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Abstract

Poxviruses are large pleomorphic double-stranded DNA viruses that include well-
known members such as variola virus, the causative agent of smallpox, Mpox virus,
as well as Vaccinia virus (VACV), which serves as a vaccination strain for formerly
mentioned viruses. VACYV is a valuable model for studying large pleomorphic DNA
viruses in general and poxviruses specifically, as many features, such as core
morphology and structural proteins, are well conserved within this family.

Despite decades of research, our understanding of the structural components and
proteins that comprise the poxvirus core in mature virions remains limited. Although
major core proteins were identified via indirect experimental evidence, the core's
complexity, with its large size, structure and number of involved proteins, has hindered
efforts to achieve high-resolution insights and to define the roles of the individual
proteins. The specific protein composition of the core's individual layers, including the
palisade layer and the inner core wall, has remained unclear.

In this study, we have merged multiple approaches, including single particle cryo-
electron microscopy of purified virus cores, cryo-electron tomography and
subtomogram averaging of mature virions and molecular modeling to elucidate the
structural determinants of the VACV core. Due to the lack of experimentally derived
structures, either in situ or reconstituted in vitro, we used Alphafold to predict models
of the putative major core protein candidates, A10, 23k, A3, A4, and L4.

Our results show that the VACV core is composed of several layers with varying local
symmetries, forming more intricate interactions than observed previously. This allowed
us to identify several molecular building blocks forming the viral core lattice. In
particular, we identified trimers of protein A10 as a major core structure that forms the
palisade layer of the viral core. Additionally, we revealed that six petals of a flower-
shaped core pore within the core wall are composed of A10 trimers. Furthermore, we
obtained a cryo-EM density for the inner core wall that could potentially accommodate
an A3 dimer. Integrating descriptions of protein interactions from previous studies
enabled us to provide a detailed structural model of the poxvirus core wall, and our
findings indicate that the interactions within A10 trimers are likely consistent across
orthopox- and parapoxviruses.

This combined application of cryo-SPA and cryo-ET can help overcome obstacles in
studying complex virus structures in the future, including their key assembly proteins,
interactions, and the formation into a core lattice. Our work provides important
fundamental new insights into poxvirus core architecture, also considering the recent
re-emergence of poxviruses.
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1 Introduction

1.1 Poxviridae

1.1.1 Orthopoxviruses 1 State of the art

Orthopoxviruses, members of the family Poxviridae, are enveloped pleomorphic
double stranded deoxyribonucleic acid (dAsDNA) viruses that can infect various hosts
from vertebrates to arthropods (Condit et al. 2006). The most prominent member of
the genus orthopoxviruses is variola virus, the causative agent of smallpox, which was,
until its eradication in the 1970's, responsible for millions of deaths worldwide
(Strassburg 1982). In 1796, Edward Jenner demonstrated for the first time that people
inoculated with lesions from the cowpox virus were immune to smallpox and invented
the concept of vaccination (Edward Jenner 1802). Eradication of smallpox was
achieved using another representative of the orthopoxvirus genus as a live virus
vaccine, vaccinia virus (VACV). In 1980 the World Health Organization (WHO)
requested all laboratories to destroy variola virus samples to prevent new outbreaks
and potential misuse and today only two remaining variola virus samples exist in US
and Russian government-controlled laboratories (Damon et al. 2014).

VACV remains a valuable model for studying large pleomorphic DNA viruses in
general, and poxviruses in particular, as many features such as core morphology and
structural proteins are well conserved within this family. Additionally, VACV also has a
high importance as a potential recombinant vaccine vector for various diseases such
as influenza or herpes (Smith et al. 1984) and is also used as a protein expression
system in biotechnological applications (Belongia and Naleway 2003, Hebben et al.
2007). This is due to its large genome of about 195 kilo base pairs (kbp), which allows
packing of large exogenous DNA segments. Moreover, VACV also serves as an ideal
model for studying assembly mechanisms and the infectious life cycle of other
poxviruses, including variola virus and monkeypox virus.

The most frequently referenced strain in scientific publications is the VACV Western
Reserve (WR) strain, known for its protein homology to variola virus, high virulence,
and the potential for genetic modifications. For biomedical applications, such as in
recombinant vaccination research, the attenuated modified vaccinia Ankara virus
(MVA) strain is most commonly used. This strain was developed after 500 passages
in chicken embryo fibroblasts and is still used as a smallpox vaccination. MVA is highly
attenuated, featuring multiple mutations, and is unable to replicate in human cells for
reasons that remain unclear (Blanchard et al. 1998).

Despite extensive research to understand viral assembly mechanisms and key
aspects of the viral life cycle, which could improve the use of VACV as a vaccine vector
or in biotechnology, several fundamental questions remain unanswered. The recent
re-emergence of the monkeypox virus and the global outbreak of Mpox shows that
fundamental research in Poxviridae is still essential to prevent and treat further
outbreaks.



1.1.2 The poxvirus life cycle

Poxviruses have a large host tropism and the transmission occurs either as species-
to-species spread or as zoonosis, depending on the virus strain. VACV in particular,
spreads from cattle to human or through person-to-person contact and can infect a
broad range of host cells (Silva et al. 2010). Upon binding to the cell membrane, VACV
can enter the cell via different mechanisms, including direct fusion with the plasma
membrane (Carter et al. 2005), a low pH endosomal entry path (Townsley et al. 2006)
or actin-dependent micropinocytosis (Mercer and Helenius 2008). After access to the
cell cytoplasm, the lateral bodies are disassembled and the intact viral cores travel to
a perinuclear site via microtubules, establishing the viral factory. Early genes are
transcribed, capped and polyadenylated within the core and the messenger RNA
(mRNA) is released into the cytoplasm for translation at cellular polysomes. Those
early proteins include proteins necessary for uncoating, transcription factors facilitating
the intermediate gene expression and all proteins necessary for viral genome
replication. (Mallardo et al. 2001, 2002, Katsafanas and Moss 2007, Greseth and
Traktman 2022)

After DNA replication, late gene expression starts, including structural proteins,
resulting in the assembly of immature virus particles (IVs). Notably, VACV (as all
poxviruses), has a complicated assembly and maturation cycle that results in an
immature and various mature virus forms.

Immature virus particle (IVs) are the first virus particles built in the viral factories and
are non-infectious. Membrane crescents with integral viral membrane proteins
assemble onto D13 protein scaffolds showing a honeycomblike pattern, resulting in
spherical particles of ~300 nm diameter (Hyun et al. 2022). The crescent formation is
controlled by viral protein kinase F10 which phosphorylates some cellular and viral
proteins (Maruri-Avidal et al. 2011) and DNA is encapsidated inside the virus particle
(Condit et al. 2006).

Subsequently, IVs are transformed into Intrac ellular mature virus particles ( MVSs),
the first and largest group of infectious virions produced within the host cell. Upon MV
formation, the virion decreases in size compared to IVs and adopts a typical brick-like
form with a dumbbell-shaped viral core. Infectious MVs can either emerge after cell
lysis or are transported along microtubules to a wrapping site near a nuclear region
(McKelvey et al. 2002). At these nuclear proximal wrapping sites MVs are enveloped
with an additional double-membrane bilayer, derived from the Golgi apparatus or
endosomal compartments (Chung et al. 1998, Sanderson et al. 2000).

These intracellular enveloped virions (IEV)  are then transported to the cell periphery
on microtubules with a kinesin-1-dependent mechanism. After crossing the actin
cortex (Arakawa et al. 2007), membrane fusion releases extracellular enveloped
virus (EEV) from the cell to facilitate long-range spread in the host organism.

Some IEVs remain associated with the plasma membrane as cell associated
enveloped viruses (CEV) to support superspreading in an actin-dependent manner
(Cudmore et al. 1995).
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Figure 1: Life cycle of VACV

Graphical lllustration of a VACV infected cell and and the different virions build throughout the life cycle
from entry to egress of the virus. The life cycle of VACV involves the entry of virus particles into the cell,
either through macropinocytosis or fusion. Once inside the cell, the viral DNA replication begins,
followed by the transcription of early and intermediate proteins. This leads to the formation of spherical
immature virions (IVs) containing encapsidated DNA. As the viral core condenses, the IVs mature into
intracellular mature virions (MVs), which exhibit a brick-like form with a dumbbell-shaped core. The MVs
can exit the cell through lysis or be transported to the Golgi apparatus via microtubules, where they
acquire an additional membrane layer to become enveloped virions (EVs). Upon exocytosis, the
extracellular enveloped virions (EEVs) can either remain cell-associated as cell-associated enveloped
virions (CEVs) and move along the cells in an actin-dependent manner, facilitating superspreading.

Source: Viralzone, Swiss Institute of Bioinformatics (Hulo et al. 2011)
(https:/Iviralzone.expasy.org/4399) License: CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)



1.1.3 Poxviruses and the Actin cytoskeleton

As stated in the previous chapter, CEVs contribute to the local spread of infection in
an actin-dependent manner (Cudmore et al. 1995). Early electron microscopy studies
of VACV infected cells showed microvilli that displayed a virus particle on their tip
(Stokes 1976). Actin tail formation in VACV infected cells occurs inside the cell
underneath the plasma membrane, triggered by signaling of VACV on top of it The
actin tails can extend up to 20pm and project toward uninfected cells, similar to other
pathogens such as Listeria or Shigella (Cudmore et al. 1995, Welch and Way 2013).
The VACYV structural protein A36 is associated with the outer envelope of IEVs, and
after virus release, it accumulates beneath the EEVs. A36 signals back into the cell
and becomes phosphorylated by Src and Abl family kinases (Frischknecht et al. 1999,
van Eijl et al. 2000, Newsome et al. 2006).
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Figure 2: VACYV cell -associated enveloped virions form actin tails for protrusion

(A) Intracellular enveloped virions (B) Extracellular enveloped virions signal back into
the infected cell with their structural protein A36. A36 proteins are phosphorylated by
kinases Src and Abll and recruit adapter proteins Grb2, Nck, and effector proteins
WASP and WIP. (C) WASP stimulates the nucleation of Arp2/3 complex and Racl
GTPase activates FHOD1 formin that enables the elongation of the actin tail

Image source:(Cifuentes-Munoz et al. 2020), License: 5835311283914



The phosphorylated A36 protein recruits adaptor proteins Grb2, Nck and downstream
effectors WASP (Wiscott-Aldrich-Syndrome protein) and WIP (WASP interacting
protein) (Frischknecht et al. 1999, Scaplehorn et al. 2002, Donnelly et al. 2013). WASP
stimulates the actin nucleation of the Arp2/3 complex (Taylor et al. 2011). Additionally
the small GTPase Racl activates the FHOD1 formin, which also enables the initiation
and elongation of the actin tails (Alvarez and Agaisse 2013, Cifuentes-Munoz et al.
2020) (Figure 2).

The Arp2/3-dependent actin tail propels surface virions away from the host cell
towards uninfected cells. To avoid infection of already infected cells, viral protein A56
is anchored in the infected cell's surface and protects from complement attacks,
facilitating efficient viral superinfection (Dehaven et al. 2011). Previous studies have
highlighted that actin based motility of VACV is a robust model to study actin filament
nucleation and polymerization (Cudmore et al. 1995, Abella et al. 2016).

1.2  Structural unknowns of Orthopoxvirus assembly

As noted above, during its life cycle, VACV adopts different virus forms, with varying
structure and morphology. They are pleomorphic, asymmetric and of substantial size.
Naturally, this poses challenges for structural biology methods like cryo-electron
microscopy (cryo-EM) single particle analyses (cryo-SPA) and X-ray crystallography,
both suited to solve structures of icosahedral or helical virus particles. In comparison,
cryo-EM tomography (cryo-ET) enables visualizing the overall structure of a single
virus particle of such a large size in 3D, aiding the understanding of the virions
ultrastructural organization. (Obr and Schur 2019).

The first attempts to study VACV using negative staining electron microscopy (EM)
provided basic information about virus surface features (Peters and Mueller 1963,
Westwood et al. 1964, Wilton et al. 1995, Griffiths et al. 2001). Studies to visualize
assemblies within cells performed with thin plastic sectioning EM revealed the
abundance of differently structured VACV particles and their subcellular location
(Rodriguez et al. 1998). Notably, the varying assemblies of immature and mature
forms made it challenging to precisely describe their structural composition, i.e., the
exact contribution of specific structural proteins to each virus morphology has
remained unclear. For a long time the limited available experimental methods resulted
in artifacts caused by damaging sample preparation steps and prevented a more
detailed description of virus particles and their components. More native insights could
only later be revealed with the introduction of cryo-EM and in particular cryo-ET
methods, which allow to study specimens in a near native state via a process called
vitrification, i.e. the cryo-fixation of samples without any ice crystal formation
(Dubochet et al. 1994, Cyrklaff et al. 2005).

Structural information on 1Vs

Immature virions (IV) with a diameter of 300 nm are derived from membrane crescents
within the viral factory. The IV is suggested to comprise two membrane bilayers with
an overall thickness of 10 to 15 nm (Rodriguez et al. 1998, Condit et al. 2006). The
inner smooth layer consists of a trilamellar structure and the outer layer is covered
with spikes that are regularly spaced (Risco et al. 2002). Upon assembly of the IVs,
scaffolding protein D13 exists as individual trimers in the cytoplasm and gets recruited
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to the viral membrane through an Al17 interaction (Szajner et al. 2005, Bisht et al.
2009). A honeycomb lattice of pseudohexagonal D13 trimers is built and induces the
curvature of the spherical-shaped IVs (Hyun et al. 2011, 2022). The origin of the
membrane crescent has been controversial for a long time. Origination of membranes
from cellular organelles (Risco et al. 2002) has been favored as hypothesis over de
novo membrane formation theory (Dales and Mosbach 1968), as studies suggested
that crescents are derived from preexisting cisternae and collapse through the action
of virus proteins (Sodeik et al. 1993). Recent thin section EM and ET studies of VACV
deletion mutants of viral membrane assembly complex proteins that are necessary to
form IVs, showed connections between the viral membrane and the endoplasmatic
reticulum, proving the origin of the viral membranes (Weisberg et al. 2017). DNA gets
encapsidated during IV formation when the viral membrane crescent and D13 form
the spherical particle. In EM micrographs local electron densities in the shape of
spherical granular inclusions or paracrystalline arrays were detected inside IVs and
identified as the DNA containing compartment (Dales 1963, Ericsson et al. 1995).
During maturation the IV undergoes a substantial structural change where the
spherical IV particle gets condensed into a brick-shaped MV patrticle.

Structural in formation on MVs

The MV is the structurally most studied virion of the VACYV life cycle. MVs are usually
encountered outside the viral factories (Sodeik et al. 1993, Ericsson et al. 1997) and
are brick-shaped with approximate dimensions of 360 x 250 x 220 nm (Cyrklaff et al.
2005, Hernandez-Gonzalez et al. 2023). The transition from 1Vs to MVs is rapid (hence
aggravating experiments to understand the exact transition mechanism) and includes
proteolytic cleavage of the structural core proteins through viral protease 17 and the
formation of disulfide bonds that facilitate the reorganization to MVs (Senkevich et al.
2002, Ansarah-Sobrinho and Moss 2004). The virus particle loses around 50% of its
volume during maturation, and the viral core condenses to a dumbbell-shaped form
flanked by lateral bodies (Hernandez-Gonzalez et al. 2023) (Figure 3).

The D13 hexameric lattice of IVs is lost throughout this process, and the viral core is
condensed into a dumbbell-shaped form containing the viral genome (Condit et al.
2006, Hernandez-Gonzalez et al. 2023). Despite this knowledge, the morphogenesis
of MVs is still incompletely understood and different models have been proposed. One
of these models is based on cryo-ET studies from 2005 (Cyrklaff et al. 2005). It
suggests that the IVs are surrounded by a double lipid bilayer and during maturation
one lipid bilayer collapses around the encapsidated DNA, building the viral core,
resulting in an outer layer also surrounded by a single membrane bilayer. Recent
studies confirmed that one membrane layer of the IV forms the outer membrane of the
MVs, but it is still unknown how the viral core wall is formed (Hernandez-Gonzalez et
al. 2023). Another model is based on very early negative stain EM studies and
proposes a single membrane bilayer and no membrane around the core. This model
also suggests that crescents arise de novo, which later studies disproved (Dales and
Mosbach 1968, Wilton et al. 1995, Weisberg et al. 2017). Overall, no clear consensus
on the morphogenesis of MV has been reached, highlighting the importance of
addressing this question further. Controlled degradation and immuno-localization with
negative stain EM revealed that the viral core is flanked by lateral bodies of amorphous
structure composed of proteins of unknown function (Easterbrook 1966, Cyrklaff et al.
2005, Condit et al. 2006). The MV is surrounded by a 5-6 nm lipidic membrane with
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non periodic extensions of 3 to 6 nm on the outside, that could be part of the receptor
binding components and a smooth inner layer (Cyrklaff et al. 2005). More recent
studies described the outer layer of 6-7nm to be more continuous (Hernandez-
Gonzalez et al. 2023). The differences could be due to different sample preparations
and visualization techniques (Figure 3).

1.2.1 The poxvirus core

The VACV core is a key part of all infectious poxvirus forms and plays a central role in
the viral lifecycle by securely transporting the viral genome and necessary accessory
proteins to newly infected cells. The dumbbell-shaped viral core displays an inner
cavity that is suggested to be filled with electron-dense coils of DNA-protein complexes
(Condit et al. 2006). Visualization of viral core substructures by in situ atomic force
microscopy indicated that the association of linear viral DNA with segmented proteins
form a 16 nm diameter filament with a helical surface topography (Malkin et al. 2003).
These described filaments are enclosed in 30 - 40 nm tubules condensed in the core.
Previous cryo-EM studies could not confirm the formation of enclosed tubules, they
show that the DNA is condensed and accumulated to the inner core wall (Cyrklaff et
al. 2005, Hernandez-Gonzalez et al. 2023).

The viral core is surrounded by two layers with an overall thickness of 18-19nm: a
discontinuous outer palisade layer described to consist of what appeared to be T-
shaped spikes and an inner core wall. These spikes of the palisade layer were reported
to have dimensions of 5 nm width and 8-12.5 nm height and to be arranged in
hexagonal crystallites and the inner core wall to have a thickness of 3-4 nm (Dubochet
et al. 1994, Cyrklaff et al. 2005, Hernandez-Gonzalez et al. 2023). The discontinuous
outer layer is proposed to be built by side interaction of the spike proteins as they are
anchored in the inner core wall and attached to lateral bodies is possible.(Cyrklaff et
al. 2005)

Further insights into core wall composition suggested that pore-like structures exist in
the viral core. The pores are embedded in the viral core wall with extended protrusions
on the exterior side (Figure 3). These findings were provided by early cryo-ET studies
of whole VACV (Cyrklaff et al. 2005), followed by negative stain experiments on
stripped VACV cores (Moussatche and Condit 2015). However, none of these studies
could provide a conclusive answer to the potential role and composition of the viral
core pores. It was suggested that these pores could be responsible for extrusion of
viral mMRNA during viral transcription (Cyrklaff et al. 2005). Alternatively, pores could
be involved in import and export of molecules to increase or decrease volume, when
viral cores increase in size after being internalized into the cell or when IVs condense
during their transition to MVs (Heuser 2005, Chichon et al. 2009). During the
contraction step it would be possible that molecules get excluded and the MVs are
impermeable. However, the pore structure and its protein composition are still
unknown; therefore, no clear assumption about its function can be made.(Peters and
Mueller 1963, Heuser 2005, Chichon et al. 2009) This highlights that despite significant
efforts in examining the VACYV structure, several fundamental questions such as the
function and the protein composition of the pores as well as overall MV core wall
composition are still open.
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Figure 3: Schematic structure of VACV MVs and the composition of the core wall

Schematic depiction of an intact mature virion with annotated palisade layer, inner core wall, pore-like
structure, and lateral bodies in comparison to the isolated viral core. (left). Suggested protein
composition of the VACV core wall with A4 on the exterior, A10 in the middle, and A3 on the interior
side. L4 is displayed as DNA binding protein inside the core. Protease |7 is responsible for the
proteolytic cleavage of proteins A10, A3 and L4. (right) The question mark and yellow background

highlight the uncertainties in the precise composition of the core wall, indicating areas that require
further investigation.

Source: adapted from Viralzone, Swiss Institute of Bioinformatics (Hulo et al. 2011)
(https://viralzone.expasy.org/4399 and Datler et al. 2024.

License: CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)



1.2.2 Putative poxvirus core proteins

Despite not knowing exactly which proteins form the core layers, putative candidates
for major core proteins have been described in literature using indirect experimental
evidence. Protein names varied in different studies and the genes for these putative
core proteins are referred to as A4L, A10L, A3L and L4R. All except A4L encode for
precursor proteins p4a (A10L), p4b (A3L), and VP8 (L4R). These proteins are cleaved
by protease 17 during maturation into A10 (p4a residues 1-614), 23k (p4a residues
698-891), A3 (p4b residues 62-641), and L4 (VP8 residues 33-291) (Ansarah-
Sobrinho and Moss 2004). The protein A4 (also known as p39) does not undergo
proteolytic cleavage. For simplicity and to adjust to the currently accepted
nomenclature, | will use the protein names A10, A3, A4, 23K and L4 from now on.
(Figure 4)

In previous studies using spatial proteomics, researchers identified the proteins
present in the viral core and the lateral bodies. Western blot analysis of SDS-treated
MVs revealed A3, A10, and L4 as major core proteins (Ichihashi et al. 1984, 1994).
Gel-free liquid chromatography and tandem mass spectroscopy confirmed these
findings and showed that A10, A3, and A4 are the most abundant viral proteins, with
a ratio of 1:1:10 (Chung et al. 2006). Mass spectrometry of viral cores purified with
NP-40 and DTT indicated the presence of A10 and A3 in the viral core fraction and A4
in the combined fraction of core and lateral bodies, suggesting that A4 is located at
the outer layer of the core wall (Jensen et al. 1996, Bidgood et al. 2022).

These results align with immunogold labeling studies of purified viral cores, which
detected A10 and A4 at the surface of the core wall and suggested that A4 forms a
palisade-like structure (Cudmore et al. 1996, Roos et al. 1996, Pedersen et al. 2000,
Moussatche and Condit 2015). Protein A3 has been suggested to be located at the
inner part of the core wall, as immunolabeling was only feasible after the cores were
broken due to hypertonic shock (Moussatche and Condit 2015). Immunolabeling of
cryosections and broken viral cores indicate that L4 is located at the inner core wall
and is a major DNA binding protein, as previously described in in vitro studies (Bayliss
and Smith 1997, Pedersen et al. 2000, Moussatche and Condit 2015). A cross-linking
mass spectrometry (XL-MS) paper described interactions between A10 and A4, 23k
and A4, and A3 with 23k (Mirzakhanyan and Gershon 2019).

These findings suggested a protein core wall model as shown in Figure 4, where A4
builds the outer layer of the viral core wall, forming the palisade layer. A10 is situated
in the middle and A3 is located on the inside of the viral core wall. L4 was suggested
to be found on the interior side of the viral core, as a DNA binding protein.

Despite decades of research, our understanding of the structural determinants and
proteins that form the virus core in MVs remains limited. While these studies have
suggested potential major core proteins, the structural composition of the MV core walll
is still unknown. Furthermore, there are no experimentally derived structures of the
putative core protein candidates, neither in situ or in vitro, A10, 23k, A3, A4 and L4.This
underscores the need for further research in this area, as we strive to unravel the
complexities of the virus core in MVs.
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Figure 4: Putative structural core proteins

(a) Schematic of the protein domain architecture and cleavage sites of A10, A3, A4 and L4. (b) Protein
names and Uniprot ID of proteins A10 (4a), A3 (4b), 23K (cleavage product of A10 precursor), A4 (p39)
and L4 (VP8) and their molecular weight and residues. Adapted from Datler et al., 2024.

1.3  Structural characterization of the poxvirus core

Poxviruses are very large and complex, featuring a multilayered architecture that
presents significant challenges for structural analysis. As discussed in previous
chapters, early studies using various EM techniques revealed that VACV MVs have a
distinctive barrel-shaped structure characterized by an internal viral core surrounded
by an outer membrane layer. During the maturation process, the DNA containing viral
core, condenses into a dumbbell-shaped form and is flanked by protein-rich lateral
bodies (Cyrklaff et al. 2005, Moussatche and Condit 2015). Subsequent cryo-EM
studies confirmed these observations and identified a regular palisade layer
surrounding the viral core, with pore-like structures traversing the core wall (Cyrklaff
et al. 2005, Hernandez-Gonzalez et al. 2023). More recent in situ cryo-ET studies
further detailed this palisade layer, showing that it is composed of a pseudohexagonal
lattice of trimers consistently present in all infectious virions (Hernandez-Gonzalez et
al. 2023). Despite these advances, structural studies have so far been unable to
determine the precise protein composition of the viral core due to limited resolution
and the absence of available protein structures for accurate fitting within the observed
densities. This chapter focuses on the various methods used to elucidate the
structures of pleomorphic viruses like VACV and their technical evolution over time,
highlighting recent advancements, including state-of-the-art techniques,
computational approaches, and artificial intelligence (Al) based technologies.

1.3.1 Electron microscopy studies of the poxvirus core

EM is a powerful imaging technique employing an electron beam as an illumination
source to acquire high-resolution images of biological and non-biological samples.
Two main types of EM are transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). SEM scans the surface of a specimen, providing detailed
images of the specimen surface, while TEM transmits electrons through thin samples
and produces high-resolution 2D projection images. TEM is used to display the internal
structures of thin-sectioned samples, isolated viruses and single particles. Overall, it
is an essential tool for studying cells, tissues, viruses and macromolecular complexes
at a nanometer scale. Preparing samples for conventional TEM and SEM can alter the
structure of biological specimens as they must be dehydrated and stained. Different
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techniques, such as freeze substitution, thin-sectioning, negative staining, and
immunogold labeling, can enhance contrast and reveal structural details. The EM
sample preparation can affect the specimen’s integrity, leading to a loss of its native
state. One effective solution to this problem is to utilize TEM under cryogenic
conditions. In this method, the samples are vitrified in thin vitreous ice, free of crystals,
which helps preserve their native state. Cryo-EM is a cutting-edge technique used to
reveal the structures of protein complexes in a near-native, hydrated state. Thin
specimens, such as viruses, cells, proteins, or molecular complexes, are rapidly
plunge-frozen on cryo-EM grids in liquid ethane at approximately -180° C, effectively
preventing ice crystal formation and preserving the native state of the sample without
chemical modifications.

Single particle cryo -electron microscopy

Single particle cryo-EM (cryo-SPA) is a method for determining high-resolution
structures of proteins and molecular complexes. In contrast to cryo-ET, where a tilt
series is acquired to produce a 3D structure, cryo-SPA collects numerous 2D images
of proteins, or other features of interest, that are differently oriented within the sample.
Then, these 2D images, displaying variant orientations of the particles, are
computationally processed and aligned to reconstruct a detailed 3D structure. The
technique is especially effective for isolated or purified complexes, making it ideal for
detailed structural studies of ribosomes, membrane proteins, enzymes, and large
macromolecular assemblies. Cryo-SPA can achieve near-atomic resolution, revealing
intricate details such as side-chain positioning, conformational states, and binding
sites. (Figure 5c¢)

Cryo -Electron Tomography

Cryo-ET tomograms are obtained by acquiring a series of 2D micrographs at various
tilt angles, typically ranging from -60° to +60° with increments of 2 to 3 degrees. After
acquisition, the micrographs are aligned and computationally reconstructed into a 3D
tomogram, revealing the structural features of the sample at the resolution of several
nanometers. Regions of interest within these tomograms can be identified manually or
through automated template- or shape-recognition algorithms. Once identified,
subtomograms are extracted and aligned relative to a predefined reference. Through
iterative alignment and refinement, a higher-resolution 3D structure of the target
feature can be resolved. (Figure 5a, b)

In most recent cryo-ET studies on VACV, only low resolutions could be achieved due
to methodological limitations. Therefore, no detailed conclusions could be made about
the composition and function of the viral core (Cyrklaff et al. 2005, Moussatche and
Condit 2015). In recent years, cryo-ET underwent major improvements, allowing the
description of capsid assemblies in pleomorphic viruses like retroviruses (Schur et al.
2016), influenza virus (Peukes et al. 2020) and filovirus (Wan et al. 2017, Watanabe
et al. 2024) at sub nanometer or even higher resolution. One main advancement was
the implementation of new direct electron detection cameras to achieve a higher
signal-to-noise ratio (SNR).
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Figure 5: Different cryo -EM techniques and their workflow

(a) In cryo-ET tilt series are acquired, which are aligned and reconstructed into a tomogram. (b) Particles
are identified and picked within the tomogram and subtomograms are extracted. Subtomogram
averaging aligns and averages them to a reference, resulting in a 3D structure. (c) Cryo-SPA acquires
2D images of particles embedded in a thin vitreous layer in various orientations. After particles are
picked their computational alignment generates a 3D structure.

Image source: adapted from (Obr and Schur 2019), License: 5912070018902

12



When comparing room-temperature thin-section EM (RT-EM) (for both 2D acquisition
and tomography), cryo-ET, and cryo-SPA, each method offers distinct advantages and
limitations. Within the overall sample, RT-EM and cryo-ET provide better
contextualization and preserve the spatial relationships of proteins and structures.
However, cryo-ET maintains the highest level of nativity, as samples are usually
preserved in their natural environment. Sample preparation poses unique challenges
for each technique. RT-EM involves chemical fixation and dehydration steps that can
alter sample structure, while cryo-ET demands thin samples in a vitrified state to
maintain native-like conditions. For cryo-SPA, achieving a high concentration of the
protein of interest without preferred orientations is critical to ensure successful data
acquisition.

The image processing capabilities vary tremendously as RT-EM is primarily limited to
segmentation, whereas cryo-ET and cryo-SPA benefit from a wide range of advanced
software tools for image alignment, reconstruction, and analysis. In summary, each
technique plays a vital role in unraveling the structures of pleomorphic viruses, and
combining these methods can provide a comprehensive understanding by leveraging
their respective strengths. (Table 1)

Table 1 Comparison of different electron microscopy techniques

Room-temperature

thin section EM . LRyOSRA
Context v v X
Nativity X 4 =
Resolution nm nm/A A
Sample preparation Complex Complex Complex
Image processing Limited Advanced Advanced

1.3.2 Artificial Intelligence (A 1) based approaches to study
poxviruses

No experimental structures are available for most poxvirus proteins, particularly the
putative core proteins A10, 23K, A3, A4, and L4. Additionally, the lack of homologues
makes homology modeling unfeasible, leaving a gap in structural information. Al-
based approaches like AlphaFold are good opportunities to computationally predict
protein structures and interpret experimental data.
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AlphaFold - new Technologies for struct ural studies

Determining the three-dimensional structure of proteins is essential to elucidate their
function and interactions within biological processes. X-ray Crystallography, Nuclear
magnetic resonance (NMR) spectroscopy and cryo-EM are standard methods to
determine protein structure. However, these techniques require specialized
instrumentation and high-quality samples, often presenting a significant bottleneck.
Therefore, the invention of Al-based programs for protein structure prediction is
valuable for interpreting experimental data when the data lacks sufficient resolution to
construct a de novo model.

The field of protein structure predienion

Dogmad s ugge s D strdctute lofaa tproteirhisonld determined by its amino
acids (Anfinsen et al. 1961). From that moment, scientists tried to develop algorithms
to predict 3D protein structures from amino acid sequences accurately. Since 1994, a
competition organized by the Critical Assessment of Structural Prediction (CASP)
community has taken place biennially where an amino acid sequence of a known but
not yet published protein is released, and scientists can test their 3D structure that
was predicted by their developed algorithm objectively (Lupas et al. 2021). Since then,
many algorithms have been developed, and they can be classified into homology
modeling, de novo modeling and machine learning (ML) based modeling. The most
promising ML modeling in recent years is a deep learning algorithm that is the base
for programs like RoseTTAFold (Baek et al. 2021), AphaFold (Jumper et al. 2021) and
ESMFold (Lin et al. 2023). In 2020, the 14" CASP competition was won by the
machine learning-based algorithm AlphaFold 2.0 (AF2) developed by DeepMind
(Jumper et al. 2021, Kryshtafovych et al. 2021).

AF2 (Jumper et al. 2021) uses protein databases to compare amino acid sequences
and identify conserved regions crucial for the protein structure. The program uses
multiple sequence alignments (MSA) of homologous proteins and highlights their
similarities and differences. A specialized neural network architecture called
AEvof or mer o processes the MSA and the
relationships and build contextual information on how the protein should be folded.
This information is combined in a structure module that refines the 3D coordinates and
iteratively adjusts them to match the structural constraints. In the end, each region of
the structure gets a confidence score, with the predicted local distance difference test
(pLDDT) assigned, indicating the reliability of the structure. AF2 can also fold single
and multi-protein complexes where multiple amino acid sequences of the same or a
different protein are provided to build a multimer complex (Yang et al. 2023).

As of 2024, over 214 million proteins were already predicted by AF2 and significantly
advanced research in the fields of biology and medicine (Varadi et al. 2024). The
predictions are accessible through the AlphaFold Protein Structure Database, a
collaboration between DeepMind and the European Bioinformatics Institute (EMBL-
Bl). One outstanding example of combining AF2 with experimental and computational
techniques is the detailed model of the human nuclear pore complex architecture
(Mosalaganti et al. 2022). Another example is the structure of VACV DNA helicase D5,
where cryo-EM and AF2 predictions were integrated to construct a comprehensive
structural model (Hutin et al. 2022).
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The limitations of Al-based structural prediction include their dependency on available
experimental databases and their reliance on established patterns. AF2 does not
consider physical and chemical factors such as pH, temperature, and stoichiometry.
While the algorithm can predict protein structures, it does not provide insights into
protein function, dynamics, or how proteins behave within a complex cellular
environment. The reliance on evolutionary data, like MSA, for accurate predictions is
less effective for proteins with few homologous sequences, which is often true for novel
or species-specific proteins. Furthermore, flexible and disordered regions are
frequently predicted inaccurately.

The recently published AlphaFold 3 has addressed many previous limitations. This
algorithm can now predict the joint structures of complexes that include proteins, small
ligands, RNA, DNA, ions, and modified residues. Additionally, ligand binding
predictions have been enhanced, allowing tasks that previously required multiple
programs to be consolidated into a single tool. This improves the prediction of protein-
ligand interaction, protein-nucleic acid interaction, and antibody-antigen prediction,
which is valuable for a wide field of applications in biology, medicine and drug design.
(Abramson et al. 2024)

Neural -network assisted restoration of missing information in cryo -ET

The missing wedge problem along with its anisotropy represents a significant
challenge in the visualization and interpretation of tomograms. The tilt range of a
tomogram usually does not exceed +60°/- 60° as higher tilts result in thicker samples
and a poor SNR. This incomplete angle sampling creates a "missing wedge" that
causes anisotropy along the optical axis in real space, resulting in missing information
in Fourier space (Figure 6). Several strategies exist to address this issue. One method
involves using a dual tilt axis acquisition approach, where the stage can also be rotated
in-plane by 90° to acquire a second tilt series, resulting in a "missing pyramid"”
(Mastronarde 1997) This feature requires a special stage that can be integrated into
some cryo-EM microscopes. However, it requires the acquisition of more tilt angles,
which results in spending the same or a higher amount of electrons on a larger number
of tilts, increasing the risk of sample damage and poor SNR.

Algorithms that use prior assumptions, such as density positivity or solvent flatness,
to explain the structural features of reconstructed tomograms are another option for
compensating for the missing wedge. Such assumptions have limited information and
often do not succeed in recovering the missing wedge, as it is a complex biological
system (Deng et al. 2016, Yan et al. 2019, Zhai et al. 2020). An recent development
is the Al-based deep learning software IsoNet that is able to restore the missing wedge
information and improves the SNR of electron tomograms (Liu et al. 2022).
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Figure 6: The missing wedge problem.

(a) Tomograms are acquired by collecting a tilt series of images, which are then computationally
reconstructed into 3D volumes. The incomplete angular sampling at high tilts results in a region of

missing data, known as the fimissingwedgea ( b) Li mi tations of the An

IsoNet employs a deep learning approach, utilizing a convolutional neural network
(CNN) that iteratively learns from raw tomograms to restore the missing information.
The software analyzes the provided tomograms to predict features that might fill the
missing wedge, performing exceptionally well with spherical objects and those with
uniform features across all orientations, such as viruses. Since side views are similar
to top and bottom views due to the sample's uniformity, similar features can be
expected to be found in the missing wedge region (Liu et al. 2022).

To benchmark the technique, IsoNet was tested on different biological samples. The
correction of tomograms of HIV using IsoNet revealed that the missing wedge
information could be effectively restored, resulting in a more spherical appearance of
the virus with significantly improved contrast. In the case of Trypanosoma brucei
flagella, the isotropic correction provided enhanced contrast in all three dimensions,
allowing for a detailed visualization of the complex structure of the cellular organelle.
A more complex and more extensive example involved tomograms of synapses in
hippocampal neurons. Because of the increased thickness of the sample and its very
low SNR, isotropic reconstruction proved to be more challenging. Nevertheless, the
resulting tomograms displayed good structural integrity and substantially higher
contrast.(Liu et al. 2022)

IsoNet is a useful tool for enhancing contrast and correcting for the missing wedge in
cryo-ET. The program helps visualize tomograms in all three dimensions, with lower
SNR and a higher contrast, thereby improving our understanding of complex biological
structures. Additionally, IsoNet facilitates further processing by allowing researchers
to select the features of interest for subtomogram averaging. However, it's important
to approach the results with caution, as their accuracy depends heavily on the quality
of the input training data.

AF2 enables protein structure prediction, and IsoNet enhances the resolution and
interpretability of cryo-ET data. Together, these Al-based approaches are helpful tools
to analyze and interpret experimental data and can help to gain valuable insights into
the complex core architecture of poxviruses.
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2 Aims and Objectives

Obtaining more knowledge on poxvirus morphogenesis could reveal a deeper insight
into assembly mechanisms of these viruses and other large nucleocytoplasmic DNA
viruses in general. As outlined in the introduction, the structural assembly of MVs is
still widely unknown despite considerable efforts. Fundamental open questions
include:

1 Which structural proteins comprise the core layer, and where are they located
in the core wall? Specifically which protein forms the palisade layer and the
inner core wall?

1 Which structural features comprise the viral core? Do viral core pores exist and
what is the molecular structure and the functional state of these pores?

1 Why does the virus core have a dumbbell-shaped form, and why is it so
versatile throughout maturation of the virus? What defines the shape of the
virus core?

For this thesis, | reason that these questions can be effectively addressed by revisiting
VACV MVs using the latest cryo-EM and image processing developments, combined
with optimized virus purification strategies to obtain viruses with high yields and purity.

This should allow me to achieve my main aim, in which | want to substantially
extend the available structural description of MVs to provide a complete MV core
layer model.

To this end, the work of this thesis is defined via three objectives:

Objective 1 - To establish purification protocols for high  -resolution
structural analysis of complete  VACV virus particles and isolated virus
cores

Using the VACV WR strain allows to draw general conclusions about poxvirus
assembly features. Performing structural analysis via cryo-EM or cryo-ET requires
purifying intact VACV MVs in high concentrations. Developing an optimized virus
purification protocol to obtain high titers of intact viruses and an optimized vitrification
protocol of VACV MVs, will ensure an optimal concentration, density and overall
quality for subsequent cryo-EM and cryo-ET studies. Additionally, establishing a virus
core purification protocol, where the outer membrane and the lateral bodies are
stripped off the virus, will allow more detailed insights into viral core composition. A
previous paper from Dubochet (Dubochet et al. 1994) showed that purified VACV
cores are clean, and many structural details are visible in cryo-EM. Furthermore, this
paper showed that single proteins are shed off purified viral cores, potentially making
them amenable to SPA cryo-EM.
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Objective 2 - To elucidate VACV core morph ology and the structural
determinat ion of core layers using cryo -ET

In this objective, optimizing a cryo-ET and subtomogram averaging workflow will allow
in-depth structural analysis and give a contextual overview of the core morphology and
the viral core proteins within intact VACV MVs. Structures such as the palisade layer,
the inner core wall and the viral core pore as well as interactions between different
structural entities will be visualized.

Objective 3 T Assigning molecular identities to t  he poxvirus core layer
using multimodal cryo -EM and an Al assisted workflow

Identification of the major core proteins of VACV MVs and their exact location within
the virus core wall will be performed with a multimodal approach of cryo-ET, cryo-EM
with an Al assisted workflow. Cryo-ET and cryo-SPA of purified VACV MVs and their
isolated cores as established in objective 2 should allow obtaining a high-resolution
structure of the palisade layer, the inner core wall and potential viral core pores, and
contextual knowledge about their location. Putative structural core proteins are already
known from the literature, and an Al assisted workflow with Alphafold will be used to
predict the protein structures. Subsequently, the predicted structures will be compared
with experimentally derived structural densities to accurately identify the viral core
proteins and reveal the correct core composition model. Finally, the structure will be
compared with other Poxviridae family members to better understand protein
conservation. Furthermore, interaction analysis will elucidate how different proteins
interact with each other to obtain a more comprehensive understanding.
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3 Material and Methods

The materi al and methods secti on -nodascrytr-e e n
EM reveal s trimers of protein A10 t(Datldror m

et al. 2024) and is reproduced here in adapted form by myself. The original draft has
been initially written by myself, except for Chapter 3.6.6 and Chapter 3.8, which was
originally drafted by Jesse Hansen, and Chapter 3.9, which was entirely written by
Nicholas Armel.

3.1 VACV propagation

VACV Western Reserve (WR) sample was kindly received from Andreas Bergthaler
(Medical University of Vienna & Center of Molecular Medicine) and propagated in
HelLa cells that were kindly provided by Michael Sixt (Institute of Science and
Technology Austria) and originally obtained from ATCC.

HelLa cells were cultured in DMEM GlutaMAX (Thermo Fisher Scientific, no.
31966047), supplemented with 10% (vol/vol) Fetal Bovine Serum (FBS) (Thermo
Fisher Scientific, no. 10270106) and 1% (vol/vol) penicillin-streptomycin (Thermo
Fisher Scientific, no. 15070063) in T-175 cell culture flasks (Corning, no. CLS431080)
until they reached 80% confluency. Before infection, VACV was trypsinized with a 1:1
dilution of 0.25% Trypsin (Thermo Fisher Scientific, no. 25200056) for 30 minutes at
37 AC and then diluted in 2 ml infect:i

penicillin-streptomycin at an MOI of 1.5.

HelLa cells were washed once with PBS, by aspirating the culture medium and adding
PBS. PBS was aspirated and the previously prepared 2 ml infection medium
containing the virus at an MOI of 1.5 was added for 2 h at 37 °C and 5% CO:. Culture
flasks were manually tilted every 30 minutes to ensure equal distribution of the virus.
2 h after infection 33 ml of infection medium was added and cells were incubated for
3 days at 37 °C and 5% CO:2 until a cytopathic effect (CPE) was visible. The cells were
harvested by scraping and the cell suspension was centrifuged at 1,200g for 10
minutes at 4 °C and the cell pellet was resuspended in 500 pl 10 mM Tris-HCI, pH 9
(Carl Roth, no. 9090.3) buffer. Cell pellets were stored at -80 °C until further use and
underwent three times a freeze and thaw cycle and were vortexed after each thawing
process to manually shear the cells. The cell suspension was centrifuged for 5 minutes
at 300g and 4 °C and the supernatant was kept for further use. The cell pellet was
resuspended again in 500 pl 10 mM Tris-HCI, pH 9 and centrifuged 5 minutes, 300g
and 4 °C. The supernatants were pooled and were either aliquoted in 50 pl batches
and stored at -80 °C until further use for virus propagation, or used to purify MVs for
electron microscopy as described below.

3.2  VACV WR purificati on

The pooled supernatant was applied on a 6 ml sucrose cushion containing 36%
Sucrose (Sigma-Aldrich, no. 84100) in 10 mM Tris-HCI buffer, pH 9 in small centrifuge
tubes (Thermo Fisher Scientific, Thin-Walled WX, no. 03699). The tubes were filled
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up with 10 mM Tris-HCI buffer and centrifuged at 32,900g and 4 °C for 80 minutes in
an ultracentrifuge (Sorvall, WX100+, Rotor TH-641). The supernatant was aspirated
and the pellet containing the MVs was resuspended in 500 pl 1 mM Tris-HCI, pH 9
and applied on a sucrose gradient (40%, 36%, 32%, 28%, 24% sucrose in 1 mM Tris-
HCI buffer (2 ml each)) and centrifuged with 26,000g and 4 °C for 50 minutes.

The band containing the MVs, visible as a milky band, was collected and applied to a
fresh tube with 10 ml 1 mM Tris-HCI buffer and centrifuged at 15,000g and 4 °C for 30
minutes to sediment the virus. The pellet was dissolved in 100 pl 1 mM Tris-HCI buffer,
aliquoted, and frozen at -80 °C until further use.

3.3 Puirification of VACV core

Samples were treated as described above until the last centrifugation step. The cell
pellet was dissolved in 500 pl core stripping buffer containing 0.1% NP-40 (Thermo
Fi sher Scientific, no.85124), 50 mHCI@BIDBPT (Car
and 2U DNAse (Promega, no. M6101) to shed the outer membrane of VACV, and
incubated for 10 minutes at room temperature. The solution was applied on a 2 ml
24% sucrose cushion in 1 mM Tris-HCI buffer, pH 9, and filled up with 1 mM Tris-HCI
buffer, pH 9. The sample was centrifuged at 20,000g and 4 °C for 30 minutes and the
pellet was collected in 500 pl 1 mM Tris-HCI, pH 9. For sedimentation of the viral cores,
the sample was centrifuged again at 15,000g and 4 °C for 30 minutes. The pellet was
resuspended in 50 pl 1 mM Tris-HCI, pH 9, and stored in aliquots at -80 °C until further
use. Cryo-SPA samples were prepared with four times more virus and 3 M KCI was
added to a final concentration of 300 mM before storing at -80 °C.

3.4 Virus cryo -EM sample preparation and fixation

34.1 Preparation of purified whole virus for cryo -EM

Frozen aliquots of purified MVs were thawed on ice and sonicated three times 30
seconds in a sonication bath at 4 °C with the sweeping option. Trypsin (0.25%) was
added in a 1:1 dilution and incubated for 30 minutes at 37 °C. The sample was mixed
1:1 with 4% Paraformaldehyde (PFA) (Merck, no. P6148) in 1 mM Tris-HCI buffer and
incubated for 30 minutes at room temperature and 30 minutes at 37 °C (final
concentration 2% PFA). Samples were frozen at -80 °C. The samples were thawed on
ice and then sonicated three times for 30 seconds in a sonication bath at 4 °C with the
sweeping option before vitrification.

3.4.2 Preparation of isolated virus core s for cryo-EM

Frozen aliquots of purified VACV cores were thawed on ice. For cryo-SPA samples, 3
M KCI was added after thawing, resulting in a final concentration of 210 mM after all
dilution steps. All samples except the ones for cryo-SPA were sonicated three times
for 30 seconds in a sonication bath at 4 °C with the sweeping option. Trypsin (0.25%)
was added in a 1:1 dilution and incubated for 30 minutes at 37 °C. The samples were
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fixed with a 1:1 dilution with 4% PFA in 1 mM Tris-HCI buffer, pH 9 and incubated for
30 minutes at room temperature and 30 minutes at 37 °C (final concentration 2%PFA).
Samples were frozen again at -80 °C and then sonicated three times for 30 seconds
in a sonication bath at 4 °C with the sweeping option.

3.4.3 Vitrification conditions

Samples were thawed on ice and cryo-ET samples were mixed with a 1:10 dilution of
BSA-Gold (10 nm, Aurion Immuno Gold Reagents, no. 410.011) in PBS. Cryo-ET
samples were applied on Quantifoil 300 mesh holey carbon grids (Quantifoil Micro
Tools, R2/2 X-103-Cu300) and samples for cryo-SPA were applied to 200 mesh holey
carbon grids (Quantifoil Micro Tool, R272X-103-Cu200). The grids were first glow
discharged with an ELMO glow discharge unit (Cordouan Technologies) for 2.5
minutes and then vitrified with a Leica GP2 plunger (Leica Microsystems). 2.5 pl
sample was applied on both sides of the grid and then back-side blotted in chamber
conditions of 80% humidity at 4 °C. The grids were vitrified in liquid ethane at -185 °C
and stored in liquid nitrogen until imaging.

3.5 Cryo-EM data acquisition

Screening of the vitrified grids to confirm the quality of the sample was done under
cryogenic conditions on a Glacios cryo-TEM 200kV. Data sets were acquired under
cryogenic conditions on a Thermo Fisher Scientific Titan Krios G3i TEM microscope
(Thermo Fisher Scientific) operating at 300kV and equipped with a Bioquantum
postcolumn energy filter and a Gatan K3 direct detector.

351 Cryo -ET data acquisition of VACV MVs and isolated viral cores

The cryo-electron tomography data was acquired using the SerialEM software

package version 3.8 (Mastronarde 2005). Prior to data acquisition, gain reference

images were obtained. The filter and microscope tuning were conducted using
DigitalMicrograph 3.4.3, integrated into the Gatan Microscopy Suite v3.3 (Gatan), and
SerialEM. Tilt series were collected with a filter slit width of 10 eV, utilizing a dose-
symmetric tilt scheme (Hagen et al. 2017) covering a range from -66° to 66° with a 3°
increment. The nominal defocus range was configuredto-1.5t0-8 e m f or whol e V
mature virions and -1.5to0-5 em f or i sol ated viral cores.
was set to 64,000x, resulting in a pixel size of 1.381 A. Tiltimages were taken as 5,760

x 4,092 pixel movies of ten frames with a cumulative dose of 165 e/A2. For detailed

data acquisition settings, please refer to Table 2.

3.5.2 Cryo -SPA data acquisition of VACV cores

The automated collection process for the isolated viral core SPA dataset was set up
using EPU 2.13 (Thermo Fisher Scientific) along with AFIS-corrected beam-shift
image-shift acquisition. The soluble fraction purified from isolated cores was obtained
via SerialEM 4.0 (Mastronarde 2005) with active beam tilt and astigmatism
compensation. SPA micrographs were collected in counting mode, with a filter slit

21



width of 20 eV and using a 4-shot per hole data collection method. The nominal

defocus was setto -1.25t0-3. 0 em f or i so-L.@atb&d 2c eme sf oan d |
soluble fraction. The nominal magnification was set to 81,000x%, resulting in a pixel size

of 1.06 A. The isolated viral core dataset was collected from 5,760 x 4,092 pixel movies

of 34 frames with a cumulative dose of 53.06 e/A2. The soluble fraction dataset was

collected with a tilted stage of 25 degrees, resulting in 5,760 x 4,092 pixel movies of

54 frames with a cumulative dose of 80.20 e/A2. The decision to obtain tilted data was

based on results from the isolated core dataset, indicating a preferred orientation in

several classes. Details for data acquisition can be found in Table 2.

Table 2 Cryo-EM data acquis ition details

STA of A10 trimer from Cryo-ET A10 Trimer (residues Flower-shaped pore A3 inner-core wall SPA
intact VACV virus VACV isolated cores 1-599) SPA SPA SPA VACV soluble
(EMDB-17411) (EMDB-17414) (EMDB-17410) (EMDB-17412) (EMDB-18452) fraction of isolated
(EMDB-17413) (PDB 8P4K) cores
Data collection and processing
Magnification 64,000 64,000 81,000 81,000 81,000 81,000
Voltage (kV) 300 300 300 300 300 300
Electron exposure (e-/A?%) 165 165 53.06 53.06 53.08 80.0
Dose rate (eps) 18.59 2274 24.458 24.458 24.458 23.43
Defocus range (um) -1.5t0-8.0 -1.5t0-5.0 -1.25t0-3.0 -1.251t0-3.0 -1.25t0-3.0 -1.5t0-22
Pixel size (A) 1.381 1.381 1.06 1.06 1.06 1.06
Acquistion scheme / tilt -66/66°, 3° -66/66°, 3° 0° 0° [ 25°
Frame number 10 10 34 34 34 54
Symmetry imposed C3 - C3 Cc6 c1 -
Tomograms for STA/ micrographs 15 R 9.264 9.264 9,264 11,621
for SPA
Initial particle images (no.) & & 224,331 26,127 211,924
Final particle images (no.) 27,922 - 24,943 14,330 18,452
Map resolution (A) 13.1 - 38 7.2 20.7
FSC threshold 0.143 - - 0.143 0.143
FSCref threshold - 05 - -
Refinement
Model resolution (A) = 5 35
FSC threshold - - 0.143
Model resolution range (A) - Infinity to 3.8 -
Map sharpening B factor (A2) -2100 - -424.39
Model composition
Non-hydrogen atoms - - 14,568
Protein residues - - 599
B factors (A?)
Protein - - 99.79
R.m.s. deviations
Bond lengths (A) - - 0.020
Bond angles (°) - - 2618
Validation
MolProbity score - - 0.79
Clashscore o - 1.00
Poor rotamers (%) - - 0.00
Ramachandran plot
Favored (%) - - 98.99
Allowed (%) - - 1.01
Disallowed (%) B - 0.00

3.6 Image processing

3.6.1 Tomogram reconstruction

Initial reconstruction of the tomograms was performed with Tomoman (Wan 2020) to

sort and create tilt stacks. The defocus was estimated using CTFFIND 4.1.14 (Rohou

and Grigorieff 2015). IMOD 4.9.12 (Kremer et al. 1996) was utilized to align tilt series

and create 8x binned tomograms using weighted-back projection (WBP). The
reconstruction of the full tomograms was performed with NovaCTF ( Tur o Rov § et
2017) with simultaneous 3D CTF correction. The phase flip algorithm was used with a

slab thickness of 15nm.
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3.6.2 IsoNet

To enhance the quality of tomograms, IsoNet (Liu et al. 2022) was used to boost the
SNR and to restore the missing wedge information. The tomograms were sorted by
defocus with a group size of 5 to 10 tomograms per training. These raw bin8
tomograms underwent deconvolution using IsoNet, serving as the training data for the
neural network over 50 iterations. The training involved using a mask with a patch size
of 6 and subtomograms with a cube size of 64.

3.6.3 Template matching of the pa lisade layer of whole MV particles

Subtomogram averaging requires picked particles of the desired structural feature.
Therefore, template matching was tested within the Dynamo software version 1.1.333
(Castafo-Diez 2017). To this end, initially particles were manually picked to create a
starting reference for template matching in bin8. The software calculates cross-
correlation of the template against the tomogram to generate a cross-correlation map,
showing for each pixel the similarity of the neighborhood to the template. Various
settings were tested, adjusting cone range, cone sampling, in-plane range, and in-
plane sampling. After examining the cross-correlation maps, different thresholds were
tried to identify suitable particles. The program mostly detected side views of the viral
core palisade layer, as could be seen when the particles were back-projected to the
whole tomogram, while the top and bottom views were missing.

3.6.4 Meshpicking of the palisade layer

Another approach within the Dynamo software (Castafio-Diez 2017) is to pick particles
via defining surface meshes in the tomograms via a graphical user interface (gui).
Individual IsoNet-corrected tomograms were loaded into the dtm slice gui, and then a
new membrane model was created. The initial points (user points) were manually
picked in z and y planes, and the virus's interior was selected by setting a center point
to define the particles' angles (exterior facing). After initial picking of the points around
the virus core, the program calculated control points, which are equi-spaced points
distributed along user points to represent a continuous surface. The spacing of the
generated points of the mesh was then recalculated to obtain 10,000 to 12,000 crop
points. These positions were exported to a table, which was used to crop the particles
from the tomograms. These cropped particles represent around fourfold of the
expected particles, as it is recommended to use oversampling in the initial alignments
of subtomogram averaging.

3.6.5 Subtomogram Averaging of the palisade layer

The subtomogram averaging workflow is illustrated in Figure 15. First, subtomogram
averaging of IsoNet-corrected tomograms was used to get a good starting reference
(and to also enable better segmentation of the virus core surface for subtomogram
extraction, as explained above) and which was further used to drive the alignment of
the WBP data.
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In detail, Bin8 tomograms were IsoNet-corrected, as explained in Chapter 3.6.2, to
compensate for the missing wedge and to obtain a better contrast to allow better
visualization of the viral core (Figure 18). The definition of the subtomogram averaging
particle picking is explained in Chapter 3.6.5, and all subsequent subtomogram
averaging steps were performed in Dynamo version 1.1.333 (Castafio-Diez 2017). To
generate a de novo reference, subtomograms were extracted with a cubic size of 464
A3 from the bin8 tomograms and subjected to five rounds of alignments without
applying symmetry. The first initial alignment reference was created by simply
averaging all particles together and used for the following alignment projects.

The obtained de novo reference already displayed a hexamer-of-trimers arrangement.

Initial mesh positions were extracted from the original WBP tomograms for further

alignment projects and used the reference created from the Isonet corrected

tomograms and started a new alignment with the WBP particles. After the C3

symmetry of the structure became apparent in the bin8 iterations, C3 symmetry was

applied. The alignments were subsequently refined from bin8 over bin4 (subtomogram

cubic sizeidAB4(pupt omodpr am .The bbw-passdiliezwas 3 98 | |
gradually advanced, and the Euler angle scanning step and range decreased.

After the first two alignments in bin8, lattices were distance cleaned (6 pixels) to avoid
duplicates and cc-threshold cleaned to remove subvolumes that did not align to the
core. When reaching the bin2 stage, the dataset was split into even/odd half sets, and
from this point onward, the even/odd datasets were treated independently. The low-
pass filter never extended beyon d 2 Up tojthis point. The final half set averages
were multiplied with a Gaussian-filtered cylindrical mask, and the resolution was
determined by mask-corrected Fourier-shell correlation (Chen et al. 2013) after the
final bin2 iteration. The final map was sharpened with an empirically determined B
factor of -2,100 A2 and filtered to its measured resolution at the 0.143 FSC criterion
(Rosenthal and Henderson 2003).

3.6.6 Single Particle Analysis

The processing details are briefly outlined here, with comprehensive information
available in Figure 21 for the trimer processing and Figure 32 for the processing of the
flower-shaped pore.

The movies from the dataset containing intact cores underwent motion correction with
dose-weighting using the RELION 4.0-beta2 (Scheres 2012) implementation of
MotionCorr2 with a patch size of 7 x 5. Subsequent processing of the Motion-corrected
micrographs was performed using Cryosparc 4.0.0 (Punjani et al. 2017).

First the initial CTF parameters were estimated using CryoSPARC patch CTF. Initial

particles were picked with a blob pickerande xt r act ed with a | arge
bin4) to ensure that both large and small protein populations were captured during 2D
classification. Through iterative 2D classification with varying mask sizes, particles

could be sorted into different protein species with distinct classes. The following

processing steps included re-extracting particles using more appropriate box sizes:

340 § for trimer sshaobplédd jpdrog, tadred f8 Ddvejr f or t
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core wall. In all cases, initial 3D volumes were generated using CryoSPARC ab initio
without symmetry, followed by the imposition of symmetry during 3D auto-refinement.

The 2D classes containing particles for the flower-shaped pore were carefully
reconstructed using CryoSPARC non-uniform refinement. Afterward, they were locally
sharpened and filtered within CryoSPARC. The particles of the A10 trimer were
exported to RELION for further processing, which included 2D classification, 3D
refinement using a mask containing the full trimer density, Bayesian polishing, defocus
refinement, and focused 3D classification of A10 monomers. To improve the map
guality, particle views were manually balanced for the trimer by removing over-
represented top views during 2D classification. Finally, the resulting map underwent
density modification (Terwilliger et al. 2020) using Phenix version 1.20-dev-4224
(Adams et al. 2010), with input of two half maps and the mask used during refinement.
The 3DFSC calculations were conducted using the remote 3DFSC Processing Server
(https://3dfsc.salk.edu).

The A10 trimer map's local resolution was calculated with RELION's implementation

of ResMap (Kucukelbir et al. 2014) while cryoSPARC's local resolution estimate tool

was employed for the flower-shaped pore. Additionally, the V4 tool was utilized in

EMAN/1.9 (Ludtke et al. 1999) to generate projections of the final flower-shaped pore.

The volume for the lower density of the core wall was produced in cryoSPARC from

3,795 side-view patrticles selected during 2D classification. An ab initio 2x binned initial

model was generated without symmetry and 3D non-uniform refinement without

symmetry resulted in a final map at a global resolution of approximat el y 20. 7
Subsequently, rigid-body fit of the highest-ranking Alphafold2 model of the A3 dimer

into the density was done using the UCSF Chimera (1.17.1) 'fit in map' tool. During

this process, a simulated map at a resol ut|
cryoSPARC) and optimized by correlation was used to set options for real-time

correlation. The optimal orientation of the model was determined based on the option

that best satisfied the density, as measured by UCSF Chimera's output correlation

score of each fit.

Following the same procedure as the previous dataset, the dataset collected at a 25°
stage tilt containing the soluble fraction underwent motion correction using RELION
(Scheres 2012). Data processing was done separately from the dataset containing
intact cores. CryoSPARC (Punjani et al. 2017) patch CTF was utilized to estimate CTF
and account for stage tilt. Particle picking was conducted using a blob picker, as
previously described. The particles wawre ext
then subjected to iterative 2D classification with varying mask sizes and 250 classes.

3.7 Structure of putative structural core proteins predicted with
AlphaFold

The initial structures of potential core proteins were predicted as monomers using
AlphaFold 2.3.2. (Jumper et al. 2021) and Colabfold 1.5.2 (Mirdita et al. 2022). For
orthopoxvirus proteins, five seeds were generated per model, while for parapoxvirus
and entomopoxvirus models, four seeds were used, with one prediction per seed. All
five models underwent relaxation using Amber relaxation and were then inspected
manually. The model with the highest pLDDT score was chosen for further analysis.
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The following proteins were folded as monomers: A10 (UniProt P16715, residues 11
614), A3 (UniProt P06440, residues 621 643), 23K (UniProt P16715, residues 698i
891), A4 (UniProt P29191), and L4 (UniProt P03295, residues 331 251). Additionally,
orf virus p4A (GenBank ID AY386264.1), AmEPV AMV139 (GenBank ID
NP_064921.1 putative core protein), and MSEPV (GenBank ID AF063866.1 putative
core protein P4a homolog) were also folded as monomers (Extended Data Fig. 1).
Multimer predictions were made using the same settings as for monomer folds. The
A10 trimer (UniProt. P16715, residues 1i 614) and the A3 dimer (UniProt P06440,
residues 62i 643) were predicted as multimers. The predictions for the comparison of
A10 trimer of variola virus (GenBank ID ABF23487.1, residues 1i 615) and orf virus
(GenBank ID AY386264.1, residues 1i 905) to VACV WR (UniProt P16715, residues
11 614) were also made, as well as the multimer prediction of the A3 dimer. These
predictions were conducted using AlphaFold version 2.3.2 (Jumper et al. 2021) and
Colabfold (Mirdita et al. 2022).

3.8  Structure fitting and analysis

3.8.1 Modeling of the A10 trimer

The highest-ranking A10 model (residues 1i 599) was fitted three times into the trimer
map shown in Figure 22. The A10 trimer was refined and adjusted into the trimer map
with imposed non-crystallographic C3 symmetry using Rosetta/3.13 (20220812 build)
(Fleishman et al. 2011, Khatib et al. 2011, Maguire et al. 2021). Important refinement
parameters included setting the resolu
the elec_dens_fast density weight to a value of 3.5, as recommended for maps at this
resolution. The model was then examined and refined manually on a single chain using
Coot (ver. 0.8.9.1 EL) (Emsley and Cowtan 2004), and it was copied to other C3
symmetry positions using UCSF Chimera (Pettersen et al. 2004). Afterward, the model
was refined again using Rosetta, with non-crystallographic symmetry (NCS) applied.
Model statistics were calculated using Molprobity in Phenix (Williams et al. 2018).
Pairwise root-means-square-deviation (r.m.s.d.) calculations were done using the
matchmaker tool in UCSF ChimeraX (version 1.5) (Pettersen et al. 2021). Finally, the
final trimer model was fitted into the outer density of the flower-shaped pore and
symmetrized sixfold using UCSF ChimeraX (Pettersen et al. 2021).

3.8.2 ConSurf analysis of the A10 trimer

The ConSurf analysis was conducted using the web server https://consurf.tau.ac.il/
with the default parameters. To start, the amino acid sequence for each of the proteins
being analyzed was obtained by uploading the PDB file of the AlphaFold-predicted
protein to the webserver. Then, PSI-PLAST (E-cutoff = 0.001) was used to identify
similar sequences. For example, in the case of A10, this led to the identification of 31
sequences for comparison, including various members from the Chordopoxvirinae
subfamily (such as orthopoxvirus, parapoxvirus, yatapoxvirus, molluscipoxvirus,
among others), allowing for a comprehensive conservation analysis.
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3.9 Proteomics of VACV cores

This entire chapter was written by Armel Nicholas and it is published in the paper
i Muradal cryo-EM reveals trimers of protein A10 to form the palisade layer in
poxvi r u¢Datlererak 2094).

3.9.1 Sample preparation

"To the soluble fraction from isolated core
TCEP (Gold Biotechnology, no. 51805-45-9) and 4% SDS (Carl Roth, no. 8029,1) was
added and mb mi [a°€ dné B3 first cleaned up by SP3 using a commercial
kit (PreOmics, 100 mg of beads per sampl e)
(PreOmics), according to the manufacturer's instructions. Tryptic digestion was
stopped after 1 dvacuanndded and thgnlreedsssolwed in the iIST
kit'"s LC LOAD buf f er (Datleretlal. 202d) mi n soni cati on.

3.9.2 LCT MS/MS analysis

"The sample was analyzed by LCi MS/MS on an Ultimate 3000 RSLC_Nano nano-
HPLC (Thermo Fisher Scientific) coupled with a Q Exactive HF (Thermo Fisher
Scientific), concentrated over an Acclaim PepMap C18pre-c ol umn (5 Om par ti

0.3 mm ID I 5 mm I ength, Thermo Fisher Scien
column (2 Om particle size, 75 Om ID I 50 ¢
eluted over the tient $olvemt Ay BS-g6rO0a drei nH2g0 a+ 0. 1 % |
aci d; solvent B, 80% acetonitrile iniH20 +
fl ow; B percentage: 5 min, 1 %; 45 min, 31 %:;

Mass spectra were acquired in positive mode with a data independent acquisition

met hod: FWHM 8 s, MS 1 parameters: centroic
resolution, AGC target 3 |1 106, 50 ms maxi mt
MS2 scans per cycle, 57 windows of 11.0 m/ z

3949319 t o 1,022.21204 m/ zovelled Qap Obétweerm Adracenh o n
windows), spectra acquired in Profile mode, with 1 microscan, at 30,000 resolution;
AGC target 1 | 106, 60 (DaleremalxX02dyum |1 T, NCE 27

3.10 Data visualization and figure preparation

The cryo-electron tomograms of entire VACV WR mature viruses and isolated cores,
along with the lattice maps, were visualized using IMOD (Kremer et al. 1996), UCSF
Chimera (Pettersen et al. 2004), and UCSF ChimeraX (Pettersen et al. 2021). The EM
densities were visualized in UCSF ChimeraX. The figures were created using Adobe
lllustrator 2023. The topology diagrams shown in Figure 10 were generated using Pro-
Origami (Stivala et al. 2011).
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3.11 Data availability

firhe electron microscopy density maps of the A10 trimer and the hexameric flower-
shaped pore, the subtomogram average of the palisade layer and representative
tomograms for complete viruses, as well as isolated cores, have been deposited in the
Electron Microscopy Data Bank under accession codes: EMD-17410, EMD-17411,
EMD-17412, EMD-17413, EMD-17414 and EMD-18452.

The refined model of the A10 trimer has been deposited in the Protein Data Bank
accession code: PDB 8P4K.

The UniProt codes of VACV core proteins used for structure prediction are: A10
(P16715), A3 (P06440), A4 (P29191) and L4 (P03295).

GenBank Protein IDs of variola virus A10 (ABF23487.1), monkeypox virus Al10
(YP_010377118.1), rabbitpox virus A1l0 (AAS49831.1), cowpox virus Al0
(ADZ29251.1), ectromelia virus A10 (NP_671631.1), orf virus P4a (AY386264.1),
Amsacta moorei entomopoxvirus AMV139 (NP _064921.1) and Melanoplus
sanguinipes entomopoxvirus putative core protein P4a homolog (AF063866.1) were
used for protein sequence alignment. @atler et al. 2024)

3.12 Vaccinia virus actin tail formation

This entire par agr aAplS5 isofermd regolawe ArpB/2 compplepie r i
dependent protrusion through differential Ena/VASP positioningo (Faliler et al. 2023)

that | co-authored. This part from the Material & Methods was initially drafted by

myself.

Aln the VACV infect i oniouwslgpmlaishedprotacel (Pfanzkltero we d a
et al. 2018). The cells were infected with VACV (Western reserve strain, provided by
A. Bergthaler, Medical University of Vienna) for 1 hour, washed three times with PBS
and finally incubated in culture medium for an additional 7 hours. To ensure the
inactivation of the virus, the VACV-infected cells were fixed with prewarmed 4%
paraformaldehyde (Merck, no. P6148) in PBS for 1 hour. Following this, the cells were
washed three times with PBS and then subjected to staining with Phalloidin-Atto594
and a previously characterized monoclonal anti-B5 antibody (Aldaz-Carroll et al. 2005,
2005)(63, 64) before being embedded in ProLong Gold Antifade Mountant (Thermo
Fisher Scientific, no. P36934). The VACV-infected samples were visualized using a
Zeiss Axio Observer equipped with 405-, 488-, 561-, and 640-nm laser lines and a
Plan-APOCHROMAT 63x%/1.4 Imm Corr DIC Oil M27 objective. Subsequent tasks
such as converting image formats, creating merges/overlays, and measuring intensity
and distance were carriedouti n Fi | i(Fa@lédr etal22p23)0
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4 Results

The results in the following chapter have been part of the publication Multi-modal
cryo-EM reveals trimers of protein A10 to form the palisade layer in poxvirus coresii
(Datler et al. 2024), and were reproduced and adapted for this thesis. The draft was
originally written by myself, except chapter 4.6, chapter 4.7, chapter 4.8 and chapter
4.10, which were originally drafted by both Jesse Hansen and myself.

4.1  Optimization of VACV purification

The VACV WR wildtype strain is commonly used in poxvirus research as it is the ideal
role model for poxviruses, widely conserved within the Orthopoxviridae and can be
handled under biosafety level 2 (BSL2) conditions. Purification of VACV MVs and MV
cores was previously described (Easterbrook 1966, Dubochet et al. 1994, Moussatche
and Condit 2015). However, | needed to optimize these protocols to purify MVs in such
a quality and quantity that they could be used for high-resolution cryo-EM and cryo-
ET studies.

4.1.1 Purification of whole VACV MVs for cryo-ET

Cryo-ET acquisition of the entire MV particle provides structural context and allows to
draw general conclusions about poxvirus assembly features. Cryo-ET acquisition
requires purified MVs in a high concentration with a good spread and density across
holey carbon cryo-EM grids to prevent viruses from superimposing each other at high
tilts during data collection and to avoid too thick vitreous ice. Hence, | optimized
previously published purification protocols based on (Easterbrook 1966), trying
different mammalian cells, buffers, pH values and sonication steps to achieve high
virus titers and to prevent virus particles from clumping. In the first trials, BSC40
(Buffalo Green Monkey Kidney cells, ATCC) cells were used to propagate the virus,
but the titers | obtained were lower than expected. After switching to HelLa cells, the
titers increased by approximately 100-fold to 1000-fold. | tried several different buffers
used for virus purification with different pH values such as HEPES buffer pH 7.5 and
pH 9 and Tris-HCI buffer at pH 7 and pH 9. Ultimately, the 1mM and 10mM Tris-HCI
buffers, pH 9 proved to be the most effective, yielding the highest amount of VACV.
These buffers were used to isolate VACV with a subsequent sucrose gradient
purification. After purification, the virus particles aggregated into big clumps, which
were unusable for cryo-ET acquisition. To address this, the MVs were separated using
trypsinization and sonication. After multiple trials with varying sonication durations and
intensities, the optimal protocol was established and is described in detail in chapter
3.2..
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VACYV whole virus purification for cryo-ET

concentration density and spread of virus quality
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Figure 7: Quality of VACV whole virus purification

Cryo-EM images of purified VACV MVs on holey-carbon grids shown at low, medium and high
magnification to display the concentration of the virions on the grid square, the density and spread of
the virus in holes and the quality of the purified virus sample to estimate the quality for high-resolution
acquisition, respectively.

Quality control of the virus samples was done via cryo-EM using a ThermoFisher
Scientific Glacios TEM operated at 200kV. Low, medium and high magnification
micrographs were used to estimate the concentration on the grid square, the density
and spread of the virus in the holes of holey carbon films and the overall quality of the
virus as is shown in Figure 7. At high magnification, the virus particles appear as
expected, with an ideal distribution of gold particles. The dimensions of the VACV align
with the reported literature (Hernandez-Gonzalez et al. 2023), and the virus particles
display an intact envelope with a clearly visible outer membrane.

4.1.2 Purification of VACV MV cores for cryo -ET and cryo -SPA

The additional establishment of a virus core purification protocol allows more profound
insights into the viral core composition. A previous paper demonstrated that isolated
cores and fine structural details are visible after stripping the MVs of their outer
membrane (Dubochet et al. 1994). Furthermore, single proteins are shed off the viral
cores during purification, which are visible in micrographs (Dubochet et al. 1994).
Using isolated viral cores for cryo-EM gives us more structural details and potentially
allows obtaining high-resolution structures.

| used previously described core stripping protocols (Dubochet et al. 1994,
Moussatche and Condit 2015) and optimized them by trying different concentrations
of the detergent NP-40 and redox reagent DTT. NP-40 solubilizes the viral envelope,
and DTT acts as reducing agent, breaking up disulfide bonds and preventing
aggregation of the viral cores. DNAse was added to the stripping buffer to avoid DNA
contamination. As shown in Figure 8a, analysis by cryo-TEM revealed the virus core
concentration to be less abundant when compared to the whole virus purification. Still,
the amount, spread, and the quality of cores was sufficient for cryo-ET acquisition. A
detailed description of the viral core purification is provided in chapter 3.3.
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However, a higher concentration of viral cores on the grid squares was necessary for
cryo-SPA acquisition to obtain a sufficiently large dataset for subsequent image
processing. The amount of starting virus used for the VACV purification was multiplied
by four and the above described viral core purification protocol was adjusted according
to previous purification protocols (Dubochet et al. 1994) where single proteins can
already be seen on the micrographs. As suggested by Dubochet et al., high
concentrations of KC| were added throughout the purification process to separate the
viral cores and to shed parts of the palisade layer of the viral cores, as described in
chapter 3.3. As for the purification of intact virus particles, quality control was again
performed using a ThermoFisher Scientific Glacios TEM operated at 200kV at low,
medium and high magnification. The results are shown in Figure 8b. The distribution
and density of the viral cores was deemed sufficient, with some cores appearing intact
while others were fragmented. The cores exhibit reduced density in the center,
indicating the absence of the genome, likely due to perforations or structural defects
in the core wall. The micrographs reveal that the viral cores are disrupted, with visible
free DNA present in the surrounding buffer.
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Figure 8: Quality of VACV core purification

Cryo-EM images of purified VACV MV cores on holey-carbon grids shown at low, medium and high
magnification to display the concentration of the viral cores on the grid square, the density and spread
of the viral cores in holes and the quality of the purified cores to estimate the quality for high-resolution
acquisition, respectively. Purified VACV cores for cryo-ET (a), purified VACV cores for cryo-SPA with
additional KCI treatment (b)
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4.2  The protein composition of the isolated MV cores

According to literature VACV cores contain the putative structural core proteins A10,
23K, A4, A3, and L4 (Dubochet et al. 1994, Vanslyke and Hruby 1994, Jensen et al.
1996, Roos et al. 1996, 1996, Risco et al. 1999, Pedersen et al. 2000, Heljasvaara et
al. 2001, Chung et al. 2006, Rodriguez et al. 2006, Jesus et al. 2014, 2015,
Moussatche and Condit 2015, Mirzakhanyan and Gershon 2019, Bidgood et al. 2022).

To ensure that purified VACV cores retain these structural proteins, we used mass
spectrometry to confirm the presence of these proteins in our isolated core sample.
Specifically, we focused on the soluble fraction of the purified core sample that we
used for cryo-SPA.

4.2.1 Proteomics

Mass spectrometry analysis of the soluble fraction of the isolated core sample
revealed the presence of all the expected core proteins. Among the most abundant
VACV proteins identified in the sample (listed in Table 3), the precursor of protein A10,
also referred to as the major core protein 4a precursor (Uniprot ID P16715), was found
to be the most prominent, followed by core protein L4, also known as core protein VP8
(Uniprot ID P03295). Furthermore, core protein A4 (Uniprot ID P29191) and A3
(Uniprot ID P06440) were identified within the top 10 entries, alongside other proteins
known to be associated with the viral core and involved in the transcription and
translation of the viral genome.

The comprehensive mass spectrometry results, including the host proteins, can be
located in Appendix I. Among the most predominant proteins detected were a
transmembrane serine protease, histones, mRNA capping proteins, cytochrome C,
heat shock proteins, Annexin, and Keratin. Previous studies have also observed many
of those host proteins in VACV virus purifications (Chung et al. 2006, Resch et al.
2007). Upon infection with VACV, the host cell rapidly halts protein synthesis,
triggering significant cellular stress. This stress response is part of the cell's defense
mechanism to combat viral invasion while maintaining homeostasis during the
disruption of protein production pathways. Notably, stress-induced proteins such as
heat shock proteins and Annexin are upregulated in response to cellular stress. Due
to their high abundance, the detected proteins may remain in the sample post-
purification. Additionally, proteins may be encapsulated within the viral core, which
would require further investigation to evaluate the role of these in virus assembly and
infectivity.
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Table 3: Mass spectrometry data from soluble fraction of isolated cores

This list comprises mass spectrometry findings from the soluble fraction core sample, filtered to exclusively
display proteins encoded by VACYV sorted by log 10 expression.The full list, including host proteins can be
found in Appendix I.

Table source: adapted from (Datler et al. 2024) , License: CC BY 4.0

Sequence .
UniProt ID Common Names Genes Coverage Peptide Log 19
o, Counts expression
P16715 Major core protein A10 (4a) precursor VACWR129 60.5 69 9.5060
P03295 Core protein L4 (VP8) VACWRO091 54.2 16 9.1462
PO7617 Cap-specific mRNA (nucleoside-2'-O- PAPS 655 2 9.0373
)-methyltransferase
Cu-Zn superoxide dismutase-like
P26669 protein A45R VACWR171 91.2 9 8.8556
P04195 Cell surface-binding protein VACWR113 53.9 21 8.7152
P07396 Phosphoprotein F17 VACWR056 32.7 6 8.6891
P29191 A4 (39kDa) core protein VACWR123 17.8 4 8.2534
P04298 MRNA-capping enzyme catalytic VACWR106 62.8 56 8.2447
P68692 Glutaredoxin-1 VACWR069 241 4 8.2045
P06440 Major core protein A3 (4b) VACWR122 34.4 17 8.1866
po7sge | DNA-directed RNA polymerase 147 pprpy .ppta7: 555 69 8.0926
kDa polypeptide
P24757 DNA-directed RNA polymerase 35 RPO35 538 17 8.0675
kDa subunit
RNA polymerase-associated i
P68428 transcription-specificity factor RAP94 GFOD1,RAPS4 49.2 38 8.0537
Q76ZN5 Profilin VACWR167 39.8 6 8.0401
P20636 Early transcription :_fsctor 82 kDa VETFL 559 34 8.0382
subunit
DNA-directed RNA polymerase 22
P68609 kDa subunit RPO22 459 9 8.0209
P12826 Core protease I7 VACWRO076 24.3 11 7.8991
P07614 Protein L3 VACWR090 329 12 7.8896
Poagrg | MRNA-capping enzyme feguialory yacyyryy 72.1 19 7.8743
PO7242 Late transcriptio:lselongaﬁon factor VACWR103 448 10 7.8030
Q762P7 DNA-directed RNA pol)(merase 133 RPO132 435 46 7.7817
kDa polypeptide
P24758 Protein A26 VACWR149 35 15 7.7764
P07616 Protein J1 VACWR093 19.6 4 7.7718
4.2.2 AlphaF old prediction of major  structural core proteins

Experimentally derived structures for putative core proteins A10, 23K, A3, A4 and L4
were unavailable. Therefore, we utilized AF2 (Jumper et al. 2021) and Colabfold
(Mirdita et al. 2022) to accurately predict 3D protein structures of our core protein
candidates (Figure 9). We intended to use these predicted models to interpret any of
the structures obtained in our subsequent experiments. Figure 9 displays the predicted
structural models as monomers and their prediction quality using a predicted local
distance difference test (pLDDT) confidence score. Low confidence is shown in red,
and high confidence in blue. All predicted proteins showed high pLDDT scores except
protein A4, which displayed a disorganized structure. 23K exhibited a distinct triple
helix confirmation and L4 demonstrated a particularly globular architecture.
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AlphaFold-predicted models of major structural core proteins
A10 A3
(1-614 Aa) (62-643 Aa)

N R

23K A4
(698-891 Aa) (1-281 Aa)

Y
/

C-term

. I

0 50 70 90 100
pLDDT score

Figure 9: Alphafold predicted structures of putative core proteins

AlphaFold has predicted models for A10, A3, 23K, A4, and L4. The model's coloring
indicates the pLDDT confidence score, with red for low confidence and blue for high
confidence. The modeled residues are shown in brackets, and the N- and C-termini of
the proteins are annotated.

Image source: (Datler et al. 2024) , License: CC BY 4.0

To better understand the structural characteristics of A10 and A3, we utilized Pro-
Origami (Stivala et al. 2011) to create a topology map for the proteins (Figure 10). The
topology analysis of A10 revealed an intricate fold with the amino terminus centrally
positioned between two domains and a predominantly alpha-helical structure at the
top. The protein folds back towards the center resulting in the C-terminus being in
close proximity to the N-terminus (Figure 10b). Conversely, protein A3 exhibited a
compact shape, with both the N- and C-terminal ends positioned close to each other
on the same side of the protein structure (Figure 10d).
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Figure 10: lllustration of protein topology and arrangement for A10 (panel a -b) and A3 (panel c -
d)

firhe coloring of the models and topology diagrams is according to residue positioning from the N-
terminus (blue) to the C-terminus (red). (a)Cartoon ribbon representation of the Alphafold-predicted
model of A10, colored from N-terminus to C-terminus. The two sub-domains (SD1 and SD2) of the A10
fold are annotated. b) Protein topology diagram of A10, showing the positioning of protein regions, such
as specific secondary structures with respect to each other. Beta-strands and alpha-helices are shown
as arrows and cylinders, respectively. Their length is proportional to their number of residues. Colored
boxes represent motifs which are positioned nearby relative to one another and therefore are likely to
form a structural group. (c) Cartoon ribbon representation of the Alphafold-predicted A3 colored from
N-terminus to C-terminus.d) Protein topology diagram of A3, in the same depiction style as in (b). The
topology diagrams shown in (b) and (d) were generated using Pro-Origami. The diagram in (b) was
manually adapted to further improve visualization of the complex protein architecture. Orange line colors
in (b) are used to highlight connections between structural groups. Orange lines in (d) are used to
improve visualization but do not necessarily indicate connection between structural groups.0 ( Da
al. 2024)

Image source: (Datler et al. 2024) , License: CC BY 4.0
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We further utilized Foldseek (van Kempen et al. 2024) and Dali (Holm 2022) analysis,
which perform structural alignments and structural comparison in 3D to reveal
similarities to other proteins. Surprisingly, protein A10 showed no similarities to other
cellular or viral proteins. Protein A3 had its highest similarity to deubiquinating proteins,
as recently suggested (Mutz et al. 2023). 23K, A4 and L4 proteins showed a very low
probability in the Dali and Foldseek search that show that the protein folds seem to be
unique to the poxvirus family (and that no related structures have been determined or
predicted in the AF-database).

A10 ConSurf Scoring of major structural core proteins A3

(1-614 Aa) (62-643 Aa)

/

C-term.yg

N-term

23K A4 L4
(698-891 Aa) (1-281 Aa) (33-251 Aa)

Variable Bontud score Conserved

Figure 11: Consurf Analysis of putative structural core proteins Alphafold predicted models of
Al0, A3, 23K, Ad and L4

Proteins are displayed in the same orientation as shown in Figure 9 The color model is based on the
ConSurf score, which ranges from variable (blue) to conserved (red).

Image source: (Datler et al. 2024) , License: CC BY 4.0

36



To better comprehend structural conservation of the proteins within the poxvirus family
such as orthopoxvirus, parapoxvirus and yarapoxvirus among others, we performed a
Consurf analysis (Yariv et al. 2023) to assess and visualize evolutionary conservation
in the macromolecules of these five major structural proteins (Figure 11). The Consurf
score of proteins is shown from variable (blue) to conserved areas (pink) in Figure 11.
Proteins A10, A3, 23K and L4 exhibit a high Consurf score, indicating that the amino
acid residues are highly conserved across the poxvirus family. In contrast, protein A4
displays a lower Consurf score throughout the protein sequence,

4.3 Cryo-ET of intact VACV mature virions

In the first attempt to study the intact structure of VACV MVs, | encountered substantial
challenges. After optimization of the purification protocol for intact MVs (described in

Chapter 3.4.1), the intact virions were used for cryo-ET. | acquired tilt series on a

Thermo Fisher Scientific Titan Krios TEM operated at 300 kV. The initial processing

steps involved reconstructing the tomograms using weighted-back projection (WBP)

and correcting for the contrast transfer function (CTF) with novaCTF( Tur o Rov § et
2017). Observing the structural detail of the virus particles was not trivial due to the

low SNR.
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Figure 12: Comparison of the weighted -back projection (WBP) tomogram  and IsoNet correc ted
tomogram of intact VACV MVs

This tomogram is a representative for 15 tomograms, and the axis view is referenced with a coordinate
system displayed on the left. The upper panel shows a topview in xy projection, and the lower panel
displays a side view in xz projection. The tomograms are displayed in the exact same position in both
the WBP and the IsoNet corrected tomogram, ensuring a comprehensive comparison.
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To address this, we experimented with various techniques, such as the Simultaneous
Iterative Reconstruction Technique (SIRT, as implemented in IMOD (Kremer et al.
1996)) and a deconvolution filter (implemented in IsoNet (Liu et al. 2022)), to improve
the contrast and visualize the structural features better. Details of the data acquisition
and the data processing are described in chapter 3.5.1

Another major challenge was overcoming the anisotropy caused by the missing
wedge. To address this problem, | employed the deep learning image processing
software IsoNet (Liu et al. 2022) and successfully reconstructed the missing wedge
information, and improved the SNR (Figure 12). Although VACV mature virions are
relatively large, measuring approximately 360 x 250 x 220 nm (Cyrklaff et al. 2005,
Hernandez-Gonzalez et al. 2023), we obtained tomograms that revealed detailed
structural features.

In Figure 13, an intact mature virion of VACV is observed in the top view (xy) shown
in the upper panel and side view (xz) shown in the lower panel, displaying a brick-
shaped morphology containing a dumbbell-shaped core. The inner core wall
(annotated in pink) is clearly visible, and the core surface is covered with spikes of the
palisade layer, consistent with findings of previous studies (Cyrklaff et al. 2005,
Hernandez-Gonzalez et al. 2023).
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Figure 13: Cryo-ET tomogram of intact VACV MVs

The tomogram displays an intact mature virion in topview xy (upper panel) and sideview xz (lower
panel); the coordinate system is displayed on the left. The tomogram, one of 15 aquired tomograms,
is representative and is missing wedge corrected with IsoNet. The tomogram is shown in
computational slices of 1.1nm thickness. The center panel shows the palisade layer in the tomogram,
and a magnified view can be seen in the left panel. Structural features such as the inner core wall
(pink), the DNA (green), and the hexameric arrangement of the palisade layer (blue) are annotated.

Image source: adapted from (Datler et al. 2024) , License: CC BY 4.0

The core interior is almost empty except for the condensed viral genome (annotated
in green) just beneath the core wall. The central panel of Figure 13 highlights the
palisade layer and its locally ordered arrangement within the tomogram, with a more
detailed view in the right panel, where an ordered hexameric arrangement of the
spikes can be seen.

43.1 Utilization of t emplate matching to pick proteins of the palisade
layer

To perform subtomogram averaging of the palisade layer, particles of this structural
feature must be selected from the MVs in the tomograms, extracted into subvolumes,
aligned and averaged. Different procedures for particle selection are possible. For
instance, methods such as manual particle selection, mesh depiction of the core
surface, or a template-matching approach can be utilized.

Manual selection of features is a laborious task and not sustainable for a large amount
of data. Therefore, only a small number of particles were selected and used to create
an initial reference with subtomogram averaging. This reference served as a template
in a template-matching approach, utilizing the software Dynamo (Castafio-Diez 2017).
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The software uses systematic cross-correlation of the template against the tomogram,
producing a cross-correlation map. Each pixel in the map represents a score that
shows the neighborhood's similarity to the template. Despite experimenting with
different cross-correlation values, cone rotation angles and in-plane rotation angles,
the software could not detect all spikes on the palisade layer surface. The selected
particles mainly represented the top and bottom of the virus core wall; therefore, the
side views were completely missing. This created an anisotropic effect because the
particles were predominantly from specific orientations, while other critical orientations
such as side views were missing. In subtomogram averaging, particles from diverse
orientations are essential for constructing a high-resolution 3D structure. After multiple
unsuccessful attempts, | decided to explore a different approach to select the particle
positions.

4.3.2 Mesh depiction of the core wall of intact mature virions

After the template matching failed to produce the desired results, | used another
feature of the Dynamo software (Castafio-Diez 2017) to pick particles in 3D. Initially, |
used the program's graphical user interface (GUI) to manually define points of a grid
following the surface of the core in xy and xz planes to overcome the issue of
anisotropy caused by missing side views (see Figure 14). As mentioned earlier,
selecting points in the xz plane was only possible after correcting the tomograms using
IsoNet (Liu et al. 2022). In the GUI, the center of the mesh was defined to assign an
outward-facing angle to the selected particles. Upon manual point selection, the
program generated initial control points and a depiction mesh that could be refined to
achieve a specific number of cropping points (Figure 14b). We estimated the expected
number of particles on one viral core by calculating the average surface of the core
and dividing it by the average size of the spikes, including the gaps (approx. 2.500
particles). To ensure that all of the spikes of the palisade layer were included, we
oversampled them by 3, resulting in the cropping of approximately 7.500 particles per
viral core.
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Figure 14: Mesh depiction of the VACV core wall of intact mature v irions

(a) The Isonet corrected tomogram is displayed in xy and xz planes as indicated with the arrows, and
annotated with manually selected cropping points. (b) The mesh depiction workflow illustrates the
process of manually selecting points (1), creating computational control points (ll), refining the depiction
mesh (1), and determining the final cropping points and angle (IV). The mesh depiction was carried out
using the Dynamo software.

4.3.3 Subtomogram averaging of the VACV core palisade layer in
intact MV s

The obtained particles of the spikes of the palisade layer, selected with mesh picking,
were initially cropped from the IsoNet-corrected tomograms and were subjected to
subtomogram averaging alignments to obtain an initial reference. Then, the positions
defined by the mesh were cropped from the bin8 tomograms and the structure derived
from IsoNet was used as a reference for further alignment projects. Subsequently,
alignments were performed in bin4, followed by alignment in bin2 using half-datasets
(Figure 15a). During the binning process, the alignment masks were progressively
reduced in size to focus more precisely on the region of interest. This procedure
improves the alignment and the resolution of the palisade layer spikes. For more
details on the processing, please refer to chapter 3.6.5 in Material and Methods.
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Figure 15: Workflow of cryo -ET processing and FSC curve oft he VACV core wall in intact MVs

(a) The workflow of subtomogram averaging of the core in intact MVs using novaCTF, mesh picking
in IsoNet corrected tomograms and creation of an initial reference in Dynamo. (b) Fourier Shell
correlation (FSC) created of half datasets of the final structure of the palisade layer (Figure 16) in bin2
shows a measured resolution of 13.1 Angstrom at the 0.143 criteria. (c) FSC mask used for FSC curve
measurement.

Image source: adapted from (Datler et al. 2024) , License: CC BY 4.0
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Figure 16: Lattice maps of the palisade layer in intact  virus particles

Three examples of the viral core lattice after final alignments are shown. The particles are represented
as hexamers, with each hexamer indicating the central trimer of a hexagon. The particles are color-
coded based on their cross-correlation coefficient (CCC), ranging from green (high CCC) to red (low
CCCQC).

Image source: adapted from (Datler et al. 2024) , License: CC BY 4.0
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The final structure at a global resolution of 13.1 Angstrom at the palisade layer
revealed it to be composed of hexamers of trimers, consistent with previous
suggestions (Cyrklaff et al. 2005, Hernandez-Gonzalez et al. 2023). Despite
visualizing the overall arrangement, the achieved resolution was inadequate to identify
the proteins forming the trimer in the palisade layer or the proteins of the inner core
wall (Figure 15b). The mask used for FSC measurement is displayed in Figure 15c.
The inner core wall is also visible in the cryo-EM density but does not exhibit an
ordered arrangement. This suggests that the inner core wall's symmetry differs from
the palisade layer's. The envelope of the MVs was visible in the structure, but only
poorly defined, probably due to the varying distances between the core and the
envelope, influenced by the dumbbell shape of the viral core (Figure 17).
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Figure 17: Structure of the palisade layer and core wall in intact virus particles

The non-sharpened EM density map in the upper panel displays the envelope, the palisade layer (blue)
and the inner core wall (pink). The lower panel shows the sharpened EM density map of the palisade
layer (blue). On the right side, turned in a 90° rotation, the top view of the palisade layer of the
unsharpened (top) and sharpened map (bottom) is displayed annotated with a hexamer, indicating the
hexamers of trimers and the triangle to indicate the central trimer.

Image source: adapted from (Datler et al. 2024) , License: CC BY 4.0

When back-projected on the original tomograms, the positions of the trimers showed
a semi-continuous lattice around the viral cores, with gaps, cracks and local symmetry
patches (Figure 16). We observed an average of 2280 trimers per viral core (s.d. +-
309, n=15), not accounting for gaps and cracks. Similar to other viruses with
incomplete hexagonal lattices like Gag protein in immature retroviruses (Mattei et al.
2016) and poxvirus D13 pseudohexagonal lattice (Hyun et al. 2011, 2022), pentamer
formation that could allow for complete closure of the hexameric lattice was not found.
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4.4  Cryo-ET of isolated MV cores reveals their complexity

The resolution achieved with subtomogram averaging of the intact VACV virions was
insufficient to identify the proteins constituting the different layers of the core.
Therefore, we adapted the sample preparation to render the specimen less complex
for improved data acquisition. Following a method described by others (Dubochet et
al. 1994, Moussatche and Condit 2015), we removed the viral envelope using DTT
and NP40.

Figure 18: Comparison of the weighted -back projection (WBP) tomogram and IsoNet corrected
tomogram of isolated VACV core MVs

Two different examples of VACV MV cores are shown with the WBP tomogram (left) and the IsoNet
corrected tomogram (right). The tomograms are displayed in the exact same position in both the WBP
and the IsoNet corrected tomogram, ensuring a comprehensive comparison. The axis view is
referenced with a coordinate system displayed on the left.
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