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1. Introduction

1.1 Yeast as a model organism for molecular biology and biochemistry
Biological knowledge progresses through the choice and implementation of “model

organisms”, i.e., suitable life forms for studying a specific trait, disease, or phenomenon, due
to its short generation time, characterized genome and proteome, or similarity to humans in
taxonomical terms; examples include bacteria (Escherichia coli), yeasts (Saccharomyces
cerevisiae), fly (Drosophila melanogaster), and mouse (Mus musculus). Although each
organism is unique and its biochemistry may deviate even within single cells, analysis of
widely studied organisms has the advantage of systematizing experimental reproducibility
and transferability of results across the research community.

S. cerevisiae in particular is an attractive model organism, and a single-celled organism,
commonly used in the bread and beer-making industry (Figure 1). It is one of the simplest
eukaryotic organisms and its genome was published in 1996, making it one of the first
organisms for which the complete genome was available!. S. cerevisiae has rapid growth, is
easy to maintain and manipulate, and resembles other systems to be compared with,
comprising a very useful system to investigate its biology?. The similarity of yeast proteins
and pathways to other eukaryotic organisms, for example, mammals, is also substantial®. As a
result, S. cerevisiae has been a model system for decades to study biological pathways and
phenotypes*, such as multi-drug resistance® and DNA replication®. Yeast can also use
fermentation or the respiratory pathway for its carbon sources, which makes it an easily
accessible target for studying respiratory diseases by isolating mitochondria’. Importantly,
yeast has been used to study higher-order cellular interactions and interactomes® and
comprises a promising model to advance structure-function studies.

As of June 2023, ~33,000 protein structures have been deposited in the protein data bank
(PDB)*™ from yeast strains out of a total of ~200,000 protein structures (www.rcsb.org).
Notably, yeast structures were pioneering for structural analysis by means of X-ray
crystallography! - the resolution of yeast hexokinase at 2.1 A allowed sequencing of the
protein understanding its three-dimensional coordinates. It is also quite interesting that
structural analysis of yeast proteins has also pushed cryo-electron microscopic
characterization of biomolecules and their assemblies: Statistics in the PDB (as of June 2023)
show that, overall, yeast biomolecules have been resolved by both X-ray crystallography
(N=14,754) and cryo-EM N=18,441). However, during the last 4 years (2020-present), 6

times more structures have been characterized by cryo-EM (N=10,094) rather than X-ray



crystallography (N=1,651) stemming from yeast. Therefore, a model system such as yeast has
driven other fields of structural biochemistry and is augmenting the “resolution revolution”*?

which we are presently witnessing.

et

membrane

Figure 1. Model organism yeast and its cell structure.

Saccharomyces cerevisiae is easily propagated and maintained on agarose plates (left). Yeast
cells are round or elliptical in shape with a length of 7-15 um and width of 2-8 um (middle
panel). Yeast cells are budding to propagate. On the right most panel a schematic of a yeast
cell is shown and reproduced with permission from?*3. Scale bar 10 um.

1.2 Cell lysis to study cellular architecture — Strengths and Limitations
Yeast cell extracts are used as food additives, flavorings, and as nutrients for bacterial culture

media. However, they are also being used to understand cellular structure and function since
decades!*: Some of the earliest reports to study eukaryotic cellular function involve yeast cell
extracts and focused on determining glycolytic oscillations, i.e., the metabolite concentrations
fluctuate around phosphofructokinase®®'’. In addition, yeast cell extracts were historically
used to probe the biosynthesis of saturated fatty acids'®, a work in which the detailed catalytic
mechanism using structure-function studies is still being deciphered®?. Study of cell
function via homogenization is very critical, as the homogenate becomes a biochemical
specimen in which characterization and analysis can occur, retaining cellular function and
various systematic characterization have been achieved utilizing cell extracts?* such as the
deciphering of the genetic code??, the visualization of chromatin threads?3. The Nobel prize in
Physiology or Medicine in 1974 was awarded to Claude, de Duve and Palade “for their
discoveries concerning the structural and functional organization of the cell”?,

Technically, any manipulation of the cell is prone to develop artefacts, which have been
recently reviewed?. Artefacts can stem from cell rupture, centrifugation, and dilution, that
can alter the state of biomacromolecules. Therefore, the preparation procedure for cell
extracts should be probed in a highly systematic manner. For example, experimental variables



like temperature, pH, contents of buffers, incubation times, and the procedure itself can alter
the structure, activity, and function of extracted biomolecules and cellular material.
Mitochondria is a prominent example of shape deformation; in the cell, they assume a
naturally elongated shape, while they become circular after lysis?®.

Additionally, diluting the cell content may lead to macromolecular dissociation, alteration of
3D structure of recovered biomolecules or loss of biomolecular interactions. Non-specific
interactions are also a major concern, as compartmentalization and intrinsic concentrations
are changed. Some of the cellular material will be lost in the various steps necessary for
isolation of the cell extract, e.g., while filtering or ultracentrifugation steps, as these remove
aggregate material and much of the membrane fraction (if soluble material is to be captured
for analysis). To ensure optimal conditions and yield, every purification step must be
benchmarked and controlled, for example, by immunoblotting analysis and underlying
activity assays to ensure that dissociation of subunits is minimal, the native function is
maintained, and optimal yield is achieved®>?"?8, The resulting protocol has to be technically
and biologically reproducible and as such the protocol to retrieve active keto acid
dehydrogenase complexes, localized in the mitochondria, is described in a recent Ph.D. thesis

by Kyrilis?’ .

1.2.1 Isolation of organelles and in vitro function
One of the best-known cell organelles is the mitochondrion. It is the so-called ‘powerhouse of

the cell’ involved in a variety of energy-gaining processes, such as the tricarboxylic acid
cycle (TCA, Krebs cycle) which provides the necessary proton gradient for ATP generation
via ADP phosphorylation. Their role in the cell is multifaceted and are virtually involved in
nearly all cellular functions?®3L, Its name comes from the Greek mitos (thread) and chondros
(grain) as it can be found both branching and vesicle-like in the cell. Historically®?, the
microbiologist Richard Altmann observed mitochondria for the first time, and called them
bioblasts, describing them as elementary organisms living inside cells to carry out vital
functions®. Carl Benda introduced the name “mitochondrion” in 189834, Structure-function
correlations of mitochondria are still extremely active today, building on top of works, e.g.,
by: (a) Claude, who correlated morphological and biochemical properties of isolated
mitochondria®; (b) Lehninger who showed that mitochondria include the enzymes of TCA®
and can perform oxidative phosphorylation®’; and (c) Lipmann who demonstrated respiratory

control®8,

10



Palade was the first to communicate higher-resolution structural characterization of
mitochondria®®4%, Mitochondria consist of an outer and inner membrane between the
intermembrane space and surrounded by all, is the mitochondrial matrix at the core of the
organelle (Figure 2)*. Although most of its genetic information was transferred into the
nucleus, about 1.6 kb is still kept in the mitochondria, allowing it to have its own DNA and
gene expression. That way they retain cellular control to a small degree communicating with
the nucleus®?, still the mitochondrion is not self-sufficient and relies on gene products of the
nucleus to be imported to manage their enzymatic and signaling pathways*®. However, there
is significant functional interplay between the mitochondrion and the nucleus, as e.g. histone
acetylation is performed by a localized TCA cycle within the nucleus**. On the other hand,
mitochondrial proteins must pass the outer and inner mitochondrial membranes when
transported into the mitochondrial matrix or exported to the cytoplasm. Overall, besides the
numerous other cellular functions of mitochondria, they are the signature organelles for the
supply of adenosine triphosphate (ATP) for the cells, driving, for example, membrane
potential, muscle contraction, protein synthesis and cell division*. Due to their prominent
role, mitochondria are heavily involved in stress response*®, cancer development® via the

Warburg effect*’, and apoptosis*.

cristae
matrix

inner membrane
inter membrane space
outer membrane

Figure 2. Cryo-substituted mitochondria and general architecture.

Shown are the outer membrane, intermembrane space, inner membrane, cristae, and
matrix. Acquired on EM 900 by Dr Gerd Hause. Scale bar 2 um.

1.2.2 Cellular protein complexes and most abundant biomolecules
Instead of organelle isolation, separation of the cellular content can include retrieval of

organellar and cellular extracts by further lysis which can be useful for probing cellular
function; their importance was previously analyzed (81.2). Technically, for the identification
of the extract content, the right isolation and separation method should be chosen. For

example, studying well-known organisms with already annotated proteomes makes it easier
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to annotate the contents of cell extracts as identification by mass spectrometry is
complemented by the known and deeply annotated genome. Additionally, thermophilicity can
positively influence recovery of high quality cell extracts as thermophilic proteins are known
for their, comparatively higher, stability*®. Using the right organism and method will make
the cell extract applicable to studying protein communities®®, which are biomolecular
complexes of a higher-order consisting of flexibly connected proteins and other molecules
working in relative proximity within the same, or across different pathways. These protein
communities are usually large and flexible, with prominent and therefore easy to discern in
cryo-electron microscopic micrographs®. These include, but are not limited to, the synthesis
of fatty acids by the fatty acid synthase molecule (FAS)*°, and the mitochondrial pathways of
pyruvate®°2 and oxoglutarate oxidation®3.

For the model organism yeast, more precise Saccharomyces cerevisiae, the genome as well as
proteome are known. Therefore, protein abundance can be identified/verified with mass
spectrometry in isolated cellular fractions®. Changes in protein-protein or other biomolecular
interactions are dependent on an equilibrium between transcription, translation, and post-
processing/post-translational modifications of the proteins. Changing conditions for yeast like
temperature, starvation, humidity etc. will change the abundance of various proteins and this
can be traced by activity assays as well as quantitative MS. The updated Uniprot database
contains significant and large-scale information for over 230 million sequences, while the
yeast proteome is considered a gold-standard, having high degree of annotation in terms of
protein abundance, localization, interactions, and function®. Statistics from Uniprot, as of
June 2023, show that yeast has 6,727 proteins for which 1974 proteins have (partially) known
structure, and their existence has been proven at the protein level for 78.9% of them
(N=5,307). Such statistics are among the highest across annotated proteomes in Uniprot.

1.3 Probing the structure and function of native cell extract with modern biochemical,

biophysical and bioinformatic methods
The preceding sections provide compelling evidence for the utility of native cell extracts in

research, despite the challenges associated with cell lysis. Native cell extracts offer a
simplified approach to studying cellular components while retaining crucial aspects of
cellular organization. They facilitate accessible biochemical and biophysical analyses,
encompassing kinetic analysis, mass spectrometry (MS), cross-linking mass spectrometry
(XL-MS), cryo-electron microscopy (cryo-EM), and computational studies. Although this

Thesis did not explore the totality of the characterization methods of yeast cell extracts, their
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potential for further investigation via transcriptomics, metabolomics, and ribosome profiling
is promising. By employing diverse techniques to scrutinize native cell extracts, it becomes
feasible to identify novel proteins, scaffolds, interfaces, and interactors. Consequently,
investigations involving cell extracts serve as an intermediary connecting traditional
structural biology techniques like X-ray crystallography and NMR spectroscopy with the
latest advancements in in-cell structural biology, such as tomography of cells for
comprehensive content analysis. Unlike traditional methods that often examine proteins in
isolation, cryo-electron tomography of cells allows for in-situ analysis, preserving the
molecular context. However, this method has limitations when visualizing highly abundant
biomolecules. In contrast, cell extracts can be selectively enriched using sophisticated
biochemical fractionation methods while retaining certain aspects of cellular complexity.
Notably, size exclusion chromatography proves invaluable for significantly enriching rare,
large macromolecular assemblies that pose challenges for direct visualization within cells.

Since the seminal, Nobel-prize-winning works of Palade, de Duve, and Claude that worked
on discovering and visualizing organelle structure and function?, a lot of progress has been
made in modern biochemistry. | will list below those that | am aware of in the current
literature and have positively affected the outcomes of this thesis, but the list is by no means

exhaustive:

1) The first major advance is the improvements in the underlying biochemical
instrumentation, in which developments have allowed highly analytical experiments
to be performed, therefore, increasing dramatically the underlying reproducibility. An
example of this is the automated fractionation of specimen using modern Fast protein
liquid chromatography (FPLC) systems®® as well as the availability of separation
columns that allow high quality cell extract fractionations®’.

2) Computing algorithms have evolved drastically, having established their presence for
biophysical and physical-chemical characterization of biomolecular complexes with
physics-based methods and molecular dynamics simulations®®. Computer algorithms
are being rapidly developed with the aid of artificial intelligence (Al) and deep
learning — for example, Alphafold, a neural network architecture aiming to predict
structures of proteins, has achieved unprecedented accuracy for these predictions,
within experimental error®. It is astonishing, that as of June 2023, the original
Alphafold publication, communicated in 2021%° has amassed > 12,000 citations,

showing the impact of Al in structural biology. Open availability of its source code, as
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well as the creation of the associated EBI database that hosts >200 million atomic
models® (https://alphafold.ebi.ac.uk/) has pushed structural biology forward.

3) The “resolution revolution” brought by cryo-EM to modern structural biology'?.
Currently, cryo-EM is fast-tracking to become the primary structural method for
characterizing biomolecular assemblies (Figure 3, a). For virus structures, which is
also the subject of this work, cryo-EM has recently surpassed the number of structures
determined and became the major method for structural analysis of viruses (Figure 3,
b). Cryo-EM usability was demonstrated during the COVID-19 pandemic, where
structural characterization of the SARS-CoV-2 virus and its complexes with ACE2,
drugs and antibodies was catalyzed by high-resolution cryo-electron microscopy

characterization®?.

a Number of macromolecular structures b Number of virus structures
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Figure 3. Statistical data for number of determined structures in the Protein Data Bank
(www.pdb.org).

(a) Number of structures released in the PDB across time periods; (b) same as (a), but for the
subset of molecules related to viruses, which is also what has been studied in this thesis.

4) Cross-linking of proteins, complexes, cell extracts and cells. Cross-linking mass
spectrometry has also witnessed major advancements during the last years®. Pivotal
cross-linking agents, state-of-the-art software tools, and streamlined XL-MS
methodologies have recently become available to explore biomolecular interactions.
XL-MS is used to illuminate the characteristics of proteins, their assemblies, and
intricate interaction networks both in controlled laboratory environments and living

organisms. A pivotal aspect in extracting three-dimensional structural insights from
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XL-MS data lies in the indispensable role of computational modelling. Notably, the
integration of XL-MS with other cutting-edge techniques in structural biology, such
as cryo-EM, has yielded resounding success in addressing long-standing biological
queries that were previously elusive.

5) Omics methods. The advent of omics methods® is transforming the investigation of
native cell extract content and structure by offering a wide array of powerful and
comprehensive analytical tools. Genomics, for example, have revolutionized the field
by allowing researchers to sequence and analyze an organism's complete genome,
providing valuable insights into genetic variations and their implications for disease®*.
On the other hand, transcriptomics have proven instrumental in identifying and
quantifying RNA molecules within cells, shedding light on gene expression patterns
and regulatory mechanisms®. The field of proteomics has enabled the identification
and quantification of proteins, even, recently, for single cells®®, unraveling crucial
information about protein-protein interactions, post-translational modifications, and
protein functions®’. Additionally, metabolomics have emerged as a key technique for
profiling small molecules and metabolic pathways, greatly enhancing our
understanding of cellular metabolism and facilitating the identification of
biomarkers®®. By integrating these diverse omics approaches, it is expected that an
unprecedented, detailed view on the structure and function of native cell extracts can

be achieved.

Based on the above-mentioned advances, the Kastritis laboratory has investigated the
structure and function of native cell extracts from Chaetomium thermophilum, a thermophilic
filamentous fungus able to grow at high temperatures (up to 65 °C)?>59-53%% |n these works,
various advances have been realized, including the merging of artificial-intelligence-based
protein sequencing of cryo-EM Coulomb potential maps from native cell extracts, structure-
function insights into gigantic biomolecular assemblies implicated in mitochondrial
metabolism, and establishment and optimization of biochemical and structural biology
methods to probe highly heterogeneous cell extract content. Despite these major advances,
the methods described in these works have not been employed yet in a mesophilic eukaryote.
Therefore, it is unknown if the recovered cell extracts have a conserved content across
different species. It is also important to note that the methods developed only apply to high
molecular weight molecules due to the limitations imposed by the column used for separating

the cell extract at the FPLC. In addition, cryo-EM might have a limit on the size of the
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biomolecules it is able to image, however this limit is still explored as methods to overcome

this are currently being communicated’®"2,

1.3.1 Cryo-Electron Microscopy and other structural methods to probe the architecture of
proteins and their complexes at high resolution
The current surge in high-resolution structures (i.e., better than 4 A resolution) obtained

through cryo-electron microscopy is commonly called the "Resolution Revolution”, a term
coined by Werner Kiihlbrandt'2. This revolution has been acknowledged through the Nobel
Prize in Chemistry awarded to Dubochet, Frank, and Henderson for their contributions to
cryo-electron microscopy’?, enabling the high-resolution analysis of biomolecular complexes.
Their contributions can be categorized into the following areas: Improvements in hardware
have played a pivotal role in enhancing traditional electron microscopes. This includes the
automation of data acquisition, optimization techniques to reduce specimen contamination,
and the utilization of direct electron detectors’, i.e., cameras that directly detect electrons.
Additionally, advancements in sample preparation procedures, such as commercializing
plunging machines for flash-freezing biological specimens to liquid nitrogen temperatures,
have furthered progress. Computational image processing algorithms, including Bayesian
methods for image classification, precise micrograph alignment after beam-induced
movement of the specimen’, and accurate calculation of image parameters’®’’, have also
significantly contributed to the field. It is important to know that current software for image
analysis integrate most of these algorithms in user-friendly software that provide direct
protocols for cryo-EM image analysis for cryo-EM map calculation, such as RELION"® and
cryoSPARC™.

Several noteworthy examples of structures resolved by cryo-EM include the spliceosome and
its alternative splicing states®®®!, a wide range of membrane proteins and complexes®, as
well as the structural characterization of photosystem complexes®®, which presented
significant difficulties prior to the "resolution revolution." It is worth mentioning that the
ribosome, which was considered exceptionally difficult to be studied by X-ray
crystallography, is now a standard specimen for cryo-EM, achieving resolutions better than
1.6 A, allowing assignment of post-translational modifications and other types of
polymorphism?®.

Protein X-ray crystallography stands as a distinctive scientific method utilized to investigate
the precise atomic-scale three-dimensional arrangements of proteins®. The process begins

with obtaining a concentrated and pure sample of the target protein. Meticulous efforts are
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then made to promote the formation of crystals, where individual protein molecules align in
an ordered and repetitive manner. X-ray diffraction involves directing a beam of X-rays at the
crystal, which scatters as it interacts with the atoms within the protein molecules and the
crystal solvent. This scattering creates a diffraction pattern captured by a specific detector.
Intricate mathematical calculations are then employed to determine the distribution of
electron density within the crystal, enabling the construction of a comprehensive three-
dimensional model of the protein. This model reveals the precise arrangement of atoms,
secondary structures, and overall architectural blueprint. X-ray crystallography studies
proteins in a crystallized state, which may differ from their physiological state. Moreover, not
all biomacromolecules can be crystallized due to their complex and dynamic nature, limiting
access to structural data using X-ray diffraction. Nevertheless, protein X-ray crystallography
provides valuable insights into the structure and function of biomolecules, enhancing our
understanding of their biological roles and interactions with other molecules. This knowledge
is crucial for designing and developing effective therapeutic interventions targeting specific
protein structures implicated in diseases, especially since X-ray crystallography often
achieves higher resolutions than cryo-EM®,
Protein Nuclear Magnetic Resonance (NMR) spectroscopy investigates protein structure and
dynamics at the atomic level®’. Specific atomic nuclei possess magnetic properties in a
magnetic field, i.e., they resonate, and protein NMR spectroscopy harnesses this principle to
gain insights into protein structures®. The process involves:

o Preparing a pure and concentrated protein sample.

o Labelling the sample with heavy atoms.

« Placing the sample in an NMR tube within a strong magnetic field.
Radiofrequency pulses manipulate the atomic nuclei, inducing changes in their spin states.
The NMR spectrometer, as the nuclei return to their equilibrium state, captures emitted
signals that inform on the chemical environment, including positions, orientations, and
interactions with neighboring atoms. Analysis and interpretation of the NMR data in the form
of distance restraints provide details about the protein's three-dimensional structure,
interactions, and dynamics.
Protein NMR spectroscopy offers advantages such as studying proteins in solution, which
mimics physiological conditions, and sensitivity to conformational changes and dynamics;
however, looking at larger proteins or multimers presents challenges due to signal overlap
and low sensitivity®®®, Special labelling procedures or additional NMR methods can

overcome these limitations but introduce complexity. In summary, protein NMR
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spectroscopy is a powerful technique for studying protein structure, dynamics, and
interactions. Although validation ensures accuracy, structure calculation remains challenging,

requiring heavy labelling and complex data analysis.

1.3.2 Focus on the potential of Cryo-EM
Cryo-EM was initially used to study the morphology of large protein complexes that were

difficult to crystallize, albeit at much lower resolutions than crystallography®-%2, However,
recent technological breakthroughs in sample preparation, computation, and instrumentation,
discussed above, have allowed researchers to achieve near-atomic-resolution structures using
cryo-EM. Cryo-EM includes various steps that would eventually lead to the derived Coulomb
potential map®. The first step in a cryo-EM experiment is sample preparation. A purified
protein sample is applied to a particular grid with tiny holes in a film of amorphous carbon
supported by a metal frame. The sample can also be heterogeneous, as in the yeast cell
extracts investigated in this Thesis. This biochemical preparation aims to distribute the
protein particles evenly within the grid holes in various orientations. The grid is then rapidly
frozen by plunging it into a cryogen-like liquid, ethane, creating a thin film of vitreous ice
that traps the particles. This freezing process not only captures the protein structure at the
moment of freezing but also protects the sample from radiation damage and prevents buffer
evaporation in the high-vacuum conditions of the transmission electron microscope. Sample
preparation for cryo-EM is still, mostly, a manual process and comprises the major bottleneck
for structure elucidation®%,

Improvements in sample preparation have been achieved by optimizing protocols for
purifying fragile protein complexes, automating sample grid preparation, and enhancing the
grids' quality®. These incremental optimizations collectively, significantly impact the success
of cryo-EM experiments. In addition, various groups explore the nature of biochemical
samples, which may include chemically heterogeneous specimens, membranes, organelles, or
even cells utilizing cryo-electron tomography®>%.

In single-particle cryo-EM, 2D electron micrographs of individual protein particles on the
sample grid are captured and are subjected to various image analysis steps®”*8. Due to the
need to use low electron dose to avoid damaging radiation-sensitive samples (such as
biomolecules), these 2D projections are inherently noisy and do not provide atomic-level
details. However, the signals can be improved by averaging many individual particle images.
Since particles freeze in random orientations on the grid, sophisticated image-processing
methods are employed to align and merge the data, constructing an initial 3D map. This map

is then iteratively refined and validated using specialized software tools. Finally, the protein
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sequence is fitted into the 3D map to generate a complete 3D model of the protein using

crystallographic tools, such as COOT® and Phenix®

. In the past, millions of individual
particle images were required to solve high-resolution structures’®. However, the
development of susceptible direct-detection cameras has made it possible to achieve high-

102 This advancement saves time,

resolution structures using less particles per image
preserves precious samples, and improves resolution. Direct-detection cameras' recent
development and commercialization have been significant milestones for cryo-EM%, Unlike
CCD cameras, which convert electrons into photons for image recording, direct detectors
capture the incident electrons. This allows for much higher sensitivity in collecting particle
images. Direct detectors are also fast, enabling images to be recorded in "movie” mode. This
capability has facilitated the correction of image blurring caused by slight movements of the
samples during imaging inside the electron microscopes, leading to near-atomic-resolution
information. The development of direct electron detectors has revolutionized cryo-EM by
capturing a series of movie frames, allowing for the correction of beam-induced motion and
mitigation of radiation damage. These detectors have seen remarkable improvements in
quantum efficiency and speed, and further advancements are expected in the future.

Below, | analyze factors that have already been recognized to limit resolution of cryo-EM
speciment®, One challenge in cryo-EM is conformational heterogeneity'®: Unlike in
crystallization, where a protein is locked into its most stable orientation, cryo-EM samples
can freely move until flash-frozen. While cryo-EM allows for the capture and study of
conformational transitions, this heterogeneity can complicate high-resolution 3D
reconstruction. Computational algorithms have progressed in classifying heterogeneous data
sets into structurally homogeneous subsets, but further improvements are still needed.

The transition from photographic film to direct electron detectors marked a significant leap in
cryo-EM performance. However, it is essential to acknowledge that the impressive
improvement in resolution is not solely due to detector technology. Other factors, such as
advancements in electron microscopic hardware, computation, and image processing
software, have also played crucial roles. Automating various technological aspects has been
fundamental to the success of single-particle cryo-EM and ensures its continued significance
in structural biology. Despite these remarkable achievements, there are still limitations in
reaching an atomic resolution for many macromolecular complexes. Statistics from the
EMDB indicate that most entries fall within the 4-5 A resolution range'®, which does not
allow for accurate atomic model building. This raises questions about the underlying

limitations of cryo-EM that need to be addressed. Note that my re-analysis, of the statistical
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data from PDB cryo-EM maps shows that cryo-EM is improving in terms of map resolution:
most cryo-EM maps deposited in 2023 have better than 4 A resolution (Figure 4).

Statistics of cryo-EM maps: Maps released per year against their reported resolution
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Figure 4. Statistical data for percentage of determined structures in the Electron Microscopy
Data Bank (https://www.ebi.ac.uk/emdb/).

The resolution revolution clearly had an effect on determined cryo-EM map quality; in 2023,
most cryo-EM maps are of resolution higher than 4 A.

When it comes to cryo-EM, several factors can limit the achievable resolution. Hardware-
related issues, including mechanical instabilities, vibrations, and thermal drift, play a
significant role that can impact microscope performance. To mitigate these effects,
microscopes are often installed in the basement of buildings. Additionally, lens aberrations
arising from the quality of magnetic lenses, the electron source, the acceleration voltage, and
optical system alignment can limit resolution®®. Correcting these aberrations, such as defocus
and twofold astigmatism, is crucial, and higher-order aberrations like axial coma become
important at higher resolutions. The type of electron source used also influences resolution.
Field emission electron sources offer improved spatial and temporal coherence compared to
thermionic sources, contributing to the resolution revolution in cryo-EM’. Cold field
emission sources with reduced energy spread perform even better in the 1-2 A resolution
range’®®1%° Monochromators can enhance temporal coherence, enabling sub-1 A resolution
imaging*® while chromatic aberration becomes resolution-limiting at the 1 A level and
addressing it is critical'%.

In conclusion, some of the limitations in cryo-EM resolution emerge from hardware-related

issues, including mechanical instabilities and lens aberrations, as well as the properties of the
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electron source and the performance of electron detectors. In addition, image processing,
although incredibly advanced, still needs to be streamlined as different software and different
operators will end up with overlapping but distinct single-particle data sets and their analysis
involves various human-decision steps*'®. This shows that the calculated final structure
represents only a minor fraction of the acquired single particles and might not be the
representative structure in the vitreous ice*.

Nevertheless, recent advancements in electron microscopy (EM) have enabled the
determination of atomic-resolution 3D reconstructions of proteins'®%, To achieve this level
of resolution, two 300 kV electron microscopes equipped with advanced optics surpassing
most high-end microscopes were utilized. These microscopes employed cold field emission
electron sources, energy filters, and electron detectors that improved signal transfer for
capturing high-resolution information. One of the microscopes had a spherical aberration
correctort®® which minimized off-axis coma and allowed for aberration-free imaging, a
capability not achievable with ordinary, non-corrected microscopes.

Determining atomic-resolution structures is crucial for various applications such as structure-
based drug design and a precise understanding of chemical inhibition mechanisms —
something more frequently achieved in X-ray crystallography. Even the accurate placement
of a single atom can significantly impact the interpretation of these processes. However,
achieving such high-resolution structures requires careful consideration of microscope
capabilities and image processing methods. Fourier shell correlation (FSC) is commonly used
to estimate resolution in cryo-EM*2, but it does not provide quality indicators. It can be
affected by systematic errors such as coma or errors in coma correction. Achieving atomic-
resolution structures should follow Sheldrick’s criterion''®, and is only worthwhile when
every atom position can be visualized and interpreted confidently, ensuring reliable chemical
interpretation. The Rosenthal & Henderson plot!* is a valuable tool for understanding
resolution limits in cryo-EM and provides insights into microscope-detection limitations.
Available microscope-detector combinations are currently suitable for structures with 2-3 A
resolutions but breaking the 1 A resolution barrier remains a significant challenge. While
most cryo-EM depositions have resolutions above 4 A, the capabilities of electron
microscopes suggest that resolutions better than 3 A should be achievable. Factors beyond
hardware capabilities, such as sample characteristics, likely influence the limitations in
achieving higher-resolution structures®. Macromolecular complexes exhibit various
properties, making their purification challenging. The quality of cryo-EM images may not

always meet expectations due to sample instability or aggregation during purification. Factors
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like pH and buffer systems used in the purification process can influence sample aggregation.
Furthermore, working with dilute samples can lead to labile interactions among subunits, and
purification tags can impact the composition and stoichiometry of subunits.

The air-water interface has been considered a potential denaturing environment for proteins
in cryo-EM grid preparation. While direct observations of denaturation at the air-water
interface are limited, it is challenging to distinguish denaturation from disintegration. Various
approaches, such as support film binding and detergent addition, have successfully mitigated
adverse effects at the air-water interface. However, there is still a need to understand better
and address the challenges associated with the air-water interface in preparing cryo-EM grids
for monodisperse and stable protein complexes!?®.

Overall, current cryo-EM equipment can determine high-resolution structures from pure
samples, but technical challenges persist in achieving resolutions below 1 A. Advances in
hardware and software can support resolutions of sub-2 A, but overcoming the challenges and
limitations in cryo-EM sample preparation is essential. Improvements in grid preparation,
vitrification procedures, and purification strategies are crucial for unlocking the full potential
of cryo-EM in solving macromolecular structures at unprecedented resolutions.

The analysis mentioned earlier regarding the prospects and difficulties in single-particle cryo-
EM can also be extended to structures obtained from natural cell extracts. Nevertheless, the
presence of endogenous proteins and complexes introduces extra obstacles, including
heightened chemical and structural diversity. In practical terms, the resolutions achieved in

heterogeneous native cell extracts typically range from 3 to 5 A505253:69.116-118

1.4 Cryo-EM and virus structure
History of electron microscopy is tightly connected to virus specimen®®: In the 1930s, Berlin

witnessed the emergence of the electron microscope, driven by competition among multiple
groups. AEG's Ramsauer, Briiche, Scherzer, and Mahl; independent entrepreneur Manfred
von Ardenne; and the Technical High School's Knoll, Ernst Ruska, and Bodo von Borries
were the key players. However, progress necessitated the involvement of industry, which
came about when senior clinician Richard Siebeck convinced Siemens of the microscope's
medical significance. Siemens subsequently took charge of its development and production.
By 1938, Helmut Ruska had assumed leadership in sample preparation and application in the
life sciences: Ruska's numerous papers were published from 1938 to 19402°-122 and Siemens
established a laboratory for electron microscopy under Ruska's direction. Throughout his life,

Ruska left a significant impact on electron microscopy, particularly in virology and the
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classification of viruses in vertebrates, plants, and bacteria. One of the first 3D
reconstructions from electron microscopy was performed for the phage tail?, while cryo-
electron microscopy also made a major leap through the study of viruses: The proof for
structure preservation after vitrification of a biological specimen was provided by the
Dubochet group in EMBL-Heidelberg utilizing different viruses as proof-of-principle!?*. The
Semliki forest virus, which was a sample that demonstrated preservation after vitrification,
was also one of the first to be determined by cryo-EM at a resolution of 9.0 A, Finally, one
of the first high-resolution reconstructions of a virus, that of tobacco mosaic virus, at 4.4 A
was communicated before the “resolution revolution”, in 2005, These developments are
also shown in Figure 5, a-e. As of June 2023, more than 7,000 molecular structures of viral
proteins have been deposited in the protein data bank®, and ~70% of them have reported
resolutions higher than 4 A°. Finally, during the COVID-19 pandemic, cryo-EM greatly
accelerated our understanding of SARS-CoV-2 infection processes through the application of
single-particle cryo-EM of viral proteins and their complexes, as well as tomography of cells
and intact SARS-CoV-2 viruses.

Figure 5. Viruses as specimen for the progress of (cryo-)electron microscopy.

(a) Virus specimen used for showing the higher resolution of electron microscopy by Helmut
Ruska; image retrieved and adapted from?°. (b) First 3D model by De Rosier and Kug, that of
the bacteriophage tail; image retrieved and adapted from'%3.(c) The Semliki forest virus,
vitrified by the Dubochet group in EMBL; image retrieved and adapted from®?4; (d) The same
virus as in (c), but reconstructed in 3D'?°; map was retrieved from EMDB (EMDB-ID: 1015).
(e) Cryo-EM map of TMV, showing resolution close to 4 A6, Map was retrieved from EMDB
(EMDB-OD: 1316).

1.4.1 General aspects on viruses with a focus on RNA viruses
Although not considered living organisms, viruses belong to life and have accompanied

living organisms for a long time, even driving protein adaptation!?’. The overall building
blocks are shared between all viruses despite being found in various sizes and shapes!?12°,
They consist of genetic material, RNA or DNA, double-stranded or single-stranded,
enveloped by a proteolipid or protein shell. Usually, an infection with a virus will have the

following six distinct steps, first attachment to the host cell, second inserting and unpacking
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the viral genome, then transcription and translation while hijacking the host cells replication
machinery, followed by the assembly, and last, death of the host cell and release of new virus
particles into the environment where the cycle will start anew*°. During this process, viral
factories can be observed. These are clusters of viruses associated with the cytoskeleton,
membranes, and other cell features. Most viral infections will lead to the host cells' death or
damage®®>132, Still, some viruses, like retroviruses or endogenous viruses, can have a neutral
or positive effect on the host cell. The effects involve shaping immune responses®,
adaptations, or resulting in a phenotype that helps the host-virus pair survive while other
organisms or cells around them die!33134,

Overall, viruses are very diverse and can be grouped into seven classes based on how they
replicate and package their genetic material (Baltimore classification)*®. There are two
classes of DNA viruses, three classes of RNA viruses, and two classes of reverse-transcribing
viruses. Despite their different life cycles, some RNA viruses, dsSRNA viruses, and reverse-
transcribing viruses have similarities in how they replicate their genetic material'®. They all
use RNA intermediates that also act as messenger RNA (mRNA). Additionally, the structures
and functions of the intracellular complexes involved in RNA replication are similar among
these viruses. Some RNA viruses also share similarities with retroviruses in how they initiate
genome replication using tRNA-related sequences!®. They also have similarities with
dsRNA reoviruses in the function and interaction of their RNA polymerase and RNA-capping
enzymes. On the other hand, there are distinct features shared by other groups of viruses. For
example, (+)RNA picornaviruses, dsRNA birnaviruses, and reverse-transcribing
hepadnaviruses have protein-primed nucleic-acid synthesis in common. These similarities
suggest that some RNA viruses, dSRNA viruses, and reverse-transcribing viruses may have

evolved from a common ancestor.

1.4.2 Viruses and protein disorder
Disorder in proteins is ubiquitous®®” and can define certain protein regions (Intrinsically

disordered regions, IDRs) or entire proteins (IDPs)'®. Therefore, it is of no surprise that
disorder manifests in viral proteins as well, a subject extensively covered by Dunker and
Uversky'3%-142_ IDRs/IDPs have certain properties*®!44 such as enrichment of disorder-
promoting amino acid residue compositions, enhancing binding promiscuity, specific patterns
of charge, i.e., high negative or positive charge content, and ability to interact via, e.g.,
molecular recognition features (MoRFs). Disorder in viruses, specifically, confers flexibility

to adapt, survive, and evade host defenses'®: Viral genomes exhibit a high mutation rate,
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impacting multiple proteins due to compactness and overlapping reading frames. Throughout
the virus's life cycle, interactions with host cell components occur, enabling attachment,
hijacking of cellular machinery, synthesis and assembly of viral components, and release of
infectious particles. Intrinsic disorder of viral proteins plays a crucial role at each stage. This
is evident by the observation that viral proteins involved in different virus life cycle steps are
shown to be disordered'®®. A very important aspect of manifested disorder in viruses is via
alternative splicing or frameshifting, where long disordered regions can appear in the
alternative protein products'*°— such a mechanism is explored in this dissertation, where the
RNA polymerase of the dsRNA L-A virus, of the Totiviridae family, is produced via

frameshifting and is connected via a disordered extension to the Gag capsid protein4,

1.4.3 Endogenous viruses
Viruses simultaneously and independently developed through all parts of life including

prokaryotes, eukaryotes, plants, and mammals. Then through this development endogenous
viruses appeared throughout all types of eukaryotic viruses. An endogenous virus integrates
into the germline genome and then is vertically inherited™®*. It is important to stress that
viruses, traditionally considered as pathogens, can actually provide benefits to their hosts and
play essential roles in their life cycles'®: For instance, the polydnaviruses found in
endoparasitoid wasps have coevolved with their hosts, becoming indispensable. Over time,
many viral genes have become integrated into the host nucleus. Additionally, endogenous
retroviruses are commonly found in the genomes of higher eukaryotes and have contributed
to the evolution of their hosts, notably in placental mammals. Some mammalian viruses even
offer protection to their hosts by preventing infections from related viruses or diseases caused
by unrelated pathogens, such as the case of bubonic plague'*’. In a more complex symbiotic
relationship, a fungal virus confers thermal tolerance to a plant, involving both the fungal
host and the colonized plant. Moreover, several acute plant viruses exhibit conditional
mutualism by enhancing drought tolerance in plants. Lastly, insect viruses establish
numerous mutualistic relationships with their hosts, and viruses also contribute to bacterium-
insect mutualisms. As to why these viruses became endogenous, it is hypothesized that these
viruses accidentally integrated in the host'*3. Interestingly, viruses can also safeguard their

hosts by eliminating competitors, as observed with killer viruses in yeasts*®,
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1.4.4 dsRNA viruses
The dsRNA viruses are a diverse group of pathogens that infect a wide range of organisms,

including vertebrates, invertebrates, plants, fungi, and bacteria. These viruses have
icosahedral capsid structures and share common replication strategies and biochemical
properties!*®. They also have similarities in their inner capsid layers and internal enzymes.
However, the outer capsid layers, which are involved in virus transmission and infection,
show greater diversity in both sequence and structure. There are currently eight recognized
families of dsRNA viruses, each containing viruses of medical, veterinary, or agricultural
importance!#®, For example, rotaviruses cause a significant number of infant deaths
globally®°, while bluetongue virus affects ruminants, particularly sheep, causing widespread
mortality®®!. Several plant viruses also cause diseases in major crop species like wheat and
rice®2, The largest family of dsRNA viruses is the Reoviridae, which includes 74 recognized
species®3. Despite similarities in replication strategy and some shared proteins, there is a low
level of sequence similarity between different genera, making it difficult to determine protein
function based on sequence alone'®. To successfully infect and replicate in host cells,
dsRNA viruses have evolved specific strategies. They carry their own transcription and
capping enzymes to synthesize functional viral mMRNAs since dsRNA molecules are not
effective as templates for host cell translation'®*. However, host cells have antiviral defense
mechanisms that can recognize and respond to naked dsRNA. To avoid detection, many
dsRNA viruses keep their genomes and mRNA synthesizing enzymes within closed protein
capsid shells'#°,

The inner capsid layers and internal enzymes of the viruses show remarkable similarities, not
only within the Reoviridae but also between distant families of dsSRNA viruses. The inner
capsid shells are composed of large proteins and provide an assembly mechanism for the
icosahedral capsid. However, some families of dSRNA viruses have different structures,
indicating distinct evolutionary pathways. The outer capsid layers of icosahedral viruses are
responsible for initiating infection by delivering the viral core into host cells. These outer
layers face host immune defenses and are subject to selective pressure. They exhibit
adaptations specific to host species, leading to a higher degree of diversity compared to the
inner core proteins®°.

The genomes of icosahedral dSRNA viruses are limited in size to fit within the inner capsid
shell while allowing transcription. Many dsRNA viruses have segmented genomes, which
provide genetic diversity and protect against lethal mutations. Each genome segment is

transcribed separately, producing full-length RNA copies. The mRNAs function as templates
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for protein synthesis and genome replication. Different mRNAs are produced in varying
amounts, providing control over gene expression levels. Some dsRNA viruses have evolved
mechanisms to generate multiple proteins from a single mMRNA®, These mechanisms include
sequential and unrelated ORFs, post-translational modification of polyproteins, translation

"skip" sequences, multiple initiation sites, and alternative reading frames*®®.

1.5 The helper/killer system in yeast
In 1963, Bevan and Makower made a groundbreaking discovery in yeast, known as the killer

phenomenon?'®” and refstherein They jdentified a strain of Saccharomyces cerevisiae in a brewery
that exhibited unique characteristics. These Killer yeasts secreted a toxin called killer toxin,
which had the ability to Kill sensitive cells of the same or related yeast genera without direct
contact'®®, Interestingly, Killer strains were immune to their own toxin but susceptible to
toxins produced by other killer yeasts*®. This killer phenotype was found to be widespread
among yeasts and offered a competitive advantage in their natural habitats. Killer yeasts were
subsequently identified in various genera, including Candida, Cryptococcus, and Pichia and
later discovered that yeast dsSRNA viruses were responsible for the killer phenomenon in S.
cerevisiae'®. These viruses, which were considered non-infectious, belong to the Totiviridae
family, and one of the well-studied viruses is the L-A virus'®*.

The killer strains were categorized into three groups (K1, K2, and K28) based on their toxins
and immunity components!®2. They relied on a helper virus for stable maintenance and
replication'®. L-A, an autonomously replicating mycovirus, has a distinct structure consisting
of icosahedral shells with small openings for metabolite influx and protection of viral
RNA L Inside the L-A particles, there is a single linear 4.6-kb L-A dsRNA that encoded two
overlapping open reading frames (ORFs) responsible for the major capsid protein Gag and
the RNA-dependent RNA polymerase'®. The Gag-Pol fusion protein is formed through a
ribosomal frameshift event during translation'®*: L-A particles replicated in vivo by
synthesizing (+) and (-) RNA strands within the viral particle, with the (+)ssRNA molecule
serving as an mMRNA template and being packaged into new viral particles. The M viruses,
which were satellites of L-A, replicated by parasitizing the Gag and Gag-Pol proteins®®,

The precise mechanism by which Killer toxins functions was extensively studied'®®: K1 and
K28 were two well-characterized virally encoded killer toxins in S. cerevisiae!®®. Although
they differ in their amino acid composition and mode of action, they share similarities in their
synthesis, processing, and secretion. Both toxins start as preprotoxins and undergo post-
translational modifications before being secreted as mature o/f heterodimeric protein

toxins®%. The processing of the toxins involves specific enzymes, such as Kex2p/Kex1p,
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resulting in the secretion of active toxin proteins®’. The mode of action of K1 and K28 toxins
differed, with K1 forming ion channels from outside the cell*® and K28 entering the cell
through endocytosis'®®. Once inside the cytoplasm, K1 toxin disrupted membrane function,
while K28 toxin transduced its toxic signal into the yeast cell nucleus, leading to cell cycle
arrest.

The exact mechanism of immunity against Killer toxins in vivo remained elusive. Several
models were proposed, suggesting that immunity could be conferred by the unprocessed
toxin precursor itself, acting as a competitive inhibitor of the mature toxin*®. Other models
suggested that immunity could be achieved through modifications of the toxin's receptors®’
or by diverting the toxin-receptor complex to the vacuole for degradationl’. The
maintenance of yeast dsSRNA viruses is facilitated by the MAK genes™®%*: MAK3, MAK10,
and PET18 genes are required. Each of these genes contributes to different aspects of viral
stability and replication. More than 30 MAK genes are involved in maintaining toxin-coding
M satellites. Additionally, MAK genes encoding ribosomal proteins affect ribosomal subunit
assembly. A diminished Gag to Gag-Pol ratio leads to a selective loss of the viral M dsRNA
genome.

Mutations in six chromosomal SKI genes suppress MAK mutations in dsRNA-harboring
killer strains. These SKI genes, known as superkiller genes, forming a complex!’?, are
responsible for repressing translation of poly(A)— RNAs and play a crucial role in regulating
MRNA degradation. The SKI gene system consists of five characterized genes (SKI2, SKI3,
SKI6, SKI7, and SKI8), and SKI1 (identical to XRN1) encodes a 5'-exoribonuclease
involved in general RNA degradation. Ski2p, Ski3p, and Ski8p are proposed to form a
complex that functions as an RNA helicase and/or cofactor for the exosome complex through
interaction with Ski7p’3. Ski6p is part of the eukaryotic exosome complex responsible for
the 3'-5" degradation of mRNA"4. However, the exact in vivo function of SKI genes in yeast
and higher eukaryotes is still debatable - they may serve as an antiviral defense system,
down-regulating dsRNA viral copy number and repressing expression of non-poly(A)
MRNAS".

Killer yeasts have diverse industrial applications'’®, including combating contaminants,
preserving foods, developing antimycotics, and advancing DNA technology. They excel as
starter cultures in beer and wine fermentations, improving outcomes by outcompeting
unwanted yeasts. Killer toxins and antifungal proteins derived from various sources show
promise in treating fungal infections, especially in immunocompromised patients. Targeting

yeast cell wall components like mannoproteins, glucans, and chitin, these toxins inhibit B-1,3-
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D-glucan biosynthesis, making them potential antifungal agents. Additionally, killer toxins
have been employed as models for introducing fungal resistance in transgenic plants. Their
expression in crops could provide a novel approach to controlling fungal pathogens. Yeast
species like S. cerevisiae and S. pombe play crucial roles in cell biology, cell cycle control,
and heterologous protein production. Their post-translational modification and secretion
pathways make them attractive hosts for expressing foreign proteins, facilitated by yeast or

Killer toxin signals and are an interesting topic for structural analysis®’’.

1.5.1 Structural studies on yeast L-A and L-BC viruses
Totiviridae is a virus family with monopartite double-stranded RNA (dsRNA) genomes!’®,

These genomes contain two open reading frames: one encoding the capsid protein and the
other encoding the RNA-dependent RNA polymerase (RdRp). Totiviridae infects fungi
(genera Totivirus and Victorivirus) and unicellular protists (genera Trichomonasvirus,
Giardiavirus, and Leishmaniavirus). Unclassified totiviruses have also been found in
arthropods!’® and vertebrates'®. Most totiviruses are mycoviruses that reside as complete
virions in infected cell cytoplasm and spread through cell division or cytoplasmic contact.
However, arthropod totiviruses and Giardia lamblia virus can be transmitted extracellularly.
Two totiviruses infect yeasts: S. cerevisiae viruses L-A (L-A) and L-BCLa (L-BC). Wild
yeast strains may also carry M particles, which contain a toxin-antitoxin gene and help retain
the virus'®. M-viruses are not equipped with capsid proteins or RdRp but are maintained by
the L-A helper virus. Different types of M-viruses (K1, K2, Klus, and K28) are maintained
by specific L-A viruses and compete within yeast populations, leading to co-evolution of L-A
and M viruses**®, The L-BC virus co-evolves with L-A in approximately 50% of yeast
populations'®. However, a L-BC-positive/L-A-negative yeast strain can be generated,
resulting in the loss of the L-A-associated killer phenotype. This indicates that L-BC cannot
act as a helper virus for the toxin-expressing M-virus. Various stable L-A/L-BC combinations
can be obtained by mixing laboratory yeast strains, suggesting no interdependency between
naturally co-occurring L-A and L-BC viruses'82,

Capsid structures of various members of the Totiviridae family have been determined8-1%2,
Totivirus capsids have icosahedral symmetry and a diameter of 40 nm (Figure 6, a-c). Each
icosahedral asymmetric unit consists of two copies of a capsid protein. Similar capsid
arrangements with two subunits in an asymmetric unit are found in other dSRNA viruses that
infect bacteria and eukaryotes'®® (Figure 6, d). Some dsRNA viruses have a single protein
layer in their capsids, while others possess additional layers with more complex structures.

Structural studies have revealed the presence of a polymerase, and its incorporation into the
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capsid is crucial for dsRNA virus assembly. The Gag-pol allows viral genome replication and
transcription within the virion, evading the host antiviral response!®. The Gag-pol is
composed of a C-terminal extension of the capsid protein due to a ribosomal frameshifting
sequence between the two genes: In L-A virus, the ribosomal frameshifting efficiency is

146

1.9%, resulting in an average of two Gag-pol per virion

Figure 6. Cryo-EM of the L-A virus.

(a) Empty and full capsids are seen in the cryo-EM specimen; arrows indicate RNA. Scale bar
is 100 nm. Figure reproduced and adapted from!®! (b- outer view and c- inner view of the
capsid) Icosahedral reconstruction of the L-A virus at ~16 A resolution. Scale bar is 5 nm.
Figure reproduced and adapted from?®®'. (d) Crystallographic structure of the L-A virus capsid;
the A and B subunits of the Gag are shown with red and blue colors, respectively. Figure
reproduced and adapted from183.

The RNA-binding domain of Gag-pol recognizes a secondary structure at the 3’-end of the L-
A virus genome's (+)RNA strand, facilitating genome encapsidation®®®. Totivirus Gag-pol
generate RNA molecules lacking a cap at the 5’-ends. Consequently, host translation factors
do not recognize these viral RNA molecules, making them susceptible to degradation by host
cell RNA quality control systems!®®. L-A and L-BC particles have been found to remove the
caps from cellular mRNAs, potentially overwhelming the cellular RNA degradation
machinery. Moreover, both L-A and L-BC viruses employ a unique cap-shatching
mechanism!® that involves the transfer of the eukaryotic cap 0 (m7G) from a host mMRNA to
a viral transcript. Initially, m7G from a host mMRNA becomes covalently bound to a histidine

residue in a capsid protein and is subsequently transferred to a viral mMRNA.

1.5.1.1 The crystallographic structure of the yeast L-A virus at 3.4 A
Information has been derived from the L-A virus capsid resolved by X-ray crystallography at

a resolution of 3.4 A8, As previously described, the L-A virus has a diameter of 400 A and
consists of a protein shell with 60 asymmetric dimers of the coat protein (Gag). The

conformation and environment of the identical subunits in each dimer likely influence the
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distinct transcription and replication process of the virus. The viral mRNA is produced within
the virus particles and is released into the cytoplasm for translation by cellular ribosomes.
Unlike cellular mRNAs, L-A transcripts lack a 5’ cap but the Gag subunit enzymatically
removes the 7-methyl-GMP cap from cellular mRNAs, facilitating viral mRNA expression.
Mutations in the Gag protein at position His154 result in poor viral expression, but deleting
the skil/xrn1 genes can restore viral mMRNA levels'®,

Cryo-EM showed that the L-A virus particle structure exhibits T = 1 icosahedral symmetry
composed of 12 pentons!® and its central core is involved in transcription, which may
explain their unique virion structure. The L-A particle has a protein shell thickness of 46
A 1t has openings with a diameter of 18 A at the icosahedral five-fold axes, allowing entry
of nucleotide triphosphates and exit of viral mMRNA. The L-A particle structure confirmed its
composition of 60 pseudo capsomers, each composed of two Gag molecules (A and B) with
structural differences in specific surface regions (Figure 7, a). The active site of the
decapping reaction involves His154 located at the tip of loop 1, forming a trench with three
other loops (Figure 7, b). This trench resembles the structure of an mRNA capping enzyme
called RNA guanylyltransferase®’. Specific residues, including His154, play crucial roles in
the decapping reaction.

The crystal structure revealed, at low resolution, an electron density map, which showed a
single layer of density inside the L-A protein, that in turn identified as a portion of the L-A
genome. The Gag proteins attract the genome to the inner surface of the capsid. The dsSRNA
of bluetongue virus (BTV) exhibits a similar layered density with three shells of dSRNA®,
indicating a higher genome density compared to the L-A virus. All dsSRNA viruses synthesize
both (+) and (—) strands within the viral particle. The RNA polymerase is anchored to the
inner wall of the particle or located at the five-fold axes, requiring movement of the template
for efficient replication. The T = 1 structure of L-A virions, with 120 Gag monomers per
particle, allows flexibility of the Gag protein to occupy different positions within the viral
particle. However, the limited space inside the virion restricts the rate of elongation during
RNA synthesis. The elongation rates for L-A and other dsRNA viruses are relatively slow
compared to DNA transcriptases and some other RNA polymerases, and for the L-A virus is

approximately 100 nucleotides per minute®.
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Figure 7. The 3.4 A resolution of the crystallographic Gag-dimer and the potential active site
for mRNA decapping.

(a) Cartoon representation of the two Gag proteins, showing their relative orientation within
the asymmetric unit. The two Gag proteins interact via their N-terminal helix bundles. Color
code is rainbow, from blue to red and denotes N- to the C- terminus. Structure was
downloaded from PDB (PDB-ID: 1M1C) and visualized with Pymol (www.pymol.org). (b) The
residues Tyr 150, His 151, Asp 152, Tyr 452, Tyr 538, and Asp 540 are all potential
contributors to the crucial mMRNA decapping reaction. Additionally, the four loops, namely
loop 1, loop 2, loop 3, and loop 4, have been color-coded in red, green, blue, and pink,
respectively. Figure panel reproduced and adapted from?®3.

1.5.1.2 The cryo-EM structure of the yeast L-BC virus at 2.9 A
Another structure confirming the biochemical and biophysical studies for the Totiviridae

family is that of the L-BC capsid structure'®2. Here, the putative mRNA decapping site in L-
BC Gag resembles that of the L-A virus. The L-BC capsid proteins form interactions that
stabilize a decamer, which serves as the fundamental unit of the L-BC capsid. Additionally,
they observed an open L-BC particle lacking one decamer of capsid proteins. The study also
explores the integration of Gag-pol into the L-BC capsid and the role of ribosome
frameshifting site in virion assembly.

When analyzing purified L-BC, the researchers classified particle images into empty
particles, open particles, and genome-containing virions. They found that 87% were empty,
9% were open, and 4% contained the viral genome. Different resolutions were calculated for
structures of the empty and open particles, and virions. The L-BC capsid displayed
icosahedral symmetry and consisted of two subunits of capsid protein, A and B — like L-A.
The A subunit connected the twofold and fivefold axes of symmetry, while the B subunits
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interacted around the threefold axes. The capsid comprised twelve decamers, each composed
of five dimers of the capsid protein (Figure 8, a-c).

The L-BC capsid exhibited similarities to the capsids of L-A virus and other Totiviruses
found in protists and fungi. However, the arrangement of A and B subunits in the L-BC
capsid differed from that of other icosahedral viruses. Compared to L-A, the L-BC capsid had
a smoother surface, and the capsid proteins formed ridges around the threefold axes. The L-
BC virion's capsid cavity contained a spherical shell representing the dSRNA genome. The
interactions among L-BC Gags were stabilized by electrostatics and surface complementarity.
Various amino acid residues formed salt bridges and hydrogen bonds within and between the
asymmetric units, contributing to the stability of the interfaces. The interactions between
decamers of capsid proteins involved the stacking of beta-sheets and hydrophobic
interactions. Domain swaps between A subunits played a role in stabilizing the decamer
structure.

The role of specific residues in the capsid protein in binding the 7-methylguanosine (m7G)
caps of host mMRNAs was also discussed!®?: His156 of L-BC was identified as the residue
involved in binding the m7G cap, and both L-BC and L-A putative decapping pockets had
predominantly negative charges. The covalent attachment of the m7G cap to His156 of L-BC
can well depend on Mg?* ions?®,

L-BC particle image analysis revealed that ~9% of the particles had missing segments in their
capsids, indicating an open structure. Asymmetric reconstructions of these open particles
centered around a fivefold axis, exhibiting poorly resolved density at the borders of the
capsid opening. A three-dimensional reconstruction with imposed fivefold symmetry resulted
in a capsid structure with a resolution of ~10 A, showing the absence of one decamer of Gags
(Figure 8, d). The open particle displayed a 16 nm diameter opening. Notably, fifteen capsid
proteins bordering the opening exhibited smeared densities, indicating high mobility. These
border subunits were displaced by 9 to 11 A compared to the complete capsid, moving into
crevices and openings within the capsid.

The genomes of L-A and L-BC viruses share the same arrangement of open reading frames,
suggesting that the Gag-pol of L-BC is also expressed as a C-terminal extension of the capsid
through ribosomal frameshifting. In the L-A virus, the majority of decamers (82.5%)
comprised only capsid proteins, while 16% contained one RdRp, and 1.5% contained 2 or
more RdRps; such ratios are highly specific'*®. Purified L-BC contained a high proportion of
empty particles (87%) compared to virions (4%), suggesting enrichment or induced genome

release during sample preparation. Potential particle damage may have resulted from freeze-
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thaw cycles or low ionic strength in the buffer. Cryo-EM studies did not reveal the
polymerase inside the virus particle, likely due to variable positions of the Gag-pol domains
within the RNA genome.

Existence of domain swaps between A subunits and the presence of open particles indicate
that L-BC virus capsids are assembled from decamers. A proposed three-step assembly
pathway may involve the formation of capsid protein dimers, subsequent decamer formation,
and final capsid assembly from 12 decamers. This pathway shares similarities with the
assembly of Bluetongue virus subcore?®!, which shares the same symmetry type as Totivirus
capsids. The conserved arrangement of the capsid shell surrounding the genome among
dsRNA viruses suggests a common evolutionary origin and a likely conserved assembly

pathway.

160m =220 A 165mm @221 A
Figure 8. Structural analysis of the yeast L-BC virus.

(a) Cryo-EM representative image showing full and empty LB-C viruses; Scale bar is 20 nm. (b-
c) The icosahedral yeast LB-C virus resolved at 2.9 A resolution. With red and blue, the Gag
subunits are shown; the black line engulfs the asymmetric dimer; (c) Same as (b), but color
coding indicates the distance from the geometric center of the map; the color coding is
shown below the (b) and (c) panels. Scale bar is 20 nm. (d) The open conformation of the
yeast LB-C virus shows the absence of a decameric face of the icosahedron. Color coding and
distance from the geometric center are highlighted in a similar manner as in (b). Scale bar is
20 nm. All figure panels are reproduced and adapted from®?.
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2. Aim of this thesis
While overexpressed protein systems offer various advantages, one significant drawback is

that an excessive amount of a specific protein could potentially modify the outcome
concerning pathway activation compared to its natural state. In contrast, native cell extracts
possess an advantage in maintaining their natural expression ratio. Consequently, this allows
for direct observation of biochemical processes, higher molecular assemblies, and their
complexity, as well as protein ratios. Based on these observations, the primary objective of
this thesis is to identify and analyze megadalton complexes, specifically focusing on the yeast
L-A virus, within native cell extracts structurally and biochemically. To accomplish this goal,

the main aim is further divided into smaller, more detailed aims as outlined below:

«» Adapt and refine the process of yeast cell lysis, followed by the purification of the

lysate for both structural analysis and biochemical investigations. This involves

evaluating and enhancing protocols for isolating both mitochondria and cell lysates.

The choice of Saccharomyces cerevisiae as the model organism is based on its rapid
growth, availability of comprehensive genomic and proteomic data, and the ability to

extrapolate the findings to other eukaryotes.

«» Characterize the structural signatures identified in native cell extracts by employing

cryo-electron microscopy (cryo-EM) and computational pipelines. This approach

aims to provide valuable insights into the complexity, location, and interacting

partners of these signatures, taking the L-A virus as an illustrative example.

35



3. Materials and Methods

3.1 Materials

Table 1. Chemicals and Enzymes used in this study

Chemicals and enzymes Source Identifier
1,4-Dithiothreitol DTT, min. 99 % p.a. Carl Roth 6908.4
Acrylamide/Bis solution, 37.5:1 Serva 10688.01
Agar-Agar, bacteriological highly pure Carl Roth 2266.3
Ammonium acetate 297 % p.a. ACS Carl Roth 7869.2
Ammonium persulfate Serva 13376.02
Aprotinin from bovine lung Sigma-Aldrich Al1153-1MG
Bestatin, 10 mg Sigma-Aldrich 10874515001
Roti®-Quant 5x Carl Roth K015.1
Clear Western ECL substrate BIO-RAD 170-5060
Calcofluor white Merck 18909-100ML-F
D-Sucrose 299.5 % p.a. Carl Roth 4621.1

D (+) Glucose p.a. ACS anhydrous Carl Roth X997.2
D-Sorbit 298 % C Carl Roth 6213.1
Dextrin for microbiology (from potato Carl Roth 3488.1
starch)

di-potassium hydrogen phosphate Carl Roth 6878.1
trihydrate

di-potassium hydrogen phosphate Carl Roth P749.1
trihydrate = 99 % p.a. anhydrous

DNAse | Sigma-Aldrich 10104159001
E-64 Sigma-Aldrich E3132-1MG
EDTA disodium salt hydrate min 99 % p.a. Carl Roth 8043.2

ACS

Glycine Serva 23391.02
HEPES PUFFERAN® Carl Roth 9105.3
HOECHST 33342 Invitrogen H21492
Isopropanol Carl Roth CP41.1
Leupeptin Sigma-Aldrich L2884-1MG
Magnesium chloride hexahydrate, min 99% Carl Roth 2189.1

p.a. ACS

Methanol Carl Roth 4627.6

Milk powder Carl Roth T145.3

Mito Track Green FM Invitrogen M-7514
Mito Track Orange FM Invitrogen M7511
Nycodenz Serva 11731508
Pefabloc Sigma-Aldrich 11585916001
Pepstatin A Sigma-Aldrich 77170-5MG
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Peptone ex casein

Phosphate buffered saline tablets (PB)
Potassium chlorine min 99.5 % -1kg
Potassium dihydrogen phosphate =99 %

p.a. ACS

Precision plus protein all blue standards

(marker)
PCC

Sodium chloride 99.5 % p.a. ACS, ISO
Sodium dodecyl sulfate (SDS)

Sodium hydroxide 298 % p.a. ISO in pellets
Sodium nitrate 299 % p.a. ACS ISO

TEMED
Tris

Tris hydrochloride

Tween 20
Tryptone

Yeast extract, micro-granulated

Table 2. Antibodies

Antibody

Carl Roth 8986.1

Sigma-Aldrich P4417
Carl Roth 6781.1
Carl Roth 3904.2
BIO-RAD 161-0373
MERCK 26299-14-9
Carl Roth 3957.2
Carl Roth 0183.2
Carl Roth 6771.1
Carl Roth A136.1
Carl Roth 2367.3
Carl Roth AE15.2
Carl Roth 9090.2
Carl Roth 9127.1
Sigma-Aldrich T7293
Carl Roth 2904.3
Source Identifier

Rabbit  polyclonal
thermophilum Ela-His-Tag (37-411)

Rabbit  polyclonal
thermophilum E2p-His-Tag (29-459)

antibody a-Ela

antibody a-E2p

C. Custom-made RRID: AB 2888984
by Genscript

C. Custom-made RRID: AB 2888985
by Genscript

Rabbit Anti-GAPDH antibody loading control abcam ab9485
Mouse Anti-beta Actin antibody [8F10G10] abcam ab170325
Mouse Anti-Actin antibody [C4] abcam ab14128
Mouse Anti-VDAC1/Porin antibody [L6G9E6BC4] abcam ab110326

Rabbit Anti-Capsid ScVLA
Rabbit Anti-Polymerase SCVLA

Goat Anti-Rabbit 1IgG H&L (HRP)
Goat Anti-Mouse 1gG H&L (HRP)

Custom-made  SC2039-PF NA-14
by Genscript

Custom-made  SC2033-PF NA-24
by Genscript

abcam ab205718

abcam ab205719

Table 3. Instruments and main equipment used in this study

Instrument

Company

Incubator

Tabletop centrifuge

Bead Beater

Ultracentrifuge

FPLC-system

Heracell 150i

Heraeus Megafuge 40R
FastPrep-24™ 5G
Optima™ MAX-XP (TLA110) Beckman Coulter
Akta pure 25M

Thermo Fisher Scientific
Thermo Fisher Scientific
MP Biomedicals™

Cytiva (GE Healthcare)
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Plate reader Epoch 2 Microplate Agilent (bioTek)

Spectrophotometer
Douncer VOS 40 Digital VWR
Gel imaging system ChemiDoc™ MP Imaging Systems BIO-RAD
Thermomixer Thermomixer C Eppendorf
Glow discharge PELCO easiGlow Ted Pella Inc.
cleaning system
Vitrification Vitrobot Mark IV System Thermo Fisher Scientific
instrument

Electron microscope Thermo Fisher Scientific Glacios Thermo Fisher Scientific
Cryo Transmission Electron
Microscope (Cryo-TEM) 200 kV

Electron microscope Zeiss Libre 900 Carl Zeiss AG

Camera microscope Falcon 3EC Direct Electron Thermo Fisher Scientific
Detector

Power module PowerPac™ HC High Current BIO-RAD

Electrophoresis and Power Supply

Blot System

Electrophoresis Mini-Protean Tetra Cell BIO-RAD

Chamber

Blotting instrument Trans-Blot® Turbo™ Transfer BIO-RAD
System

Ultramicrotome Ultracut S, Leica

Fluorescence LSMB880 Airyscan system A 40X Zeiss

microscope objective

3.2 Methods

3.2.1 Model Organism culture
Saccharomyces cerevisiae Hansen (D273-10B Genotype MATalpha mal [rho+]) was

obtained from ATCC (American Type Culture Collection PO Box 1549 Manassas, VA 20108
USA; ATCC® 24657™) in a freeze-dried lyophilized ampoule. The Media and culture
conditions proposed by the Company were used (Media 1245 Agar or Broth ATCC Media
list). To optimize the growth conditions, different Temperatures (26 °C as submitted by
ATCC as well as 30 °C as suggested by several protocols) and time points for harvesting
were screened to find the optimal growing conditions. In the end, a temperature of 26 °C at 5
hours (ODeoo = ~5) of growth time in YPD media was considered most suitable for our
experiments. For liquid YPD medium, 20 gL?, peptone, and 10 gL Yeast extract are
dissolved in 900 mL ddH.O and autoclaved. Additionally, 20 g'L™* glucose in 100 ml is

autoclaved separately and added to the 900 mL YP mix after sterilization to avoid
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caramelization. To make solid culture plates, 15 g agar-agar is added to the YP mix but
otherwise prepared the same way and then poured into sterile Petri dishes after autoclaving.
To rehydrate the freeze-dried culture, the ampoule was opened by continuously heating and
cooling it by, in turn, holding the ampoule over the flame of a Bunsen burner and pipetting
cold deionized water over the heated surface until it cracks. Then the glass tip is hit with
forceps or a tweezer to break off. The inner vial could now be removed from the glass
ampoule. Under sterile conditions, the cotton plug can then be removed. Now 0.5 mL of
sterile ddH20 is added, and the pellet is resuspended. The resuspended pellet is transferred
into a sterile culture tube with an additional 5 mL of sterile ddH.O and is left to rehydrate on
the workbench overnight. After rehydration, 200 pL is pipetted onto 2 YPD-Agar plates and
spread with a Drigalski spatula. From these plates, colonies are picked for glycerol stock
creation. The subsequent protocol steps are as follows: Add one colony to 10 mL of YPD
medium and let it grow to stationary phase. Stationary phase was achieved by measuring the
ODsoo until the absorbance reached a plateau. Now 500 pL of the stationary culture and 500
ML of sterile 30 % glycerol are mixed and flash-frozen in liquid nitrogen. This stock can now
be used for inoculating initial cultures and stored at -80 °C. To inoculate a culture from
glycerol stock, a small inoculum is scraped off with a sterile pick or inoculation loop and then
smeared onto a YPD-agar plate. Avoid thawing the glycerol stocks by working fast and
keeping the stock cool. Incubate the plates at 26 °C until colonies are visible. To prepare a
preculture from the plates, a colony is picked with a sterile inoculation loop and suspended in
50 mL YPD medium in a sterile Schikane flask. After incubating the flask overnight at 26 °C
in a rotary shaker (195 rpm), the main culture can be inoculated. For this, 10 ml of the
preculture is added to 500 ml of YPD in a new sterile Schikane flask and incubated for 5 h at
26 °C and 195 rpm.

3.2.2 Culture harvest and lysis
Yeast cells are harvested at 4 °C. The culture flasks are taken out of the rotary shaker and

transported on ice. The liquid culture is poured into centrifuge bottles and harvested while
centrifuging at 3,000 g for 5 min at 4 °C. After discarding the supernatant, the pellet is
washed with ddH20 to remove the leftover media. After discarding the water after washing,
the pellet is flash frozen in liquid nitrogen and stored at -80 °C until needed for experiments.
Approximately 10 g can be harvested from 1 | of culture. For the lysis 10 g culture pellet is
lysed in 20 mL lysis buffer (100 mM HEPES pH 7.4, 95 mM NaCl, 5 mM KCI, 1 mM
MgClz, 5% glycerol, 0.5 mM EDTA, 1 mM DTT, 10 pg'mL™* DNAse, 2.5 mM pefabloc, 40
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MM E-64, 130 UM bestatin, 0.5 uM aprotinin, 1 uM leupeptin, 60 UM pepstatin A). For lysis
add 10 mL glass beads and 3 mL lysis buffer into 15 mL falcon tubes for equilibration (use 4
tubes). Resuspend the pellet with the remaining 8 mL of lysis buffer and distribute evenly
into the 4 tubes. Now the tubes are subjected to bead beating using a Fastprep at 4 °C with 3
rounds of shaking at 6.5 mps for 20 sec with 3 min rest on ice between each round. To
remove large debris the cell lysate is centrifuged for 5 min at 4,000 g at 4 °C and right after
subjected to ultracentrifugation at 100,000 g for 45 min at 4 °C. The supernatant is filtered
(0.22 um syringe filter) and then concentrated by spin filtration (100 kDa cut-off amicon ultra
centrifugal filter) at 4 °C and 4,000 g. The buffer is mixed every 10 min. Protein
concentration was measured with Bradford reagent to determine the optimal protein amount

for further experiments.

3.2.3 HPLC and Size exclusion chromatography (SEC)
For size exclusion chromatography, a Biosep 5 um SEC-s4000 500 A, LC Column 600 x 7.8

mm column is injected with 500 pL lysate at 30 mg'mL™ protein concentration into a 500 pL
Loop. The system used was an AKTA Pure 25 M (FPLC) system, and the fractionation was
performed at a 0.15 mL'min* flow rate, and fractions of 250 puL were collected (Figure 9).
Prior to the run, the column was pre-equilibrated with 50 mL running buffer. As running
buffer, 200 mM NH4CH2COOH pH 7.4 was chosen. The resulting fractions were measured
with Bradford reagent and then directly used for sample preparation for data collection on the

cryo-electron microscope or flash frozen and stored at -80 °C until further use.
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Figure 9. SEC triplicate for the recovery of fractionated yeast cell extracts.

A shoulder is seen starting at 10 mL run time of the SEC. 10 mDa complexes and
macromolecules are expected at these fractions (F1-F5) as shown in publications of AG
Kastritis®1369 At 12.5 mL the first peak includes polysomes and monosomes. Ribosome
subunits are expected at the second peak (14 mL or fractions F14-F18). In later fractions
proteins with lower molecular weight are found, for example proteasomes; fractions past the
200 kDa cutoff show elution of small complexes. Three different absorbances were measured
(260 nm for maximal absorbance of DNA; 280 nm for maximal absorbance of proteins; and
320 nm for maximal absorbance of aggregates).

3.2.4 Sample preparation for cryo-EM
A regularly patterned holey carbon-coated copper grid (Quantifoil R2/1 type holey carbon

film on 200 mesh support grid) was used to prepare the Cryo-EM samples. In order to make
the grids hydrophilic, they were plasma treated using a PELCO easiGlow glow discharging
machine. A Vitrobot Mark 1V was used to plunge freeze the samples: A 3.5 pL aliquot of the
sample at a concentration of ~0.3 mg.mL-1 was applied on the carbon side of each grid. The
grids were blotted using standard 595-grade filter paper and quickly plunge frozen in liquid

ethane. The glow discharging and vitrification parameters are summarized in Table 4.
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Table 4. Vitrification conditions

Vitrification Parameters Value
Humidity 100%
Temperature 4°C
Blotting time (sec) 6
Blot force (a.u.) 2
Sample volume (uL) 3.5
Blot offset (mm) 2
Protein concentration (ug/uL) 0.26

Glow discharging Parameters

Current 15mA
Polarity Grist Negative
Atmosphere 0.4 bar
Glowing Time 25s

The vitrified grids were clipped in the Thermo Fisher Scientific Autogrid assemblies using
standard tools. They were subsequently loaded onto a Thermo Fisher Scientific Glacios
cryogenic transmission electron cryo-microscope operating at 200 kV accelerating voltage,

under cryogenic conditions.

3.2.5 Data collection of vitrified grids — microscope alignments
The screening and automated data acquisition were set up using Thermo Fisher EPU software

(Version: 2.11.1.11REL). After screening the sample for various ice thicknesses and particle
distributions, regions with rather thick ice were selected for capturing larger complexes. The
microscope was adjusted and aligned according to the Thermo Fisher Scientific guidelines for
microscope alignments (2019, Single Particle Analysis Workflow) which is further described
in detail in the supplementary material of Hamdi et al.201. The images were recorded using
the Falcon 3EC direct electron detector in linear (integrating) mode. The acquisition
parameters are summarized in Supplement Table 1. The objective lens had a focal length of
3.4 mm and a spherical aberration of 2.7 mm. The beam was restricted by a 100 um objective
aperture. Figure 10 summarizes the biochemical workflow (Figure 10, a) as well as the steps
from the biochemical preparation to the acquisition of images at the cryo-microscope (Figure
10, b).
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Figure 10. Full workflow of native cell extracts from culture to cryo-EM micrographs.

Yeast cells are plated on YPG media, and from there, the liquid culture for the experiment
can be inoculated. Cells are washed with water after harvesting then lysed via bead beading
(a = LC1) and then centrifuged to remove cell debris (b = LC2 & ¢ = LC3). This is followed by
ultracentrifugation to remove organelles and membrane parts (d = LC4 & e = LC8). The lysate
was then filtered with a 0.22 um filter (f = LC5) and concentrated (g = LC6 & h = LC7) to
approximately 30 mgmL™ using a 100 kDa amicon filter. The LC numbers mentioned above
correspond to those given in a later figure for measured activity assay, Fig. 23. (b) The
resulting concentrated lysate is then subjected to SEC column mounted on an FPLC, and the
fraction of interest is vitrified with the ThermoFisher Vitrobot Mark IV and imaged using the
Thermo Fisher Glacios. A data set is then acquired (b).

3.2.6 Image processing and analysis
Two datasets were acquired for this work. One large dataset with 10 acquisitions of fractions

5 and 6 at a pixel size of 3.17 A and a second with 2 replicates of fraction 5 at a pixel size of
1.5678 A. The 3.17 A dataset was first analyzed with Scipion32%, and the refined map was
then transferred to cryoSPARC for the rest of the analysis. The dataset with the pixel size of
1.5678 A was processed using cryoSPARC only.

203 starts with data import, motion correction?®42%, and contrast transfer

The image analysis
function (CTF) correction of the aligned movie frames’®’’. Next steps, which are basically
particle recognition and averaging are recently fully automated with machine learning
implementations®. Particles are then picked either manually or automatically and sorted via

2D classification algorithms, and an ab initio reconstruction of the Coulomb potential map
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can be performed. This process can be done in consecutive rounds. Then, 3D refinement,
subsequent 3D classification, and final refinement are iteratively applied. The end cryo-EM
map is derived when resolution cannot improve anymore; with the resulting map, a model
can be built.

The analysis in Scipion3 was done as follows: After the import of the datasets, a correction of
beam-induced motion drift was performed for all movies in Scipion as well as in
cryoSPARC. Now, these dose-weighted, drift-corrected sets were subjected to CTF
estimation. For manual picking, approximately 500 particles were picked using xmipp3%’
while training the algorithm for auto-picking. After auto-picking, also with xmipp3, ~230,000
picked particles were extracted using Relion?®. Then cryoSPARC was used for 2D
classification. The coordinates from the 2D classes were then extracted using pwem?% and
used for another round of auto-picking using xmipp3. Then ~65,000 particles were extracted
again and subjected to 2D classification. With the help of cryoSPARC, an initial 3D model
was created. This initial model was then refined using different symmetries. Symmetrized
maps were superimposed to an asymmetrically refined map to derive the symmetry of the
structure, which was icosahedral. The initial model was also processed in cryoSPARC.
Symmetry expansion was performed?’®, which resulted in roughly 30,000,000 particles for 3D
classification, refinement, and a 6.4 A (FSC=0.143) icosahedral map.

The data set acquired at a pixel size of 1.5678 A was entirely analyzed in cryoSPARC. After
import, micrographs were subjected to motion correction, and after curation of the blurry or
empty micrographs, also CTF correction. Since there was already a low-resolution map that
could be used as reference, initial manual picking was omitted, and a template of 10
projections of the 6.4 A (FSC=0.143) refined map was created for template picking. The
picked micrographs were extracted, and 2.7 million particles were used for 2D classification.
The most promising-looking classes, or to be precise classes with similar features, were
selected, and another round of 2D classification was performed. From there, 17,000 particles
from selected classes and as reference, the 6.4 A (FSC=0.143) map were used for 3D
reconstruction. This resulted in a 7.3 A (FSC=0.143) asymmetric map. Then, icosahedral
symmetry was applied, and symmetry expansion was performed, and the end result is a 3.78
A (FSC=0.143) icosahedral structure of the Saccharomyces cerevisiae LA virus. In the end,
the FSC was calculated and the local resolution was derived according to the gold standard
FSC* The icosahedrally averaged map containing two independent protomers was of
sufficient quality for a Ca trace to be built using Coot?'°, The X-ray structure of the L-A virus
(PDB ID: 1mic) was identified as the best hit through a subsequent DALI search?',
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212 and

Thereafter, the model was rigid-body fitted into the density using Chimera
ChimeraX?®3 and was subjected to iterative cycles of real space refinement using PHENIX!®

and manual refinement using Coot to yield the final coordinates.

3.2.7 Activity assay against PDHc
An activity assay Kit for the PDHc activity is commercially available and was used for all

steps of the lysis protocol, named LC1-LC8 (see for an explanation the Figure 10 legend).
Material derived from the isolation steps of mitochondria were also measured. The procedure
was executed by the provider’s instructions. This activity assay kit is extensively described in

Fotis Kyrilis Dissertation?’.

3.2.8 MS analysis of fractions 5 and 6 sample preparation
In-solution digestion was performed for sample preparation for mass spectrometric (MS)

analysis. Approximately 10 pg of fractions 5 or 6 were transferred into low bind reaction
tubes, and 4 equivalent volumes of ice-cold acetone were added and incubated for 60 min at -
20 °C. After precipitation, the sample was centrifuged at 2,0000 g for 10 min, the supernatant
was discarded, and the precipitated proteins air dried. Protein pellets were resuspended and
denatured by adding 25 puL 8 M Urea / 400 mM AmBic in water into the reaction tubes and
sonicated for 5 min. The samples were reduced by 5 pL 45 mM DTT (30 min at 50 °C) and
alkylated with 5 pl of 100 mM 2-chloroacetamide (30 min at 37 °C) before digestion.
Digesting the samples was done after adjusting the sample volume to 200 pL with water by
adding trypsin (Promega Sequencing Grade Modified Trypsin) using a 1:50 (w/w)
enzyme:protein ratio for 16 hours at 37 °C. Afterwards, the reaction was stopped by adding
10 pL of 10 % (v/v) TFA and cooled down to room temperature (approximately 10 min).
Acidity was verified by pH paper. 20 pl of digestion mixtures were analyzed by LC/MS/MS
using a U3000 nano-HPLC system coupled to a Q-Exactive Plus mass spectrometer (Thermo
Fisher Scientific). Peptides were separated on reversed phase C18 columns (trapping column:
Acclaim PepMap 100, 300 pum x 5 mm, 5 pm, 100 A, Thermo Fisher Scientific; separation
column: HPAC 50 cm C18, Pharmafluidics). After desalting the samples on the trapping
column, peptides were eluted and separated using a linear gradient ranging from 3 % to 35 %
B (solvent A: 0.1 % (v/v) formic acid in water, solvent B: 0.08 % (v/v) formic acid in
acetonitrile) with a constant flow rate of 300 mL'min™* over 180 min. Data were acquired in
data-dependent MS/MS mode with higher-energy collision-induced dissociation (HCD), and

the normalized collision energy was set to 28%. Each high-resolution full scan (m/z 375 to
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1799, R = 140,000 at m/z 200) in the Orbitrap was followed by high-resolution fragment ion
scans (R = 17,500) of the 10 most intense signals in the full-scan mass spectrum (isolation
window 2 Th); the target value of the automated gain control was set to 3,000,000 (MS) and
200,000 (MS/MS), maximum accumulation times were set to 50 ms (MS) and 120 ms
(MS/MS). Precursor ions with charge states <2+ and >6+ were excluded from fragmentation.

Dynamic exclusion was enabled (duration 60 sec, window 3 ppm).

3.2.9 Crosslinking MS of fractions 4 and 5 sample preparation
As an experiment prior to the crosslinking experiment itself, different crosslink

concentrations were tested, and then a decision for one concentration to be used was made.
Crosslinker DSBU is diluted in DSMO to 10 mM, 5 mM, 2.5 mM, 1.25 mM, 0.6 mM, and
0.3 mM. 9 pl of fraction F5 was crosslinking using 1 ul of the prepared crosslinker dilution.
As control, 1 ul DMSO was used. Crosslinking reaction was performed at room temperature
for 30 minutes and were stopped by adding 10 pL 2x SDS-loading dye. All reactions were
then run on an 8% SDS-poly-acryl-amide-gel (Figure 11).
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Figure 11. Experiment conducted on the native cell extract fraction to benchmark the
crosslinker concentration.

Shown are SDS results for Fraction 5 of the native cell extract incubated with decreasing
concentrations of DSBU crosslinker. As control the fraction was incubated with DMSO
without any crosslinker. The concentration selected for the crosslinking experiment was the
one with the highest number of faded bands and lowest concentration, indicating that DSBU
had not yet reacted with all the proteins. For this experiment, a concentration of 10 mM
DSBU fulfilled this requirement.
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For the cross-linking experiment, ~0.2 pug was used, and the volume of the reaction is
adjusted to 45 pyLand 5 pL of 5 mM DSBU was added. After 30 min at 25 °C, the reaction
was stopped by adding 5 pL 1 M Tris-HCI (pH 7.4) and mixed by vortexing. A small sample
of 7.5 pL was taken out as a control for SDS-PAGE; to the rest, 4 volumes of ice-cold
acetone are added, mixed, and left for 1 h at -20 °C. Then the samples were centrifuged for
10 min at 14000 g. The supernatant was removed, and the samples were left to evaporate the

residual acetone. Samples were further processed as described in 3.2.8.

3.2.9.1 Identification of proteins
To identify containing proteins, the MS raw files were analyzed using MaxQuant (v1.6.6),

and the Yeast proteome UP000002311 as reference. Label-free quantification/LFQ and
‘Match between runs’ were additionally activated during analysis. Protein abundance was

reported in the proteinGroups.txt and manually analyzed.

3.2.9.2 Identification of cross-linked peptides
For identification of cross-linked peptides, the MS raw files were converted to mzXML files

by Proteome Discoverer™ and the MeroX?42%> software was used. As sequence database,
the most abundant proteins from the proteomics analysis were used, and analysis was
performed in RISE mode with default parameters. Crosslinked spectra were manually

validated.

3.2.10 Identification of structural homologs
The DALI webserver?®* was used to identify structural homologs. As input structure, the

region 491-587 from the LA-virus chain A was used. To identify suitable hits, the “Matches
against full PDB” option was used, and a scoring threshold was set to Z > 3.0, which is an
optimized similarity score between two structures: The higher the Z-score, the greater the

similarity.

3.2.11 Western Blot analysis
The gels were freshly casted in-house prior to the experiment using a separating gel: 10 %

(w/v) acrylamide (37.5:1), 0.1 % (w/v) SDS, 0.04 % (w/v) APS, 0.002 % (w/v) TEMED in
370 mM Tris-HCI solution pH 8.8 and stacking gel: 5% (w/v) acrylamide (37.5:1), 0.1 %
(w/v) sodium dodecyl sulphate (SDS), 0.04 % (w/v) APS, 0.002 % (v/v) TEMED in 125 mM
Tris-HCI-solution pH 6.8 (Table 5). The gels cast were 1 mm thick. The samples were mixed
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with a 4x loading dye (250 mM Tris-HCI (pH 6.8), 8 % w/v SDS, 0.2 % w/v bromophenol
blue, 40 % v/v glycerol, 20 % v/v B-mercaptoethanol) and incubated for 5 min at 95 °C
shaking. Roughly 3 pg sample of the fractions and 2.5 pg, as well as 5 pg of the positive
control, was loaded and electrophorized with a standard of 5 uL of Precision Plus Protein™
All Blue Prestained Protein Standards (BioRad #1610373). For electrophoresis, a 1x
electrophoresis buffer freshly prepared using a 10x stock solution (30.3 g Tris-base, 144 g
Glycine in 1 L of deionized water) was used, and the gels run at an electrical field of 100 V
for ~2 h. The gels were then transferred onto a nitrocellulose membrane using the Trans-
Blot® Turbo™ Transfer System of BioRad (Figure 12). A pre-set protocol of 25V (1 A)
applied field for 30 min was used. After blotting, the membranes were blocked using 5 %
(w/v) skimmed milk powder in TBST for 1 h at 4 °C. The primary antibody (rabbit anti-ScV-
L-A peptide serum by GenScript) was diluted at 2:25,000 in 2 % (w/v) skimmed milk powder
in TBST and incubated for 16 h at 4 °C. After incubation, the membrane was washed 3 times
for 10 min with 2 % (w/v) skimmed milk powder in TBST. The secondary antibody (goat
anti-rabbit 1IgG H&L (HRP) ab205718 by Abcam) was prepared the same way as the primary
with a final dilution of 1:25,000. The membranes were incubated for 1 h at RT. After another
3 washing steps with 2 % (w/v) skimmed milk powder in TBST, the membrane could be
imaged using the ChemiDoc MP Imaging system and a freshly prepared ECL fluorescent
mixture. Antibodies were custom-made by GenScript (New Jersey, USA).

Table 5. SDS-PAGE gel ingredients

Stacking gel Reagent Separating gel
3.34 mL Acrylamide/Bis solution, 37.5:1 (Stock 30 % w/v)  0.85 mL

2.46 mL Tris-HCI pH 8.8 (Stock 1.5M) -

: Tris-HCI pH 6.8 (0.5 M) 1.25 mL

50 pL Sodium dodecyl sulfat (SDS) (Stock 20%) 25 uL

40 pL APS (Stock 10%) 20 pL

20 pL TEMED (Stock 6.71M) 10 pL

4.1mL ddH.0 2.86 mL

48



Cathode

I | 3 layers Whatman paper
SDS-Gel
|' Membrane
3 layers Whatman paper
Anode

Figure 12. Schematic of the Western Blot set up.

The cassette of the BioRad Western Blot machine is prepared by laying a stack of 3 buffer-
drenched Whatman papers into it. The air is expelled from the cassette. The membrane is
then placed on top of the papers, ensuring there are no air bubbles. Following the same
procedure, the gel is added and covered with an additional 3-layer stack of buffer-drenched
Whatman paper. The air is expelled again to ensure that neither the membrane nor the gel
are displaced from the set-up, as it could result in the faulty blotting of proteins.

3.2.11.1 Chemiluminescence reaction
The membranes are developed in a dark environment. To prepare for each membrane, a 150

pL ECL solution is created. This is achieved by mixing solutions A and B from the
manufacturer (BIORAD) in equal proportions. The membranes are carefully placed on plastic
wrap, ensuring there are no wrinkles or trapped air. The ECL solution is then sprinkled over
the membranes, and they are transferred to the ChemiDoc system for evaluation. Afterward,
the antibodies on the membrane are stripped for a duration of 30 minutes up to overnight,

allowing them to be reused for future immuno detections.

3.2.12 High-pressure freezing
Yeast cells were rapidly frozen with a high-pressure freeze fixation apparatus (HPM 010;

BALTEC, Balzers, Liechtenstein). The material was cryo substituted with 0.25 %
glutaraldehyde (Sigma) and 0.1 % uranyl acetate (Chemapol, Prague, Czech Republic) in
acetone for two days at -80 °C using cryo substitution equipment (FSU; BAL-TEC) and
embedded in HM20 (Polysciences Europe) at -20 °C. After polymerization, samples were cut
with an ultramicrotome (Ultracut S, Leica, Wetzlar, Germany). The ultrathin sections (30 nm)
were transferred to formvar-coated copper grids and poststained with uranyl acetate and lead
citrate in an EM-Stain apparatus (Leica) and subsequently observed with a Zeiss EM 900
transmission electron microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) operating
at 80 kV.
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3.2.13 Mitochondria isolation and subfractionation
Yeast is grown in liquid culture to logarithmic phase (ODeoo = ~5) and then harvested at

3,000 g at 4 °C and washed with distilled water. An aliquot of 50 pL is taken as a control for
immunoblotting (Western Blot, WB). Around 30 g yeast pellet is needed for mitochondria
isolation. The pellet is resuspended in 2 mL'g™ wet weight suspension buffer (Tris-SO4 0.1
M, DTT 10 mM, pH 9.4) and incubated for 10 min at 30 °C while shaking (Sample YC).
Two washing steps then follow at 3,000 g for 5 min with washing buffer (1.2 M Sorbitol, 20
mM potassium phosphate buffer pH 7.4), and after the pellet is resuspended in 6 mL-g™ wet
weight washing buffer, with 3 mgmL™, zymolyase added. The cell wall is partially digested
while incubating for 30 min whilst shaking at 70 rpm and 30 °C. The zymolyase treated
sample is then washed two times with washing buffer for 5 min at 1,500 g at room
temperature, and an aliquot of 50 pL will be taken for WB (ZW). The pellet is then
resuspended in 6 mL-g wet weight ice-cold homogenization buffer (0.6 M mannitol, 10 mM
Tris-HCI pH 7.4, 10 mM DTT and 100 mM pefabloc) and homogenized with 15 strikes in
ice-cold douncer (VOS 40 digital VWR). The homogenate is pelleted at 1,500 g for 5 min at
2 °C, the supernatant with the crude mitochondria saved, and the resulting pellet is re-
homogenized with 1 volume homogenization buffer. After washing the re-homogenized
sample, the two supernatants are combined, and an aliquot of 50 L is taken for WB as well
as an aliquot from the discarded pellet (WB samples SNZ & PZ). The crude mitochondria are
centrifuged at 10,000 g in a Beckman tabletop ultracentrifuge Max4000 for 10 min at 2 °C
(save aliquot of supernatant for WB; SNU). The resulting pellet (WB sample PU) is
resuspended in 4 mL resuspension buffer (0.6 M Mannitol, 10 mM Tris-HCI pH 7.4), and a
gradient is prepared. For the gradient, Nycodenz is diluted in gradient buffer (10 mM MOPS-
KOH pH7.2, 1 mM EDTA, 1.2 M Sorbit) to reach concentrations of 5 %, 10 %, 15 %, 20 %,
and 25 % for the layers of the gradient. The gradient is stacked as shown in Figure 13 and

then centrifuged for 1 h in a swinging bucket rotor at 134,000 g and 4 °C.
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Figure 13. Mitochondria isolation via Nycodenz gradient.

Nycodenz is diluted to 5-25% in steps of 5% in gradient buffer and stacked from highest
concentration first to lowest concentration last into the centrifuge tube. Mitochondria will
travel until the interface formed between 15% and 20% Nycodenz gradient buffer, while
aggregates will sediment.

The intact mitochondria are removed and washed at 10,000 g for 15 min at 2 °C with wash
buffer twice. 50 pL aliquots are taken from the mitochondria band (ML), top layer opaque
debris (GU) and aggregates band (GS) for WB. The mitochondria pellet is resuspended in
one volume resuspension buffer (10 mM Tris-HCI pH 7.4, 0.6 M Mannitol) and stored at -80
°C.

The mitochondria pellets (800 mg wet weight) are diluted in 500 pL hypotonic buffer (20
mM MOPS, 0.5 mM EDTA, protease inhibitors: 2.5 mM pefabloc, 40 uM E-64, 130 uM
bestatin, 0.5 UM aprotinin, 1 UM leupeptin, 60 pM pepstatin A, 1 mM DTT, 10 pgmL?
DNAse) and mixed extensively by pipetting. Then 3 volumes of hypotonic buffer are added
and a 50 pL sample is taken for PDHc activity assays (mito). The sample is kept on ice for 1
h to swell the mitochondria and then dounced with 50 strokes. The homogenate is centrifuged
at 21,000 g and the pellet is dounced again. After douncing the homogenate was centrifuged
at 90,000 g for 30 minutes at 4 °C. A sample each of 50 pL pellet (pellet/PCCpeiier) and
supernatant (mito lysate/PCCiysate) Was saved for activity assays. The supernatant was then
concentrated by spin filtration (100 kDa cut-off amicon ultra centrifugal filter) at 4 °C and
4,000 g. Also 50 pL flow through (flow through/PCCriow-through) and concentrated sample
(lysate conc./PCCeconc. Iysate) Were saved for PDHc activity assays. This protocol was
performed with and without 0.1% PCC added to the homogenization buffer. The resulting
concentrated lysate was subjected to size exclusion chromatography in the same manner as

the whole yeast lysate and every 3 resulting fractions pooled and treated for cryo-EM.
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3.2.14 MitoTracker Orange staining
MitoTracker Orange (Invitrogen M-7511; molecular weight: 392,9273 gmol™) stains

mitochondria in live cells and is accumulated upon membrane potential. The protocol for
staining is as follows: Dissolve the lyophilized solid in DMSO to get a stock solution of 1
mM (0.05 mg in 127 pl). From this stock, which can be stored frozen, a working solution (1
mM) is prepared while mixing 1 pL stock solution with 99 uL. DMSO. The working solution
is then used at a concentration of 50 nM (1 pL dye in 50 pL mitochondria sample) in the
isolated mitochondria sample and 200 nM (5 pL dye in 100 pL cell sample) in the yeast cell
controls. The samples were then incubated for 45-50 min in the dark and 30 pL from each is
transferred to a glass slide with a cover slip and imaged at the LSM (excitation 554 nm /
emission 576 nm). Images were acquired with a Zeiss LSM880 Airyscan system A with the
40X objective without immersion. Images were captured with the ZEN Black image analysis

software. Analysis of images was performed using the Fiji software?!°,
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4. Results

4.1 Recovery and Isolation of yeast mitochondria
The method for mitochondria isolation via Nycodenz density gradient centrifugation was

adapted from Gregg et. al?*’ for the yeast strain of the laboratory. As part of the results, the
careful stacking of gradients without disturbing the layers was crucial. Two methods were
employed for this purpose. The first method involved starting with the least dense gradient
buffer concentration and gently underlaying the higher concentrated buffers using a syringe
inserted through the previous layers. The second method consisted of slowly overlaying the
less dense buffer solutions on top of the higher concentrated one using a syringe, transfer
pipette, or micro pipette. Each method has its own advantages and disadvantages. For the
purposes of this thesis, the second method was utilized based on optimization. To ensure
optimal results, the gradients were stacked cleanly, as depicted in Figure 14. While it is
possible to freeze and store these gradients at -20°C, it should be noted that fresh gradients
were prepared for all experiments conducted in this thesis. Both sucrose density gradients and
Nycodenz gradients were employed in the experiments, and clear phases were observed
before and after centrifugation using both types of gradients. However, considering that
Nycodenz is not osmotically active like sucrose and is therefore less stressful for the
mitochondria, it was determined to be the preferred gradient for retrieving mitochondria.

Nycodenz gradient Sucrose gradient
CTT—
5%
ebrls
0,
10% 23%
15%
——| Mitochondria phase 32%
20%
sedlmen 60%

\\ 25%

Figure 14. Density gradient before and after centrifugation.
Before and after images of Nycodenz and sucrose density gradients are shown in this image.
The clean mitochondria can be retrieved after ultracentrifugation at approximately 16%
Nycodenz concentration from the gradient. An aliquot each for WB analysis was taken from
the debris (GU), mitochondria layer (ML) and sediment (GS).

53



4.1.1 Mitochondrial lysate — validation of a clean preparation
To assess the effectiveness of mitochondrial purification and the vitality of the isolated

organelles, several probes and analyses were performed. Firstly, the samples were probed
using a mitochondrial stain called MitoTracker™. Positive controls consisted of yeast cells
with active mitochondria (Figure 15, a and d), while negative controls included heat shock-
killed yeast cells (Figure 15, b and e). These controls were used to establish the staining
patterns before examining the isolated mitochondria (Figure 15, ¢ and f).

In the positive control images, the alive cells (a and d) exhibited active mitochondria as
small, distinct dots throughout the cells. In contrast, the dead cells (b and e) showed a diffuse
signal, lacking any specific cellular pattern, regardless of whether they were in focus or not.
The isolated mitochondria were then stained, revealing small dots evenly distributed without
any cellular structures surrounding them. Additionally, a quality control step was conducted
using Western Blot analysis (Figure 15, g). Antibodies were employed not only on the
resulting mitochondrial fraction but also throughout all isolation steps to identify potential
losses of mitochondria during isolation and removal of unwanted organelles.

The VDAC1 antibody was used to detect mitochondria. This antibody specifically identifies
the Voltage-Dependent Anion-Selective Channel 1 present in the outer mitochondrial
membrane and is commercially available. The antibody was applied to both supernatants and
pellets at various stages, such as during washing (Figure 15, h ZW) and centrifugation to
remove cell wall debris (Figure 15, h ZW and PZ). If mitochondria were lost at any point, it
would result in decreased yield in subsequent steps, indicating a potentially harsh protocol.
The applied protocol exhibited a clear band for mitochondria in the isolation steps where
further processing occurred, as well as a strong signal for mitochondria in the gradient band
that was isolated and stored for subsequent experiments. The antibody also revealed loss of
mitochondria in the upper gradient layer and gradient sediment, which was expected due to
the presence of broken mitochondrial membrane parts and aggregates in these layers.

The interaction between the endoplasmic reticulum (ER) and actin with mitochondria was of
interest, necessitating their probing. Both proteins showed signals in the supernatant after
ultracentrifugation, but lower signals were observed in the crude mitochondrial pellet.
However, in the upper gradient layer, a strong signal was detected for both actin and the ER,
while no signal was detected in the mitochondrial layer, confirming the absence of these

proteins.

54



M YC ZW PZ SNZ SNU PU GUML GS control YC ZW PZ SNZ SNU PU GU ML GS

25kDa DPM1 30 kDa (ER) DPM1 y n y 'y y n y n n

(mitochondrial Porin familyy VPACG1 'y - m - n y n y (y) y )

50kDa

GAPDH 37 kDa (cytoplasm) GAPDH y y n y y n n n n

Figure 15. Data supporting a clean mitochondria preparation.

The yeast cells (a-b and d-e) and isolated mitochondria (c and f) were tested for their vitality
with the MitoTracker stain. As positive control live yeast (a light microscopic image, d
fluorescent image) was probed, as negative heat shocked yeast (b light microscopy, e
fluorescence) was also stained after ensuring that yeast cells were still visible but wouldn’t
grow on solid media. The isolated mitochondria (c light microscopy and f fluorescence) were
stained and checked for vitality. Mitochondria isolation steps were probed via Westernblot
analysis. Shown in this figure are the results for anti-ER antibody DPM1, anti-actin antibody,
anti-cytoplasm antibody GAPH and antibody against the mitochondrial porin family VDACI.
The abbreviations are as follows: M Marker, YC yeast cells, ZW washing step after Zymolyase,
treatment SNZ supernatant after light centrifugation step, PZ pellet after light centrifugation
step SNU supernatant after strong centrifugation step, PU pellet after strong centrifugation
step GU gradient upper layer ML mitochondrial layer GS gradient sediment. h) Expected
signal for western blot control. In the matrix y stands for yes, a signal for this antibody is
expected and n for no, a signal is not expected, whereas (y) can have faint signal due to
broken mitochondria. Scale bars 5 um.

To assess the presence of cytoplasmic content, the GAPDH antibody was employed. This

antibody detects the enzyme Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
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involved in cytoplasmic glycolysis. Immunoblotting analysis demonstrated a strong
cytoplasmic signal until the supernatant, but no signal was detected for the crude
mitochondria and gradient centrifugation steps, indicating the successful removal of
cytoplasmic content during the process. Overall, the combination of staining, Western Blot
analysis, and antibody probing provided comprehensive insights into the purification

efficacy, vitality, and absence of unwanted proteins during the isolation of mitochondria.

4.1.2 Mitochondria lysate — observation with cryo-EM
ATP synthase dimers of the inner mitochondrial membranes, the protein complex that

generates most of the ATP, were retrieved by Blum et al. from Yarrowia lipolytica and
visualized by cryo-electron tomography?® (Figure 16, a). In the mitochondrial fractions
stemming from yeast vesicles with highly similar decoration of membrane proteins could be
identified with cryo-EM (Figure 16, b-c). These ATP synthase vesicles differ in size and
shapes, mostly resembling vesicles or flattened discs with perturbing small spikes. As these
structures were not structurally analyzed further, the observation was an additional validation

for the successful mitochondrial preparation, amenable for cryo-EM investigations.
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Figure 16. Discovery of mitochondrial ATP synthase dimers after mitochondria isolation and
lysis.

Proteoliposomes of reconstituted Y. lipolytica ATP synthase dimers from Blum et al.?'¥(a;
scale bar 100 nm). Similar shaped features in mitochondrial fractions after mitochondria
isolation and lysis of S. cerevisiae mitochondria (b-c; scale bars 100 nm).

4.1.3 Retrieving the pyruvate dehydrogenase complex from mitochondria
Mitochondria were isolated and ensured to be clean and ready for use through the application

of a vitality dye, western blot, and cryo-EM analysis (see above). Then, the ability of the
mitochondria to oxidize pyruvate, which is carried out by the mitochondrial pyruvate
dehydrogenase complex (PDHc), was examined. PDHc activity was expected to be observed
in both yeast cells before and after zymolyase treatment. During the washing steps (ZW), it
was discovered that there was minimal activity, indicating that the washing process was
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gentle and did not result in significant loss or breakage of mitochondria (Figure 17).
Subsequently, the washed and concentrated mitochondria were subjected to activity testing
before being lysed. They exhibited high activity. Following lysis via osmotic shock and
douncing, both the lysate and the remaining solid portion (pellet) continued to display PDHc
activity, although the activity in the pellet was substantially higher. This mirrored the
observations made in the lysate experiment, where PDHc was also found in the pellet. No
PDHc activity could be detected whatsoever after concentrating the mitochondrial lysate.
However, when a detergent called PCC (pyridinium chlorochromate) was utilized, a
distinction in the activities of the pellet and the concentrated lysate samples became apparent.
The concentrated lysate showed slightly less activity compared to the pellet from the
experiment with PCC. This indicated that a significant amount of PDHc was bound to the
membranes. Nonetheless, a substantial quantity of PDHc was still recoverable for subsequent
analysis. Overall, these findings indicate that the washing and isolation process effectively
obtained clean mitochondria with functional PDHc activity and provided evidence that yeast

PDHc has affinity for the mitochondrial membranes.
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Figure 17. PDHc activity assay of mitochondrial isolation steps to monitor PDHc during
mitochondria isolation and lysis.

ZW washing step after zymolyase treatment SNZ supernatant after light centrifugation step,
PZ pellet after light centrifugation step SNU supernatant after strong centrifugation step, PU
pellet after strong centrifugation step GU gradient upper layer ML mitochondrial layer GS
gradient sediment. Mitochondria lysed in osmotic active buffer without and with detergent
PCC. Lysis steps involve intact pooled mitochondria (mito), pellet after osmotic shock and
homogenizing (pellet and PCC pellet) and lysate (mito lysate and PCC lysate), concentrated
lysate (lysate conc. and PCC lysate conc.) and flow through (flow through and PCC flow
through). For visualization of the purification steps, please refer to Figure 10, a and its
legend.

o
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The mitochondrial lysate obtained from PCC including buffer lysis was concentrated to ~ 30
mg'mL* and 100uL was subjected to size exclusion chromatography as done with the native
cell extracts of C. thermophilum®-3%° and yeast (see next chapter). The chromatogram
(Figure 18) has no peak at the higher molecular weight fractions but shows a peak at the
fractions with molecular weight <100kDa. The sample was concentrated prior to SEC in an
amicon with a cut-off of 100 kDa and peaks for proteins above that were expected. The
chromatogram shows one large peak at low molecular weight fractions suggesting that the

proteins were dissociated in any step between injection and elution.
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Figure 18. Size exclusion chromatography of mitochondrial lysate from the lysed with PCC
including buffer shows dissociated protein content.

100 pl (30 mg'mL*) mitochondrial lysate obtained from lysis with 0.1% PCC on Sepharose Q
column.

4.2 Biochemical and structural analysis of yeast cell extract by single-particle cryo-EM

Size exclusion chromatography (SEC) was employed to separate complexes of similar
molecular weight from the native cell extract, with the resulting fractions being collected
within an efficient timeframe of less than 8 hours after yeast cell harvesting (Figure 19, a-b,
Methods). The approach utilized in this study was based on fractionation experiments
performed on the thermophilic mold Chaetomium thermophilum, with minor modifications
made to adjust the initial cell volume and the process of resuspending the starting material
prior to lysis (Methods). This allowed the retrieval of fractions containing significantly
concentrated proteins suitable for direct cryo-EM analysis (Figure 19, c). Following the SEC
step, fractions 5 and 6, which encompassed megadalton (MDa) assemblies, were vitrified

(Figure 19, a, indicated by orange dotted line).
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Figure 19. Size exclusion chromatography results of yeast cell extract.

(a) In this study, the S. cerevisiae native cell extract was subjected to SEC profiling. Fractions 5
and 6, which corresponded to ~10 MDa complexes, were further investigated (orange box).
The locations where full and empty L-A virus are expected based on relative retention are
indicated by purple circles. Consequently, the first peak is anticipated to contain polysomes,
and the second peak is expected to contain monosomes. Triplicate SEC measurements were
conducted at 260 nm, 280 nm, and 320 nm absorbance (b). Additionally, the resulting
fractions after SEC were analyzed using the Bradford reagent, and high in-fraction protein
concentration was observed in the triplicate experiment (c). Figure reproduced and adapted
for the Dissertation from Schmidt et al.?*®

The cryo-EM micrographs obtained revealed the presence of large intact complexes.
Notably, large biomacromolecules, including fatty acid synthase (FAS)®°, were observed
(Figure 20, a). The existence of such intact complexes indicates the preservation of their
structural integrity during the sample preparation and imaging process, enabling a detailed
examination of their architecture. Furthermore, the micrographs also exhibited the presence
of polysomes (simiar to the ones we previously observed in a cleaner sample??°), which are
clusters of ribosomes actively engaged in protein synthesis (Figure 20, b). These polysomes
signify the cellular machinery's active involvement in protein production. The identification
of polysomes within the cryo-EM micrographs provides crucial evidence of the ongoing
translation process within the cellular context under investigation.

In addition to the larger complexes and polysomes, distinct spherical structures were also
prominently observed within the cryo-EM micrographs (Figure 20, a-b). These spherical

structures, with their well-defined boundaries, represent discrete entities within the cellular

59



landscape. Their presence suggests the existence of unique cellular components or
compartments, the nature of which is yet to be fully understood. Importantly, during the
meticulous analysis of the micrographs, a consistent observation emerged regarding the close
proximity of these spherical structures to filamentous formations and potential polysomes
(Figure 20, a-b). This intriguing spatial relationship implies potential functional associations
or interactions between the spherical structures and the surrounding cellular components. The
proximity of the spherical structures to filamentous formations and polysomes may indicate
their involvement in important cellular processes, such as organelle organization, molecular
transport, or signal transduction. Taken together, the cryo-EM micrographs not only unveiled
the presence of large intact complexes like FAS' and polysomes but also shed light on the
existence of distinct spherical structures within the cellular milieu. The spatial relationship
observed between these structures and other cellular components hints at their potential
functional significance, stimulating further investigation into their roles and interactions

within the intricate cellular machinery.
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Figure 20. Exploration of large molecular weight fraction using cryo-EM.

(a) A micrograph representing fraction 5 displays a diverse array of biomolecules, showcasing
their heterogeneity within the sample. Notably, the presence of key components such as
fatty acid synthase (highlighted in the red box), ribosomes (highlighted in the green box), and
the L-A virus (highlighted in the purple box) can be observed. Additionally, in the micrograph
crops presented in (b), the L-A virus is depicted near ribosomes, fibrillar structures, and other
proteins. These representative crops provide a glimpse of the spatial relationship between
the L-A virus and various cellular components, emphasizing its potential interactions within
the complex cellular environment. Figure reproduced and adapted for the Dissertation from
Schmidt et al.?*® Scale bars 50 nm.

4.2.1 The yeast L-A virus is identified in a cryo-EM-accessible eukaryotic cell extract.
A total of 7011 movies were collected, each captured at a pixel size of 1.57 A (Methods).

These movies were then subjected to image analysis, specifically focusing on the spherical
structures observed (Supplement Figure 1). The analysis yielded an averaged cryo-electron
microscopy (cryo-EM) map at a resolution of 3.77 A, achieved through icosahedral averaging
(FSC=0.143, Supplement Table 1). Furthermore, based on this map, an initial backbone
trace was feasible to be constructed due to the achieved resolution. The resolution, ineed,
could accommodate the majority of the backbone to be modelled. In order to find structurally
related molecules, a search was conducted using DALI search?! against structures in the
Protein Data Bank (PDB), a software that uses distance-based matrix alignments??!, The
search identified a potential match with the 3.4 A crystal structure of the S. cerevisiae L-A
virus'®, which happened to be the only available structure. To verify the presence of L-A
virus specific proteins, mass spectrometry (MS)-based protein identification was performed
on the fractionated cell extract. The analysis confirmed the abundance of the L-A virus
proteins (Gag, Gag/Pol), as well as the presence of the L-BC virus, albeit in much lower
abundance. Notably, structures of L-A and L-BC viruses are very different!®2, especially in
the high-resolution regime that was achieved. To enhance the accuracy of the identification,
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the endogenous protein sequences corresponding to these viruses were incorporated into the
existing yeast proteome (UP000002311, https://www.uniprot.org/proteomes/UP000002311)
(Figure 21).
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Figure 21. Proteomics of fractions 5 and 6 that were also analyzed by cryo-EM.

To identify the contents of fractions 5 and 6, LFQ-based MS quantification was employed,
allowing for the detection and characterization of the L-A virus within these fractions. Figure
reproduced and adapted for the Dissertation from Schmidt et al.?®

An analysis was conducted to annotate the proteomic content of the studied extract,
specifically focusing on the two fractions containing the L-A virus, and employing biological
triplicates for reliable measurements. By utilizing the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database???, the identification and classification of proteins were
streamlined. As a result, ribosomal proteins were identified with exceptionally high
abundance (Figure 21). Furthermore, within these fractions, the capsid (gag) and polymerase
(pol) of the L-A virus were also identified in significant quantities (Figure 21). Cross-linking
verified also the presence of these molecules (Supplement Figure 2).
To gain further insights, the capsid:pol ratio per fraction was calculated based on the mass
spectrometry (MS) data, similar to the approach used for studying the endogenous pyruvate
oxidation metabolon®. The analysis revealed an average of 1.8 + 0.49 pol proteins per capsid,
which aligns with previous predictions derived from frameshifting efficiency of the gag open
reading frame!®. In comparison to previous studies, the reported results showed the
following:
e The L-A virus was enriched within rapidly retrieved yeast extracts, which were directly
amenable for cryo-EM and mass spectrometry analysis.
e The "environment" and components of the L-A virus were investigated through
guantitative mass spectrometry.
e The L-A virus was identified by employing the high-resolution features of the calculated

cryo-EM map and utilizing Ca-trace model building.
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4.2.2. The cryo-electron microscopy (cryo-EM) structure of the L-A virus, obtained at high
resolution from a cell extract, reveals intriguing structural and functional adaptations in its

native form.
The derived cryo-EM map of the L-A virus, obtained at a resolution of 3.77 A (FSC=0.143

(Figure 22, a), allowed for the construction of a high-quality de novo model. Through image
processing (Supplement Figure 1), the model accurately accounted for the observed
densities (Figure 22, b).
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Figure 22. Fourier shell correlation (FSC) for the cryo-EM map of the L-A virus and derived
model.

(a) FSC of the cryo-EM derived map for the L-A virus utilizing icosahedral symmetry. (b)
Asymmetric dimer of the yeast L-A virus model superimposed on the capsid densities at
different thresholds (increase in steps of 0.25 sigma) set in ChimeraX. Figure reproduced and
adapted for the Dissertation from Schmidt et al.?*®

Fitting and refinement of the model in the cryo-EM map showed a reasonable fit, both in
terms of main chain and in terms of side chain placement. Although the cryo-EM map was
resolved at 3.8 A, zooming into the densities, clear resolution of both main-chain and often

side-chain details were apparent (Figure 23, a-b).
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Figure 23. The cryo-EM map of the L-A virus and the derived model of the asymmetric
capsomere.

(a) The cryo-EM map and model of the asymmetric subunit were derived, with the magnified
fitting shown in the insert. (b) The atomic model fitted in the cryo-EM map exhibits
representative resolution features. A close-up of a B-sheet is shown in green, where the
separation of the single strands is clearly visible in the map's density. Additionally, an a-helix
is displayed in blue, revealing the helical pitch at a resolution of 3.78 A, with reliable side
chain density often observed. Figure reproduced and adapted for the Dissertation from
Schmidt et al.?*?

The icosahedral protein shell of the L-A virus exhibited a triangulation number (T) of 2,
consisting of 120 protomers. The overall dimensions of the virus, such as its diameter (400
A) and thickness (46 A), were comparable to its crystallographic counterpart. Additionally,
the opening diameter at the icosahedral fivefold axes, measuring 18 A, served as a gateway
for the viral mMRNA to exit and for nucleotide triphosphates to enter. This consistent
architecture of the L-A virus, maintained in both cell extracts and the crystal structure,
indicates a high level of rigidity in the capsid and its openings, highlighting their critical
structural stiffness.

During the L-A virus analysis, previously unreported stabilizing interactions, cation-n
interactions, were identified. These interactions play a crucial role in facilitating connections
both within and between L-A protomers (Figure 24). Within the asymmetric unit, a total of
19 side chains participate in forming 8 distinct cation-zm interaction networks, which are
formed at both monomeric and dimeric interfaces (examples shown in Figure 24). Notably,
the residues involved in these interactions exhibit higher resolution compared to side chains

of the same type that are not involved in cation-r interactions (Figure 25).
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Figure 24. Discovered cation-mt interactions stabilizing the L-A virus capsid.
Representative cation-m interactions are shown between Arg and Tyr, Trp or Phe within chain
A (green), chain B (blue), or between chain A and an adjacent chain B (slate). Figure
reproduced and adapted for the Dissertation from Schmidt et al.?*®
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Figure 25. Persistent densities for the cation-m interactions formed by Arg (a), Trp (b), Tyr (c)

and Phe (d).

Bar plots of the resolvability of residues involved in cation-rt interactions (papaya whip)
against residues that are not involved in such interactions (purple). Different contour levels
were calculated in ChimeraX, and these results show the persistence of these interactions in
the cryo-EM map as compared to other residues that are not involved in such interactions.
Figure reproduced and adapted for the Dissertation from Schmidt et al.?*°
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Cation-n interactions are robust non-covalent bonds?®

, exemplified by their structural
presence in bacteriophage T5, where a single cation-n interaction persists independently of
capsid conformational changes as revealed by cryo-EM?%. Another example is the prediction
of a cation-r interaction in a dsRNA virus (bluetongue virus) following mutagenesis®®®. The
observed extended network of cation-n interactions is considered highly specific, as it differs
from the non-specific hydrogen-bonding patterns typically observed. The formation of these
interactions requires the proper alignment of a delocalized m-electron system with a cationic
moiety in the correct orientation. In the context of the L-A virus, cation-n interactions likely
contribute to both the folding of the individual building blocks and the assembly of the virus
into higher-order structures. Substantial conformational differences are observed in the
crystallographically determined regions of the capsomere between the two monomers present
in the resolved asymmetric unit!8®, These differences encompass residues Asn8—Lys12,
Gly82, Thr96-11e99, 1le111-Thrl12, and Gly387-Asp396, which are also evident in the
cryo-EM model. Furthermore, the cryo-EM model reveals specific adaptations that occur
within the cell extract, distinct from the effects of dense crystal packing on the capsid
conformation (Figure 26, a). The asymmetric homodimer obtained from cryo-EM exhibits
superior fits in both backbone (CCecryo-em=0.85 VS. CCx.ray=0.79) and side-chain (CCecryo-
em=0.84 vs. CCx.ray=0.79) conformations compared to the crystal structure (Figure 26, a).
Structural changes compared to the crystal structure are detected in both capsomere subunits
(Figure 26, b), particularly in regions Glu92—-Val104, Gly387—-Ser393, and Phe525-Thr535,
as well as regions Ala494-Asp505 of protomers A and B, respectively. These regions play

direct roles in capsid assembly (Figure 27, a-d).
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Figure 26. Fits and conformational variations of X-ray and cryo-EM models to resolved map.

(a) Cross-correlation analysis of chain A and chain B models, represented in peach and purple
colors respectively, reveals local conformational variability as indicated by dips in cross-
correlation values. (b) The asymmetric homodimer fits derived from cryo-EM (peach) and X-
ray (purple) models are shown, demonstrating backbone (CCeryo-em=0.85 vs. CCx-ray=0.79) and
side-chain (CCcryo-em=0.84 vs. CCx-ray=0.79) conformations. Additionally, a comparison is made
between cryo-EM (beige) and X-ray (purple) models after fitting into the reconstructed capsid
density (grey), highlighting significant local conformational differences. Overall, these
analyses provide insights into the fits and variations of X-ray and cryo-EM models with the
resolved cryo-EM map, shedding light on the conformational flexibility of the studied system.
Figure reproduced and adapted for the Dissertation from Schmidt et al.?°
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Figure 27. Structural variation in the cryo-EM structure of the yeast L-A virus.

(a) Overview of full capsid structure and the asymmetric unit (capsomere) composed of
protomer A and B (b) protomer’s helix-turn-helix fold at region Glu92—Val104 localizing at the
five-fold axis, structuring and supporting the mRNA exit tunnel/nucleotide entry tunnel (c)
loop Gly387-Ser393 is buried in the capsomeres dimeric interface and shown with red
arrows (d) loop Phe525-Thr535 is involved in higher-order binding of the capsomeres
communicating with other regions of identified flexibility, involving loops Ala494—Asp505 and
Gly387-Ser393. Figure reproduced and adapted for the Dissertation from Schmidt et al.?*®

The functional pores at the icosahedral five-fold axes are formed by the helix-turn-helix fold
region E92-V104 in both protomers A and B (Figure 27, b, purple-blue). The cryo-EM
structure exhibits flexibility in this region, which can be attributed to its dual role in
supporting the capsid and forming the pores. Loop Gly387-Ser393 is buried in the dimeric
interface of the capsomere (Figure 27, c, red), while loop Phe525-Thr535 participates in
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higher-order binding through loop-loop interactions (Figure 27, d, blue). The flexible loop
Ala494—-Asp505 in capsomere protomer B interacts with loop Gly387-Ser393 and further
stabilizes the capsid (Figure 27, d, yellow). The distinct flexibility differences described
above can be quantitatively assessed by calculating energetic contributions using the
macromolecular modelling software HADDOCK?%®, The embedded capsomere interface
(Figure 28, a) buries a substantial surface area of 3400 A? (Figure 28, b), with electrostatic
forces playing a significant role (Figure 28, b). Extending energetic calculations to all
proximal interfaces of the capsomere reveals a diverse range of energetic contributions,
where van der Waals forces, electrostatics, and desolvation energies uniquely define each of
the nine surrounding interfaces (Supplement Figure 3). Based on these unique interface
energetic calculations, we propose a model of capsomere stability, involving 86 distinct steps
of monomeric association to complete the capsid (Supplement Figure 3; Supplement movie
1).
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Figure 28. Energetic calculations of the capsomere interface utilizing HADDOCK.

View of the capsomere composed of A and B chains, highlighting the surface area buried,
forming the capsomere interface (3400 A2). Chain A is colored in peach, chain B in mint
green, and the interface in grey. (f) Scoring components for the interface after refinement of
the capsomere shown in (e) calculated with the molecular modelling software HADDOCK?2¢
(link used is: https://alcazar.science.uu.nl/services/HADDOCK2.2/haddockserver-
refinement.html). Non-covalent interactions calculated include van der Waals (VdW),
electrostatics (ES), and desolvation energy scores (DS), all in arbitrary units (a.u.), and buried

surface area (BSA), in A2 Figure reproduced and adapted for the Dissertation from Schmidt et
a|.219
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4.2.3 Mediation of the mRNA decapping site trench shape by two flexible loops — proximity to
a potential site for protein-protein interactions
The location of mMRNA decapping activity, although not conserved across protomers, is

widely observed among dsRNA virus families’. In both the X-ray and cryo-EM L-A virus
structures, the region encompassing GIn139-Ser182 (including the active site His154)
(Figure 29, a-d) contributes to the outer surface of the capsid, facilitates cellular mRNA
decapping, and facilitates the transfer of the 7-methyl-GMP (m7 GMP) cap from the cellular
mRNA 5’-end to the viral RNA 5’-end, counteracting the host exoribonuclease's targeting of
uncapped RNAs. This site, therefore, governs competition for the utilization of the translation

machinery.

open Chain A

Figure 29. The shape of the mRNA decapping site trench is influenced by two flexible loops.

The decapping site is presented in surface (a, b) and cartoon (c, d) representations. The
conformations observed in the cryo-EM structure of the L-A virus capsid are depicted in
panels (a) and (c), while panels (b) and (d) illustrate the conformations observed in the crystal
structure. The capsomere subunits A and B are represented by Chain A and Chain B,
respectively. The decapping center of the L-A virus capsid, as observed in the cryo-EM data, is
identified to be in an occluded state. Conversely, the x-ray data shows the decapping center
in an open state. The outer capsid surface, which forms a trench, is assembled by flexible
loops contributed by regions GIn139-Ser182. The active residue for RNA decapping, His154, is
shown in panels (c) and (d). Figure reproduced and adapted for the Dissertation from
Schmidt et al.??

A trench, formed by loop regions and containing residues involved in the active site, was
previously described26. These loops maintain similar conformations in the cryo-EM
structure, resulting in a comparable local Coulomb surface potential (Figure 29, a, b).
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However, an additional pair of loops, P449-Y452 and T531-T535, located distally from each
other with the latter also contributing to the flexible region F525-T535 (Figure 28, d),
influences the diameter of the trench pore. In the cryo-EM structure, their proximity is 3 A
closer, allowing H532 to close the trench (Figure 29, c, d). While the presence of the open
state cannot be disregarded in the native state, the more occluded trench is prominent in the
derived average. This indicates that a selectively open conformation of the active site is not
universally present in all capsomeres, but logically must exist near the pore at the 5-fold axis.
However, icosahedral averaging does not permit the quantification of open and closed active
site states.

Structural alignment of the structured region adjacent to the active site (residues 491-587)
was conducted using the DALI webserver, revealing domains with structural homology
despite having very low pairwise sequence identity (<10%) (Supplement Table 2, Figure
30, a, b). This structural domain comprises a minimal fold characterized by a surface-
exposed antiparallel B-sheet formed by 3 B-strands (2 long and 1 short), along with inner a-
helical and loop elements. It is buried within the protomer and involves two critical residues,
Tyr538 and Asp540, which play a role in the mRNA decapping trench of the active site
(Figure 29, b, d). Notably, this conserved minimal fold shares similarities with the
methyltransferase N6AMT and the cytotoxic nuclease domain of immunity protein 5
(im5)??", exhibiting a main-chain root-mean-square deviation (rmsd) of 3.2 A and 2.8 A,
respectively, as reported by DALI (Supplement Table 2). Overall, the reported findings
reveal an alternative conformation of the mRNA decapping trench, as well as distant

homologs that may have evolutionary implications.

a b

Methyltransferase N6AMT1 Colicin-E5 immunity protein

6kms chain C 6kO0x chain A 2dfx chain | 2fhz chain A

Figure 30. Identification of structural homologs for the adjacent structural region of the
MRNA decapping site using the DALI server.

Identified homologous domains of (a) the methyltransferase enzyme family and (b) the
Colicin immunity protein family, both aligned to the mRNA decapping active site (residues
1491-V587). Figure reproduced and adapted for the Dissertation from Schmidt et al.?*®

71



4.2.4 Tubular Densities Inside the Capsid: Insights into RNA-dependent RNA Polymerase
Localization from Asymmetric Reconstruction of the L-A Virus
In order to gain a deeper understanding of the L-A virus within cell extracts, a collection of

10,067 movies was obtained from the fractionated extract at a lower pixel size (3.17 A). This
was done to increase the number of imaged single particles available for analysis. The
resulting lower-resolution cryo-EM map (Figure 31, a), reconstructed using 103,214
particles in total, exhibited 2D class averages covering various views across the 2-fold, 3-
fold, and 5-fold axes (Figure 31, b). The map reached Nyquist at 6.4 A with a high signal-to-
noise ratio (Figure 31, c), as evidenced by the map X,y slices (Figure 31, a-d).
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Figure 31. View of the L-A virus by reconstructing a cryo-EM map at lower resolution by
applying a larger pixel size (3.17 A).

(a) 3D reconstructed map of the L-A virus at 6.4 A. (b) 2D class averages covering views of the
2-, 3- and 5- fold axes. (c) FSC of the 6.4 A reaching Nyquist. (d) A high signal-to-noise ratio is
achieved as shown by the map x,y slices. (e) FSC at 0.5 of the asymmetrically reconstructed
inner densities after particle subtraction. Scale bars at 45 nm. Figure reproduced and adapted
for the Dissertation from Schmidt et al.?*®

From the same data, an asymetric reconstruction was performed after particle substraction
reaching 18 A (FSC=0.5, Figure 31, e). In detail, following the application of particle
subtraction to eliminate the dominant capsid density, the subsequent 2D classification
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analysis revealed a diverse population of viral particles (Figure 32, a). The majority of the
particles appeared to be empty or contained inner signals that were averaged, suggesting the
absence of distinct structural features. However, a subset of capsids exhibited pronounced
inner densities, indicating the presence of unique components or arrangements within these
viral structures. Among the extensive dataset comprising 17,549 particles that exhibited
prominent inner density features, an advanced step was taken to reconstruct the asymmetric
inner densities. This reconstruction, achieved at an approximate resolution of 18 A (FSC=0.5,
Figure 31, e), provided valuable insights into the internal organization of the viral capsid
(Figure 32b-c). Notably, the reconstructed inner density displayed a remarkable

asymmetrical position within the virus capsid, originating from below the 18 A diameter

opening located precisely at the 5-fold axis.
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Figure 32. View inside the yeast L-A virus retrieved from native, endogenous yeast extracts.

(a) 2D classification of inner densities of “full” L-A virus particles after subtracting the capsid
density with CRYOSPARC. 2D class averages with capsid-only particles were discarded, and 2D
class averages containing particles with internal density were used for 3D reconstruction. (b)
3D reconstruction of inner densities, colored light blue, superimposed on the capsid map
(light grey). Arrowheads point at the capsid density and the most proximal inner density
bundle. (c) Different views of the reconstructed inner density. Appearing capsid densities
colored light grey and inner densities colored light blue shown in different views rotated 45°

around the x and y axes. Figure reproduced and adapted for the Dissertation from Schmidt et
a|.219
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Within this intriguing inner density, the presence of distinct tubular structures became
apparent upon closer examination (Figure 32, ¢). These tubular structures exhibited a striking
resemblance to canonically packed double-stranded RNA (dsRNA), suggesting a potential
role of this viral entity in encapsulating and protecting genetic material. The tubular
arrangement within the inner density offered valuable clues about the potential mechanisms
involved in genome packaging, viral assembly, and the structural integrity of the viral

particles.

4.2.5 Location and molecular modelling of the L-A virus RNA-dependent RNA polymerase
While the structure of the RNA-dependent RNA polymerase of the L-A virus remains

unknown and cannot be reliably placed at this resolution, low-resolution densities were

observed in proximity to the capsid and within the pentameric face pore (Figure 33).

3.77 A symmetry = icosahedral 6.4 A symmetry = icosahedral 7.5 A symmetry = asymmetric
threshold 0.877 threshold 2.69 threshold 0.614
O Density inside of the pentameric fold

Figure 33. Persistent low-resolution density in the pentameric face pore across L-A virus
reconstructions in the 5-fold axis. Scale bar 45 nm.
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Figure 34. AlphaFold2-predicted Gag-Pol fusion protein.

The predicted structure of the polymerase is connected via a 62-residue flexible linker to the
capsid structure. The heat bar below shows the confidence of AlphaFold2 for the model, the
heatmap in purple shows the expected position error of each residue, while dark purple
represents a low error and lighter color higher errors. Figure reproduced and adapted for the
Dissertation from Schmidt et al.?*°

To determine its relative positioning within the capsid interior, artificial intelligence (Al)-
based structural modelling was employed for the 1505 amino acid gag-pol fusion product
synthesized upon ribosomal frameshifting. The Al-based model provided a high-quality
atomic model for the individual gag and pol domains, with experimental error accounted for
in each modeled fold (Figure 34). Particularly, the Al-based model of the pol domain
demonstrated high quality due to the availability of experimentally determined structural
templates in the Protein Data Bank (PDB) (Figure 34).

Interestingly, regions with ambiguous modelling included loops, specifically the unstructured
linker connecting the C-terminus of gag and the N-terminus of pol (Figure 35). The linker,
which is highly charged, may play a role in positioning the pol domain relative to the gag
domain, potentially folding around the ordered pol molecule in a compacted state.
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Figure 35. Linker region of Gag-pol and the conformational space that can be explored.

The linker region (purple) shown in (c) is highly positively charged and supposedly positions
the Pol (blue) relative to the Gag (grey). AlphaFold2-predicted and maximum distances are
drawn at 45 A and 235 A, respectively. On the right, the pLIDDT score shows the low
confidence prediction for the flexible linker region. Figure reproduced and adapted for the
Dissertation from Schmidt et al.?*®

Physical-chemical calculations considering the molecular weight and length of the disordered
linker suggested various distances separating gag C-terminus and pol N-terminus. In
scenarios where the linker is completely folded, the gag C-terminus/pol N-terminus distance
was estimated to be approximately 30 A. In other possible structural states, such as molten
globule, unfolded, and/or disordered conformations, distances ranging from 35 to 45 A were
calculated. These calculations indicated that the pol domain primarily explores distances
proximal to the pore leading to the five-fold axis, aligning with the proximity of multiple
resolved tubular densities. Looking specifically the Alphafold homologues of the pol domain,
results show that the fold is predicted within experimental accuracy, except the N-terminus
which is connected to the Gag and must also be flexible in order to move within its restricted

nanocompartment (Figure 36).
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Figure 36. Analysis of the Alphafold model of L-A virus RNA polymerase.

(a) AlphaFold predicted polymerase. The heat bar below shows the confidence of AlphaFold
for the model it created, the heatmap in purple shows the expected position error of each
residue while dark purple represents a low error and lighter color high errors. (b) Shown are
the templates AlphaFold used for predicting the yeast L-A virus polymerase model. Figure
reproduced and adapted for the Dissertation from Schmidt et al.?*°

Taken together, these findings suggest that RNA replication within the L-A virus occurs
within an asymmetric nano compartment with a potential size of less than 50 A per gag-pol
protomer. The complementary charge of the linker to dsRNA further supports this

confinement of RNA replication within the virus.

4.2.6 Higher-order interactions of the L-A virus and minimal communities: Detection and
implications
The cryo-EM acquisition with a lower pixel size (3.17 A) was analyzed to enhance statistical

significance, resulting in a dataset of 10067 movies. Electron-dense material in close
proximity to pleomorphic L-A viruses was systematically detected (Figure 37, a,b). By
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conducting 2D averaging of selected L-A virus particles, we obtained 9711 single-particles
exhibiting structural signatures in close proximity. However, the direct proximity must be
considered highly flexible due to the diffused densities observed (Figure 37, b).
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Figure 37. L-A virus proximal biomolecules.
(a) A representation of assembly states corresponding to the viral lifecycle is shown in crops

and impressions in distinct steps from | to IX, like Fig. 1a. The scale bar is 50 nm. (b) 2D
classes of the LA virus capsid with diffused densities in proximity; ribosomes are often bound
as shown in, e.g., panel (a). Figure reproduced and adapted for the dissertation from Schmidt
et al.?t?

Additionally, a 3D reconstruction of a ribosome at a resolution of 8.1 A (unmasked,
FSC=0.143) was achieved using 627748 particles (FSC=0.143, Supplement Figure 4, a
Supplement Table 1), further confirming the high abundance of ribosomes in the same
fractions as the L-A virus.

The unambiguous 2D classification of the selected single particles clearly demonstrated the
presence of polysomes in the cell extract fraction (Supplement Figure 4, b), exhibiting a 3D
conformation resembling previously published polysome conformations?? and stalled disome
states?® (Supplement Figure 4, b). From the 3D reconstruction of the ribosome
(Supplement Figure 4, a, ¢, Supplement Table 1), we performed 3D variability analysis??®
to characterize different ribosomal classes. Subsequent 3D reconstructions aimed to resolve
discrete heterogeneity across individual ribosomes, revealing the presence of all major
translation states with tRNAs bound at specific sites within the decoding center, achieving
resolutions ranging from 10 to 13 A (FSC=0.143, Supplement Figure 4, ¢ and Supplement

Figure 5, a-f). These states were similar to those derived from human ribosomes in multiple
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samples®®. Notably, we determined the occupancies of tRNAs at the exit, peptidyl, and
aminoacyl sites, as well as the movements of the L1 stalk (Supplement Figure 4c). These
findings establish the presence of the L-A virus in the cell extract, in close proximity to
ribosomes engaged in active translational processes.

During the analysis of cryo-EM micrographs, we identified the L-A viruses, which exhibited

pleomorphic characteristics in addition to their proximity to ribosomes and flexible

macromolecules (Figure 37, Figure 38).

Figure 38. L-A virus particles in the native cell extract with different assembly states.
States were statistically assessed and grouped based on the hypothesized assembly pathway

for the L-A virus during its life cycle?*!. Figure reproduced and adapted for the Dissertation
from Schmidt et al.?%® Scale bar 50 nm.

Statistical analysis of the native cell extract revealed that the majority of the identified
particles were in their mature state (Figure 38 (I, VIII, 1X), Figure 39, a), while rare
pleomorphic states were also observed (Figure 38 (1I-VII). Additionally, it is worth noting
that indented particles might have been included in the count due to their similarity in shape
to the identified states. All particles observed were found to be in close proximity to
ribosomes and irregularly shaped macromolecules, which could potentially be mRNA and
may be implicated in mMRNA decapping, considering the function of the L-A virus capsid.

To assess whether these particles were disrupted during cell lysis, the fractions were
subjected to western blotting analysis targeting the L-A virus gag protein (Methods). The
results demonstrated a high abundance of the virus in the high molecular weight SEC
fractions (Figure 39, ¢, Supplement Figure 6). Conversely, immunodetection of the viral

capsid components in the lower-molecular weight fractions did not yield any detectable
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signals fractions (Figure 39, b, Supplement Figure 6), suggesting that the observed states
could correspond to particles minimally damaged by the biochemical treatment. Additionally,
the distribution of pleomorphic states and their non-random distribution, indicating a higher
prevalence of empty and full viruses, provided further evidence of relatively undisturbed
particles (Figure 39b). The packaging efficiency of the virus, defined as the ratio between
randomly counted full (N=400) or empty (N=661) mature capsids, was estimated to be
approximately 40% (Figure 39b). However, due to the resolution limitations, no conclusions
could be drawn regarding the assembly mechanism at this stage?*2.
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Figure 39. Statistical comparison of all states, as well as empty and full mature L-A viruses.
(a) A statistical representation of the assembly states | to VII in absolute numbers. (b)

Statistical comparison of full and empty viruses. This shows the ratio between randomly
counted full (N=400) or empty (N=661) mature capsids corresponding to states VIl and IX of
Figure 38. Western blot analysis against gag shows signal only in high molecular weight
fractions indicating that the virus capsids are not likely to be severely damaged. Figure
reproduced and adapted for the Dissertation from  Schmidt et al.?®®
Another frequent observation in the cryo-EM micrographs of L-A virus-containing yeast
native cell extracts was the formation of small groups of the L-A virus (Figure 40 and
Supplement Figure 7). These groups, composed of an average of 12 * 4 viruses,
predominantly consisted of mature L-A viruses and were found to be in close proximity to
other proteins and RNA, while remaining separate from individual particles in the images
(Figure 40, a). To further investigate this phenomenon, transmission electron microscopy
was employed to image high-pressure frozen and vitrified 30 nm thick sections of whole
yeast cells. These sections displayed similar groupings, with an average of 16 + 10 viruses
per group (Figure 40, b). Statistical analysis demonstrated comparable distances between the
nearest viruses and their measured diameters (Figure 40, c-d), supporting their

correspondence between the in-extract and in-cell environments.
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Figure 40 L-A virus communities in native cell extracts and in yeast cells.

(a) Proposed viral communities are shown in a crop of a micrograph. Molecules are colored,
such as RNA in dark blue, ribosomes in dark green, ice contamination in light blue and L-A
virus in purple. The space around the group of viruses and surrounding proteins is colored
yellow. (b) Cryo substituted, in resin embedded Saccharomyces cerevisiae, cut into sections
of 30 nm in width and imaged on the EM 900. Shown is a crop through yeast on the left and
an impression on the right. Color coding stays the same as in (a). The measured particle
diameter (c), as well as the distances between L-A viruses (d), are represented by box plots
with the standard deviation shown in the whiskers. All scale bars represent 50 nm. Figure
reproduced and adapted for the Dissertation from Schmidt et al.?*®
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Such assemblies have been widely documented for exogenous viruses and are often
associated with membranes or cytoskeletal features, such as connections to the Golgi
apparatus or interactions with actin filaments. In the cell section images, the L-A virus
communities did not exhibit evident interactions with the cytoskeleton or membranes.
However, they were found to colocalize with the translation machinery, predominantly
ribosomes, and irregular, electron-dense macromolecules that could represent mRNA (single-
particle micrographs). These viral communities appear to function as nano compartments that

are relatively isolated from other cellular materials.
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5. Discussion and Outlook

Insights into the organization and structure of large biomolecular assemblies can be obtained
through the application of cryo-electron microscopy (cryo-EM) on native cell extracts. In the
past, traditional methods such as protein overexpression, purification, crystallization, heavy
labelling of proteins for NMR, or embedding of samples in resin followed by thin sectioning
and staining with contrasting agents were employed to probe cell contents. These approaches
provided insights into cellular organization and high-resolution structures of proteins.
However, their utility in studying interactions or higher order complexes like metabolons at
higher resolution was limited.

The resolution revolution in cryo-EM has indeed transformed the field, enabling direct
imaging and analysis of cellular content by simply lysing cells and simplifying them using
size exclusion chromatography or sucrose gradient centrifugation. Although sucrose gradient
centrifugation is less suitable for cryo-EM due to its cryoprotectant properties, native cell
extracts, while not as complex as whole cell lysates, still preserve fundamental principles of
organization and remain amenable to various other techniques.

Consequently, the identification of actively translating ribosomes within the fractions and the
observation of unique features elucidating the organization of virus particles in host cells
have become possible and shown in this Dissertation. The key strength of cryo-EM of native
cell extracts lies in its ability to combine multiple methods, such as quantitative mass
spectrometry (MS) for protein identification, cross-linking MS (XL-MS) for exploring
interactions, and the application of cryo-EM and computational methods for structural
reconstruction and analysis. Additionally, traditional embedding and sectioning of whole
cells can be employed to gain insights into in-cell organization and provide validation for
findings obtained through cryo-EM of native cell extracts that, due to cell lysis artifacts,

could provide insights that are not necessarily native.

5.1 Challenges in cryo-EM analysis of mitochondrial extracts
The choice of organelle isolation method can both resolve and introduce challenges and

issues. Employing a protocol with fewer but distinct centrifugation steps and utilizing a non-
osmotically active chemical for gradient centrifugation can enhance the vitality of
mitochondria and result in higher protein concentrations. In the first method, careful
placement of the buffer without disturbing the layers above is possible during pipetting.

However, when using a syringe tip to traverse through all layers, there is a potential for
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mixing the layers. Conversely, in the second method, the need to traverse layers is eliminated
as they are stacked atop each other. Nevertheless, excessive pipetting force can disrupt the
interfaces, leading to less distinct boundaries.

While achieving clean mitochondria preparations with sufficient enzymatic activity for PDHc
was accomplished by lysing mitochondria using a buffer containing PCC, retrieving the
PDHc intact from the fractions proved infeasible due to the likely dissociation of large
protein complexes during size exclusion chromatography. PCC might be the issue here,
because a detergent can dissociate soluble proteins, even if used in minimal concentrations.
In yeast, PDHc appears to exhibit strong associations with membranes or membrane proteins,
posing challenges in obtaining the complete complex while maintaining its activity. The
complex has been purified with many more steps previously?® but waiting times could
inactivate the complex even if it is amenable to low-resolution cryo-EM?3. In comparison,
the thermophilic fungus Chaetomium thermophilum?”5! exhibited more success in retrieving
the full, active PDHc complex. Notably, mesophilic proteins derived from native cell extracts
exhibit reduced stability and prove more challenging to detect and reconstruct compared to
their thermophilic counterparts.

5.2 On the reproducibility of the biochemical and cryo-EM analysis of yeast cell
extracts
In this thesis it was possible to adapt the protocol to retrieve native cell extracts from the

thermophilic Ct. for cryo-EM shown in the work of Kyrilis et. al?”! to the mesophilic fungus
S. cerevisiae. The method posed challenges for yeast as proteins seemingly dissociated upon
SEC. Still the resulting lysate could be used in sufficient concentration reproducibly for
proteomics and structural biology. Through the method of cryo-EM of native cell extracts
interesting features could be observed and identified through quantitative MS and modelling.
As expected, an enrichment for different higher molecular structures such as ribosomes, also
in the form of polysomes, as well as the yeast L-A virus could be achieved. Although the
lysis protocol worked efficiently, PDHc could not be isolated. High activity was detected in
the pellet after the 100000 g centrifugation step, indicating an association of PDHc with
membranes or membrane proteins. During this thesis, the enrichment of PDHc with the
method of native cell extracts from yeast was being performed: This marks a major difference
between applying the method to a thermophilic fungus or a mesophilic fungus and has

implications on the unique biology of each fungus.
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5.2.1 Proteins and pathways within the studied cellular fraction and their inter-relation to the
L-A virus
The fast and reliable screening and analysis of viruses within the native assembly context of

eukaryotic cells is crucial for the rapid development of anti-viral treatments, especially in
light of the increasing number of viral infection outbreaks witnessed in the 21st century, such
as SARS-Covl and -Cov2, multiple Ebola outbreaks, and zoonotic-influenced strains like
swine flu, avian flu, and the Zika virus®?. In this study, we present a straightforward and mild
protocol that preserves the native state of viral structures, enabling their analysis even for
endogenous viruses that are present in low cellular abundance. While viruses employ various
mechanisms to survive and replicate within host cells, including the manipulation of cellular
pathways, nuclear import (e.g., HIV)?%, and integration into the host genome, the formation
of the viral capsid always represents the final step during maturation. Using the L-A virus as
a model*®*, we demonstrate that this process occurs not randomly throughout the cytoplasm
but within communities that may involve multiple steps in capsid maturation, closely
associated with the translation apparatus.

Furthermore, our research provides valuable insights into the structure of viruses in their
endogenous context. The cryo-EM reconstruction of the L-A viral capsid from native cell
extract achieves a resolution comparable to the previously published highly purified structure
obtained through X-ray crystallography®®. Notably, this resolution is achieved despite the
sample being captured within a highly heterogeneous environment, interacting with other
electron-dense cellular material. As expected, the core regions of the capsid exhibit no
significant differences, while the flexible loop regions, accessible to solvent, display distinct
deviations, which may indicate functional variations within the native environment.
Intriguingly, we identified multiple cation-n interactions within and across the capsid
subunits. These interactions not only contribute significantly to the stability of the capsid but
may also facilitate folding and higher-order assembly. Cation-n interactions rely on precise
positioning of both partners—the delocalized m-electron system and the cationic moiety.
Once formed, these interactions are rigid and exhibit clearly resolved side chains.

As previously described, the L-A capsid possesses decapping and ‘cap-snatching'
activity'®2% Jocated on the capsid surface. These activities allow the virus to cap its own
MRNA, thereby increasing its half-life, and generate mRNA decoys for degradation. In our
analysis, we identified a structured region at the active site, sharing structural homology with
methyltransferases and the colicin-E5 immunity protein. Since the L-A virus decapping
activity specifically targets methylated cap structures, it is plausible that a methyltransferase
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activity (or the recruitment of endogenous methyltransferases) assists the endogenous
decapping process by methylating endogenous mRNA prior to decapping. Additionally, the
ES immunity protein, which can neutralize colicin-E5—a tRNAse—by mimicking RNA, may
serve as an interaction point for RNA binding proteins in the context of the L-A virus. These
proteins could potentially degrade viral mMRNA or recruit RNA-specific enzymes, such as
methyltransferases, to the decapping site, thereby optimizing intrinsic decapping activity.

Overall, through our analysis of the L-A virus within its near-native environment, we
unveiled an additional layer of viral architecture. By forming communities, newly transcribed
viral mMRNA is promptly translated by associated ribosomes, resulting in the formation of
distinct polysomal structures at the site of capsid formation. This tight association of
ribosomes with viral mRNA prevents mRNA degradation. In the context of the 'cap-
snatching' mechanism, capping the viral MRNA may not solely serve as a protective measure
but also enhance the translation of viral proteins by decorating the mRNA with a dense layer
of ribosomes. In the future, we aim to resolve the L-A virus at higher resolution, as well as
resolve the intermediate states at higher resolution as well. A dataset has been acquired with
an even smaller pixel size (0.97 A), which provided a structure of the L-A virus at 3.2 A

(results not shown).

5.2.2 Potential role of disorder in the structure, function, and life cycle of the L-A virus
The L-A virus, a dsSRNA virus, exhibits intriguing structural and functional adaptations in its

native form, as revealed by high-resolution cryo-EM studies. The cryo-EM structure of the L-
A virus obtained from a cell extract provides valuable insights into the importance of
molecular disorder in the virus.

One of the key findings is the identification of stabilizing interactions called cation-n
interactions within the capsid of the L-A virus. These interactions, formed at both monomeric
and dimeric interfaces, play a crucial role in the folding of individual building blocks and the
assembly of the virus into higher-order structures. The presence of cation-m interactions
highlights the significance of molecular disorder in facilitating specific and robust non-
covalent bonds within the virus. The cryo-EM structure also reveals conformational
differences in the capsomere between different monomers and the presence of specific
adaptations within the cell extract. These variations demonstrate the flexibility of the virus
and its ability to adapt to different environments. Flexible loops and regions within the
capsomere, such as the helix-turn-helix fold region and loop regions involved in mRNA

decapping activity, contribute to the structural dynamics and functional versatility of the
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virus. Furthermore, the cryo-EM analysis uncovers tubular densities inside the capsid,
resembling canonically packed dsRNA. These observations suggest that RNA replication
within the L-A virus occurs within an asymmetric nano compartment, confining the
replication process within the virus. The proximity of the RNA-dependent RNA polymerase
to the capsid and the presence of tubular densities provide insights into the localization and
function of the polymerase in the virus. The cryo-EM studies also detect electron-dense
material near pleomorphic L-A viruses, which are found in the cell extract along with
ribosomes engaged in active translational processes. These findings indicate higher-order
interactions between the L-A virus and other biomolecules, such as ribosomes, within the
cellular environment. The presence of polysomes and ribosomes in the vicinity of the virus
suggests potential interactions and crosstalk between translation and viral replication
processes. Overall, these results can be put in context and propose a life cycle for the L-A

virus based on the data collectively shown in this thesis (Figure 41).
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Figure 41. Proposed scheme for the yeast L-A virus life cycle (states I-I1X).

Replication starts with plus-strand synthesis and the transport out of the capsid (state I).
Yeast ribosomes then translate the ssRNA and new viral particles (capsids) form (states II-VII).
Last, the minus-strand is synthesized (states VIII-IX). Genome replication occurs in assembled
viruses (state IX). Figure reproduced and adapted for the Dissertation from Schmidt et al.?'°.

In conclusion, the cryo-EM analysis of the L-A virus emphasizes the importance of molecular
disorder in its structural and functional adaptations. The presence of stabilizing interactions,
conformational flexibility, and higher-order interactions with cellular components highlight
the dynamic nature of the virus and its ability to interact with its environment. Understanding
the significance of molecular disorder in the L-A virus can provide valuable insights into the

mechanisms of viral assembly, replication, and interaction with host cellular machinery.
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6. Summary

This dissertation aimed to investigate the feasibility of using organellar and cellular extracts
from Saccharomyces cerevisiae for high-resolution structural analysis. The use of cell
extracts offers significant advantages over purified or overexpressed equivalents as it allows
for the study of specimens that closely resemble their natural state, thus retaining cellular
interactions.

The first part of the dissertation focused on the feasibility of using mitochondrial cell
extracts. The choice of overlaying less dense buffer solutions on top of higher concentrated
ones was based on optimization, with the Nycodenz gradient preferred over the sucrose
gradient due to its minimal impact on the mitochondrial structure. The effectiveness of the
mitochondrial purification could be validated via western blot analysis and vitality staining
via MitoTracker, while cryo-electron microscopy (cryo-EM) provided additional evidence by
visualizing ATP synthase on the mitochondrial membranes. The study also focused on
retrieving the pyruvate dehydrogenase complex (PDHc) from the mitochondria,
demonstrating functional PDHc activity in clean mitochondria obtained through the isolation
process. PDHc was found to be bound to the mitochondrial membranes. Overall, this study
successfully recovered active yeast mitochondria, validated the purity and vitality of the
organelles, and provided insights into the interaction of specific proteins with mitochondrial
membranes.

In the second part of the dissertation, cryo-EM combined with modelling techniques was
utilized to analyze a yeast cell extract, with a specific focus on the L-A virus capsid and its
interactions. This cryo-EM map of the L-A helper virus consisted of 120 protomers arranged
in an icosahedral protein shell with consistent architecture and the resulting model showed a
reasonable fit into it. The study identified previously unreported cation-nt interactions within
the capsid, which were crucial for folding and assembly. Flexibility and conformational
variations were observed in different regions of the capsid, particularly in areas involved in
assembly and stability, deviating from the crystal structure. The study proposes a model for
capsomere stability based on energetic calculations, suggesting a multistep process for
capsomere association. Furthermore, the study explored the location and characteristics of the
MRNA decapping site within the capsid, revealing the outer surface as the site for decapping,
protecting against host exoribonuclease targeting. Flexible loops in this region influenced the
shape of the decapping site trench, with the cryo-EM structure revealing a more occluded
state compared to the crystal structure. The localization of RNA-dependent RNA polymerase
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within the capsid was visualized using cryo-EM and Al-based modelling, which revealed the
arrangement of dsRNA within the capsid through tubular densities, also revealing a flexible
linker connecting the polymerase to the capsid structure. The charged linker was suggested to
position the Pol domain relative to the Gag domain, with physical-chemical calculations
indicating varying distances between their termini. Further cryo-EM analysis indicated the
presence of ribosomes in close proximity to the L-A virus, suggesting their involvement in
virus-associated translation processes. The study also identified pleomorphic L-A viruses and
the formation of small groups of viruses functioning as nano compartments. Overall, this
study provided an enhanced understanding of the L-A virus capsid's structure, interactions,
flexibility, and functional sites, shedding light on its assembly, stability, and molecular
mechanisms.

The studies conducted in this dissertation highlighted the strengths of cryo-EM in
combination with various techniques for analyzing mitochondrial and cellular extracts from
S. cerevisiae. The challenges and reproducibility of biochemical and cryo-EM analysis of
yeast cell extracts were also discussed. Overall, cryo-EM of native cell extracts provided
valuable insights into the cellular organization and the structure of biomolecular assemblies,

with the potential to uncover unprecedented information in the future.
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7. Zusammenfassung

Ziel dieser Dissertation war es die Mdglichkeit zu untersuchen, organellare und zelluldre
Extrakte aus Saccharomyces cerevisiae fur die hochauflésende Strukturanalyse zu nutzen.
Die Verwendung von Zellextrakten bietet erhebliche Vorteile gegenlber gereinigten oder
uberexprimierten Aquivalenten, da sie die Untersuchung von Proben ermdglicht, die ihrem
naturlichen Zustand &hneln und somit die zelluldren Interaktionen erhalten bleiben. Der erste
Teil der Dissertation konzentrierte sich auf die Madoglichkeit der Verwendung von
mitochondrialen  Zellextrakten.  Die ~ Wahl  der  Isolation  fiel —auf die
Dichtegradientenzentrifugation, wobei der Nycodenz-Gradient dem Saccharose-Gradienten
vorgezogen wurde, aufgrund seiner minimalen Auswirkungen auf die mitochondriale
Struktur. Die Reinheit der isolierten Mitochondrien konnte mittels Western-Blot-Analyse
validiert werden. Vitalitatsfarbung mittels MitoTracker und Kryo-Elektronenmikroskopie
(cryo-EM) durch die die ATP-Synthase auf den mitochondrialen Membranen visualisiert
wurde, lieferte zusatzliche Beweise zur Validierung der isolierten Mitochondrien. Die Studie
konzentrierte sich auch auf die Gewinnung des Pyruvat-Dehydrogenase-Komplexes (PDHc)
aus den Mitochondrien und zeigte eine funktionelle PDHc-Aktivitdt in sauberen
Mitochondrien, die durch den Isolierungsprozess gewonnen wurden. PDHc wurde an die
Mitochondrienmembranen gebunden gefunden. Insgesamt haben diese Studien erfolgreich
Hefe-Mitochondrien gewonnen und isoliert, die Reinheit und Vitalitdit der Organellen
bestatigt und Einblicke in die Interaktion von spezifischen Proteinen mit mitochondrialen
Membranen gewonnen.

Im zweiten Teil, der Dissertation wurde die Kryo-EM in Kombination mit
Modellierungstechniken eingesetzt, um Hefezellextrakte zu analysieren, wobei der
Schwerpunkt auf dem L-A-Viruskapsid und seinen Wechselwirkungen lag. Die Kryo-EM-
Karte des L-A-Helfervirus bestand aus 120 Protomeren, die in einer ikosaedrischen
Proteinhille mit konsistenter Architektur angeordnet sind und das sich daraus ergebende
Modell passte gut zu dieser Architektur. Die Studie identifizierte bisher unbekannte
Kationen-n-Wechselwirkungen innerhalb und zwischen den Kapsiduntereinheiten, die fir die
Faltung und den Zusammenbau des Kapsids entscheidend sind. Flexibilitdt und
Konformationsdnderungen wurden in verschiedenen Regionen des Kapsids beobachtet,
insbesondere in Bereichen, die fur den Zusammenbau und die Stabilitat wichtig sind und von
der Kristallstruktur abweichen. In der Studie wird ein Modell fur die Stabilitdt von

Kapsomeren postuliert, das auf energetischen Berechnungen beruht, und auf einen
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mehrstufigen Prozess fir Assoziation hindeutet. Darliber hinaus untersuchte die Studie den
Ort und die Eigenschaften der mRNA-Decapping-Stelle innerhalb des Kapsids, wobei sich
die &ulere Oberflache als Decapping-Stelle, die vor dem Angriff der Exoribonuklease des
Wirts schiitzt, herausstellte. Flexible Schleifen in dieser Region beeinflussten die Form des
Decapping-Grabens, wobei die Kryo-EM-Struktur einen stérker verschlossenen Zustand im
Vergleich zu der Kristallstruktur zeigt. Die Lokalisierung der RNA-abhangigen RNA-
Polymerase innerhalb der Cryo-EM-Karte und Al-basierter Modellierung visualisiert, die
Anordnung der dsRNA innerhalb des Kapsids als rohrenformige Verdichtungen, die durch
eine mit einem flexiblen Linker verbundenen Polymerase an der Kapsidstruktur verbunden
ist. Der geladene Linker dient der Positionierung der Pol-Domane relativ zur Gag Domane,
wobei physikalisch-chemische Berechnungen auf unterschiedliche Abstédnde zwischen ihren
Endpunkten hinweisen. Weitere Kryo-EM-Analysen zeigten das Vorhandensein von
Ribosomen in unmittelbarer N&he des L-A-Virus, was auf ihre Beteiligung an Virus-
assoziierten Translationsprozesse hinweist. In der Studie wurden auch pleomorphe L-A-Viren
und die Bildung von kleinen Gruppen von Viren, die als Nanokompartimente bezeichnet
wurden entdeckt. Insgesamt hat diese Studie zu einem besseren Verstdndnis der Struktur des
L-A Viruskapsid, Wechselwirkungen, Flexibilitat und Funktionsstellen beigetragen. Sie wirft
dabei ein Licht auf dessen Aufbau, seiner Stabilitat und seiner molekularen Mechanismen.
Die in dieser Dissertation durchgefuhrten Studien zeigten die Starken der Kryo-EM in
Kombination mit verschiedenen Techniken zur Analyse von mitochondrialen und zellularen
Extrakten aus S. cerevisiae. Die Herausforderungen und die Reproduzierbarkeit der
biochemischen und Kryo-EM Analyse von Hefezellextrakten wurden ebenfalls diskutiert.
Insgesamt lieferte die Kryo-EM von nativen Zellextrakten wertvolle Einblicke in die zellulare
Organisation und die Struktur biomolekularer Komplexe, mit dem Potenzial, in Zukunft noch

nie dagewesene Informationen aufzudecken.
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9. Appendix
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2D classification
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Ab-initio reconstruction

3D classification

3D refinement
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Local refinement (FSC=0.143, n=1020420)

refined 3.77A
Supplementary Figure 1. Detailed image analysis workflow.

Shown is a workflow of image analysis, specifically followed for the high-resolution cryo-EM
structure of the L-A virus. Data is imported into the workspace, followed by motion
correction and CTF correction procedures. After these processes finished, particles can be
picked, and a de novo lower resolution reconstruction is derived after 3D classification and
refinement. For template picking this reconstruction was chosen. The picked particles are
then extracted and 2D classified. Selected 2D class averages were used for another ab initio
reconstruction, followed by 3D classification and 3D refinement of chosen particles. The
map quality was improved after using symmetry expansion and particles were, lastly, locally
refined.
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Supplementary Figure 2. XL-MS of fractions 5 and 6 identified enzymatic pathways and
protein complexes.

Most inter and intra molecular crosslinks were found in ribosomes and between ribosomes
and other translation related complexes (see uniport IDs of involved proteins in a; map
created for this thesis). For the yeast L-A helper virus intramolecular crosslinks (UniProt ID
P32503) could be identified as well as between the Tyl-PR1 Gag and Tyl-JR1 Gag
transposon (b; map of the L-A helper virus created for this thesis). The subunits RPT4 and
RPTS5 of the proteasome could be found crosslinked (c; PDB ID 3DY4). Clathrin heavy chain
(UniProt ID P22137) and light chain (UniProt ID P17891) showed crosslinks (d; PDB ID 5AHV).
(e) is showing crosslinks between the cell division control protein 42 and heat shock protein
SSA2 (PDB ID 6AHF). Next to inter molecular crosslinks also intra molecular (homo-inter)
crosslinks can be found (see f UniProt IDs of various crosslinked proteins).
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Supplementary Figure 3. Comparison of interface energetics forming the
crystallographically-resolved and cryo-EM resolved L-A virus capsid.

(a) Shown in peach (chain A) and green (chain B) in comic representation is the yeast L-A
virus capsomer with adjacent protomers. Subunits corresponding to chain A are labelled with
A’ and subunits corresponding to B are labelled B’. The colors for the calculated interfaces
match the box-plot background color. Calculated were van der Waals forces (VdW),
desolvation scores (DE), electrostatics scores (ES) in arbitrary units (a.u.), and the buried
surface area (BSA) in A2, (b) Proposed stability analysis (from monomer until step 4) of the
capsid informed by the energetics calculations for derived interfaces.
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Supplementary Figure 4. Cryo-EM reconstructions of translationally active ribosomes.
(a) 3D reconstructed ribosome at 6.62 A with an FSC=0.143. (b) 2D class averages and 3D
reconstruction of identified polysomes within the native cell extract. Scale bar represents 30

nm. (c) ldentified distinct translational states after variability analysis performed in
cryoSPARC.
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Supplementary Figure 5. (a-f) FSCs of the 6 distinct translational stages of reconstructed
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Supplementary Figure 6. Tracking of the abundance of the L-A virus via Western blot
analysis.

(a, b) Original uncropped membranes after Western blot analysis. Every second fraction was
applied on the gel and L-A virus capsid was detected. Control 1 and 2 are positive controls
and correspond to the recombinant protein and the fraction in which the LA virus was
detected by mass spectrometry (1), and the yeast lysate used for injecting the SEC (2).
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Supplementary Figure 7. L-A virus communities.
(a) More examples of viral particles grouping in the micrographs. Cryo-substituted, in resin
embedded Saccharomyces cerevisiae sections of 30 nm in width and imaged on the EM 900.
Shown are crops through yeast on the left and a comic representation on the right. Vesicles

are colored in orange, ribosomes/adjacent proteins dark green, and viral particles in purple
(b). Scale bar representing 50 nm.
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Supplementary Table 1. Cryo-EM acquisition and reconstruction parameters of specimen

reported in this study.

Acquisition 1 Acquisition 2 Acquisition 3 Acquisition 3
(L-A virus) (L-A virus) (Ribosome*?) (Inner density L-A
(EMD-15214) (EMD-15189) (EMD-15215) virus)
(PDB-8A5T)
Data collection and
processing
Magnification 45000X 92000X 45000X
Voltage (kV) 200 200 200
Microscope model TFS Glacios TFS Glacios TFS Glacios
Camera model TFS Falcon TFS Falcon IIIEC TFS Falcon HIEC
INEC
Number of frames 12% 12* 12*
Electron exposure (e-/A2) 30 30 30
Per-frame exposure (e—/A%) 2.3 2.3 2.3
Defocus range (um) -1.0t0 -3.0 -1.0t0-3.0 -1.0t0-3.0
Pixel size (A) 3.17 1.57 3.17
Images 10067 7011 2728
acquired (no.)
Acquisition software TFS EPU 2 TFS EPU 2 TFS EPU 2
Symmetry imposed I I C1
Initial particle images (no.) 230,000 2,725,140 750,242 17,549
Final particle images (no.) 65,000 1,020420 627,748 17,549
Map resolution (A) 6.4 3.77 6.62 18.13
FSC threshold 0.143 0.143 0.143 0.143
Map B-factor 188.3 198.2 559.3 360.2
Refinement
Initial model used (PDB - Imilc - -

code)

Map sharpening B factor

(A7)

Model composition
Non-hydrogen atoms
Protein residues

B factors
Protein (min/max/mean)

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)

Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

Map-CC

0 (not modified)

10302
1302

76.63/187.82/113.84

0.004 (0)
0.985 (0)

2.12
15.89
0.45

93.68
6.32
0.00

0.84

*Part of the dataset was acquired at 13 frames; the last frame was removed during image

analysis.
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Supplementary Table 2. Identification of structural homologues of L-A virus region 481-587:
Structural alignment was performed by DALI (http://ekhidna2.biocenter.helsinki.fi/dali/). Z
score (Z), root-mean-square-deviation (RMSD) between the two aligned structures, the
length of the aligned residues (lali) and the sequence identity (%id) are displayed. The

description is fetched from the PDB entry.

Chain Z rmsd lali %id Description
1mlc-B| 14.9 1.1 97| 100  Major Coat Protein
1mlc-A 7.6 0.8 | 97| 100 | Major Coat Protein
3edg-A 3.5 3.7 64 9 | ATP Synthase Subunit S,
Mitochondrial
3e2j-A 35 38| 61 10 | ATP Synthase Subunit S,
Mitochondrial
6kms-C 3.4 3.2 46 9 | Methyltransferase N6AMT1
3dze-A 3.3 37| 65 9 | ATP Synthase Subunit S,
Mitochondrial
6k0x-A 3.3 35| 45 9 | Methyltransferase N6AMT1
2dfx-I 3.2 28| 60 7 | Colicin-E5
2fhz-A 3.2 28| 60 7 | Colicin-E5 Immunity Protein
3gph-A 3.1 3.3| 61 7 | TRMB, A Global Transcription
Regulator
3wvg-A 3.1 38 65 17 | PGM1
3wvr-B 3.1 38| 65 17 | PGM1
6khs-A 3.1 31| 45 11 | Methyltransferase N6AMT1
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