. An-
other is the di�culty of studying highly dynamic
molecules. Despite these limitations, the future of
cryo-EM is bright. Continued advancements are ex-
pected to further improve resolution and through-
put. New methods for sample preparation are also
expanding the range of samples that can be studied.
As cryo-EM continues to evolve, it will undoubtedly
play an increasingly important role in advancing our
knowledge of complex biological systems and in de-
veloping new strategies for treating human diseases.
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