1.2 Studies of retroviral core assemblies

1.2.1 Virus-like particle assembly systems

In the best case when studying virus assembly, the object of research is a wild type viral
particle. However, working with authentic virions carries a number of complications which
can range from a minor set-back to insurmountable problems, for example when considering
highly infectious, virulent strains, such as the case of Ebola virus, HIN1 influenza virus or
HIV-1. A common approach to overcome the complications of studying these interesting but
dangerous pathogens, is the use of virus-like particles (VLPs). In fact, VLPs are a particularly
well-established system for retrovirus research. Nevertheless, the term VLP can be used in
reference to a variety of methodologies and molecular constructs. For clarity, in this thesis |
will divide the different virus particles into three classes: 1) Virus 2) mammalian-cell derived
Gag VLPs and 3) bacterial-cell derived Gag VLPs (Figure 4).

Bona fide retrovirus particles and mutants thereof have been extensively used in structural
virology and represent the gold standard to confirm any findings to be biologically relevant
(Bohne & Krausslich, 2004; Briggs, 2003; Qu et al., 2018; F. K. M. Schur, Hagen, et al.,
2015; Wilk, Gross, et al., 2001; Yeager et al., 1998; Zhao et al., 2013). They usually contain
most, if not all of the viral genome, and generally have the required machinery to carry out
productive infections. For example, a mutant HIV-1 provirus harboring a cytomegalovirus
(CMV) promoter which makes its expression Tat-independent, has been paramount for
structural research of authentic HIV-1 particles (Bohne & Krausslich, 2004). Along those
lines, authentic MLV and HIV-1 virus particles have been used to confirm retroviral core
assembly mechanisms proposed by other methods (Briggs, 2003; Qu et al., 2018; F. K. M.
Schur, Hagen, et al., 2015; F. K. M. Schur et al., 2016; Zhao et al., 2013).

Mammalian cell-derived VLPs

On the other hand, VLPs can be used as a faster and easier method to study the same
phenomena by proxy. VLPs can be produced via different approaches, and in this case, |
will separate them into two classes. As shown in panel 2 in Figure 4, the first type of VLP
that can be obtained is a mammalian cell-derived VLP. These can be produced by
transfecting eukaryotic cells with a combination of viral protein-encoding DNA, which then,
upon production of the encoded viral proteins, release enveloped VLPs. The use of viral
genomic sequences in these VLPs is usually kept to a minimum or not present at all. When
present, viral genomic material is usually sub-divided into different expression cassettes,
thereby rendering the resulting VLPs non-infectious. In its most simple form for retroviral
particles, Gag-encoding DNA alone is enough to produce VLPs. The recombinantly
expressed Gag protein is capable of being recruited to the plasma membrane of transfected
cells and buds into the supernatant. These Gag-only membrane-enveloped VLPs can be
obtained for most retroviruses (Bush & Vogt, 2014; Cervera et al., 2013; Mattei, Schur, et
al., 2016; Obr et al., 2023). The retrovirology field has benefitted greatly from this method,
owing much of its advance in structural determination to particles of this kind. In fact, FV
biology has been driven mostly by experiments performed with this kind of VLPs. For
example, co-transfection with individual plasmids coding for each of the FV structural
proteins was used to determine the requirements for FV particle assembly (N. Fischer et al.,
1998).
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16:2:1, respectively. Transfections were performed with polyethylenimine (PEI) and varying
ratios of DNA:PEI. The different ratios of DNA:PEI were optimized using a green fluorescent
protein (GFP)-expressing plasmid for transfection and quick readout of efficiency via
fluorescent cells. The ratios tested were 1:1, 3, 6, 10 and 12 of DNA:PEI, respectively. In the
end, the optimal ratio of DNA:PEI in this system was found to be 1:3.

Once transfection was optimized, the presence of VLPs had to be confirmed. 48 h after
transfection, the supernatant of producing cells was collected, filtered and ultracentrifuged
to pellet VLPs. The resuspended VLP pellet was then subjected to a discontinuous
Optiprep® gradient in order to obtain a more homogeneous population of VLPs for structural
determination. Different fractions of the gradient were pooled together and a final
ultracentrifugation step was performed. Pellets were resuspended in a small volume and
inactivated using 2% paraformaldehyde (PFA) (~30 pL final volume). The location of VLPs
within the gradient was then determined via western blot and transmission electron
microscopy (TEM) using negative stain with 2% uranyl acetate (UA). The presence of FV
Gag-derived material in cell-culture supernatant was confirmed via western blot with the
anti-FV CANC300-621 specific antibody raised for the purpose of this project and detailed
in section 3.2.1 (Figure 9-A, “1st Ultra” lane). In addition, a strong band was detected in the
first fraction (F1) of collected material (Figure 9-A, “F1” lane). This was surprising,
considering that this fraction only contained the material that migrated to the 19% region of
the gradient. In most FV VLP production protocols, VLPs pass through a 20% sucrose
cushion. The lower observed density of the FV particles could arise from a difference in
DNA:RNA packing. This is due to the fact that the shuttle plasmid is not present and the GR-
boxes from the putative FV Gag NC domain might interact with any nucleic acid. It also must
be mentioned that two bands were expected to be seen in western blot analysis; one band
corresponding to full-length FV Gag (or p71) and one band corresponding to the main
cleavage product, p68. Considering that p71 and p68 are normally in a 1:1 to 2:1 ratio
(Cartellieri et al., 2005; Linial, 1999), the lack of the secondary band could only be attributed
to a low abundance of one of the two components. In a potential scenario, p71 is not fully
cleaved by the FV PR. This might arise from the low probability of co-transfection of the
same cell by both plasmids. In this case, there would be FV VLPs mostly composed of p71,
which have been shown to be morphologically aberrant (N. Fischer et al., 1998). On the
other hand, there could be a high efficiency of p71 cleavage, producing large amounts of
p68 and depleting p71 levels. VLPs arising from this case would be indistinguishable from
wild type particles and, therefore, good samples in principle for structure determination.

This raised the question of whether the detected FV specific band originated, in fact, from
assembled and released VLPs. Itis also possible that the signal comes from soluble FV Gag
present in the media arising, for example, from cell lysis. Therefore, negative stain and TEM
analysis was vital to confirm the presence of FV VLPs. In the end, TEM micrographs clearly
showed spherical particles of a seemingly regular size of ~100-120 nm with a membrane
extensively decorated with protein. These objects in the F1 fraction are consistent with
descriptions of FV particles (Figure 9-B). As expected, the yield in this experiment was quite
low. The initial volume of cell culture supernatant was ~200 mL and only 30 pL of a VLP
suspension was obtained. Regardless, leftover purified FV VLPs were then used for
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structural determination via cryo-ET and STA. The workflow and results of said experiments
will be detailed in section 3.1.2.
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Figure 9 — Published Foamy virus mammalian cell-derived virus-like particle system.

A) Western blot analysis of published system for Foamy virus (FV) virus-like particle (VLP) production and
purification using FV Gag specific antibodies. Results are shown for the first concentration step of cell culture
supernatant (15t Ultra) and the first (F1), second (F2), third (F3) and fourth (F4) fractions pooled after
ultracentrifugation in a discontinious Optiprep® gradient. The molecular weight marker (MWM) is indicated
with molecular weights of interest next to the ladder. Most abundant FV Gag-positive band from pooled
fractions is indicated with a red arrow. B) Two examples of representative transmission electron microscopy
micrographs of purified F1 fraction. The sample was negative-stained and micrographs were acquired at 80
kV. Scale bars of 100 nm are depicted for all micrographs and VLP-like structures are indicated with red arrows.

As an alternative to the published system, an in-house FV VLP vector system for structural
determination was designed and tested. As explained above, eukaryotic expression
plasmids for FV p68 and Env were designed to be used as a minimal system for structural
determination. Recombinant plasmids were obtained commercially from Thermo Fisher
Scientific® and consisted of the pcDNA® backbone. This same backbone and gene
synthesis strategy has also been used before in the generation of FV vectors (Budzik et al.,
2021; Heinkelein, Dressler, et al., 2002; Stirnnagel et al., 2010). Transfection of 293T cells
was carried out with the same conditions that had been optimized for the published vector
and described above. Initially, the correct assembly of FV-like cores was analyzed via plastic
embedding and ultra-thin section experiments of transfected cells. 48 h post transfection,
correct expression of p68 was confirmed via western blot analysis using the previously
mentioned FV Gag-specific antibody (Figure 10-A). The same fixed, resin-embedded and
ultra-thin sectioned 293T cells were then analyzed via TEM. Visual inspection of the
obtained micrographs revealed the presence of regular spherical to icosahedral structures
made of a dense protein layer in the cytoplasm of transfected cells. The observed structures
had a measured diameter of ~50 nm, consistent with FV cores (Effantin et al., 2016; N.
Fischer et al., 1998). In addition, budding core-like structures were observed at the plasma
membrane of producing cells (Figure 10-B). Budding core-like structures had a measured
diameter of ~100-120 nm, also consistent with FV budding virions (Effantin et al., 2016; N.
Fischer et al., 1998). It is worth mentioning that a significant number of FV VLPs were seen
budding into undefined intracellular vacuoles, which is a normal characteristic of FV
infections (Stirnnagel et al., 2010). This was interpreted as clear evidence that FV VLPs
were being produced in the cytoplasm of transfected 293T cells using the in-house VLP
system.
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most likely constitutes sub-viral particles with un-assembled FV Gag protein (Effantin et al.,
2016). Said sub-viral particles outnumbered the VLPs which contained a regular core (18 in
the current dataset).

Figure 11 — Cryo-electron tomography analysis of purified Foamy virus VLPs.

Orthogonal slices through bin8 cryo-electron tomograms of representative Foamy virus (FV) virus-like particles
(VLPs). Weighted back projection (Non-corrected) and IsoNet-corrected reconstructions are shown for all three
examples of VLPs. An annotated panel shows the location of the FV core, intermediate layer of density and
envelope protein colored in red, green and yellow, respectively. The slice thickness is ~11 A and the scale bar
of 100 nm is indicated.

After visual inspection of the FV VLPs, sub-tomogram averaging was performed according
to pre-established protocols. Briefly, manually seeded spherical dipole models were used as
initial starting points for sub-volume sampling and initial reference generation from the full
dataset (Figure 12-A). Single VLP starting models and clusters of VLP starting models were
used to attempt to optimize several alignment parameters, in order to iteratively improve
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3.2 Bacterial cell-derived FV-Gag VLP assembly system

As mentioned in 1.2.1, a Gag based expression and VLP assembly system on E. coli is
another alternative that can be used to answer the questions pertinent to this project. Briefly,
multiple Gag-derived constructs can be expressed and purified in the bacterial system, and
these purified Gag truncation variants can then be subjected to different assembily trials. The
outcome of said trials can be evaluated to assess assembly competence and potential
morphology of the Gag protein truncations. Successful in vitro assembly trials can also be
used as sample for high-resolution structural determination of a FV Gag assembly. This is
of particular interest considering that no high-resolution structure of an assembled lattice
was obtained when analyzing FV mammalian cell-derived VLPs.

3.2.1 Design, expression, purification and assembly of FV-Gag truncations

To analyze different FV assembly structural features, a list of Gag-derived truncation variants
was designed, as depicted in Figure 14. It is worth noting that full-length Gag is unlikely to
assemble into particles in vitro, an assumption supported by observations in other
retroviruses, in which full-length Gag is seldom capable of assembly in vitro. With this in
mind, to test assembly competence, FV-Gag truncations are based on the putative CA
domain. The rationale behind this is as follows, the putative CA domain sequence (residues
300-477) contains the conserved retroviral CA fold (Ball et al., 2016), and based on other
retroviral systems, this is the Gag region where assembly competence most likely lies. To
further extend the analysis, alternate CA constructs will maintain the N-terminal putative MA
domain (2-477) and the C-terminal putative NC domain (residues 300-621). Truncation 300-
621 will keep the main FV cleavage site at 621, given that proteolytic cleavage of Gag at the
C terminus, is essential for viral infectivity and morphology (Enssle et al., 1997; Zemba et
al., 1998). In addition, several deletions of the MA construct will be included, notably
construct 180-477 which removes the structured region of FV putative MA (Figure 14-B)
(Goldstone et al., 2013). This is a strategy that has been applied to other retroviral systems
as well, for example, in HIV (Gross et al., 2000). Finally, to assess the potential effect of the
three secondary cleavage sites, truncation proteins at their respective positions were
generated (positions 311, 339 and 352) on both CA and CANC constructs.
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Figure 14 — Foamy virus Gag-derived truncation variants design

A) Schematic representation of all Foamy virus (FV) truncation variants used in the course of this study.
Putative Gag domains matrix (MA), capsid (CA) and nucleocapsid (NC) are indicated with annotated relevant
residue numbers. The main proteolytic cleavage site of FV Gag at residue 621 is indicated by a red arrow. B-
Cartoon representation of Colabfold 1.5.2 model prediction using FV p71 sequence as input. p71 sequence
was obtained from Uniprot accession number P14349. Residues of interest are indicated with arrows. In both
panels, putative domains MA, CA and NC are represented in red, cyan-orange and green, respectively.

Once the library of FV-Gag truncation variants was determined, | proceeded to generate the
corresponding expression plasmids based on the pET28 backbone in accordance to
protocols previously established in our lab and by collaborators (Dick et al., 2018, 2020; Obr
et al., 2023; Obr, Ricana, et al., 2021; F. K. M. Schur et al., 2016). All expression cassettes
included two tags in the N-terminus of the recombinant proteins. Firstly, a Histidine (His) tag
is present for purification via affinity chromatography, followed by a Small Ubiquitin-related
Modifier (SUMO) tag for solubility.

Correct insertion and integrity of the genes of interest was confirmed by sequencing,
allowing me to transform E. coli BL21 cells for protein production. Stable recombinant
expression of all constructs was corroborated via visual inspection of SDS-PAGE
experiments containing whole-cell pellets of induced BL21 cells (Figure 30-B). However,
upon further processing of expressing cells for purification of the FV-Gag derived truncation
variants, it was determined that almost all constructs remained in the insoluble fraction after
cell lysis by SDS-PAGE analysis (Figure 15). The three only soluble constructs included the
putative CA domain (CA300-477), the putative CANC domain (CANC300-621) and the
putative MACA domain which had been deprived of the structured region upstream of
residue 179 (MACA180-477). It is worth noting that the insoluble construct p68 resisted
solubilization attempts by increasing/decreasing NaCl concentration in the lysis buffer,
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addition of detergents and reducing agents as well as varying concentrations of induction
agent Isopropyl B-D-1-thiogalactopyranoside (IPTG).
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Figure 15 — Solubility of Foamy virus Gag-derived truncation variants.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of different Foamy virus (FV)
Gag-derived truncation variants post-lysis of induced E. coli BL21 cells. On top and bottom gels, the different
constructs are labeled and a lane corresponding to the pellet (P) and soluble (S) fractions post-lysis are
indicated. Protein bands of the correct size found to be in the soluble fraction and the corresponding construct
name are highlighted with a red square. The molecular weight marker (MWM) with corresponding specific
weight marker size is indicated.

For truncated Gag proteins, being insoluble when expressed in E. coli is not a rare
occurrence. However, the predominance of the insoluble fractions for FV constructs lead me
to question whether there might be protein assembly already in the cytoplasm of expressing
cells, a phenomenon that has also been reported for HIV-1 (Mendonga et al., 2021). In order
to answer this question, plastic embedding and ultra-thin section experiments were
performed on E. coli cells expressing the different FV Gag truncation variants. This
technique allows for the observation of any assembly-like structures via TEM analysis of
said sections. In fact, a qualitative analysis of the samples revealed that p68 pre-assembles
into spherical core-like structures in the cytoplasm of BL21 cells (Figure 16-A). This is not
surprising given that p68 is the main cleavage product of FV Gag, and has been reported to
be the only required Gag component to form FV capsids (N. Fischer et al., 1998). The core-
like structures seemed to be regular spherical-to-icosahedral polyhedrons which were
ubiquitously found throughout the sample. They were embedded in a very protein-dense
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matrix and had a measured diameter of ~60 nm. This is consistent with previously reported
FV viral cores (Effantin et al., 2016), as well as the mammalian cell-derived VLPs obtained
during this project (Figure 11).

Interestingly, the only other sample to present core-like structures was found to be E. coli
cells expressing CA300-477 (Figure 16-B). These structures were of the same
characteristics than those found in p68-expressing cells. They presented regular spherical-
to-icosahedral particles with an approximate diameter of 60 nm. A visual inspection of the
samples suggested that the abundance of core-like structures was lower for the CA300-477
expressing cells than for the p68-expressing sample. In agreement with this observation,
133 and 100 cells were counted for p68 and CA300-477, respectively and it was found that
there were 0.44 cores/cell in p68 expressing E. coli while CA300-477 expressing cells had
0.32 cores/cell. Regardless, this is only a preliminary analysis and further biological
replicates need to be performed in order to make any strong claims regarding pre-
assembled particle abundance differences between the constructs.

B CA300-477

Figure 16 — Pre-assembly of Foamy virus Gag-derived constructs in expressing E. coli cells.

Representative transmission electron microscopy micrographs of resin-embedded and ultra-thin sectioned
BL21 E.coli cells expressing either the main component of the Foamy virus core, p68 (A) or the putative CA300-
477 domain (B) acquired at 80 kV. For both panels, a schematic representation of the genes of interest is
depicted above the micrograph with the same color coding as in Figure 14. Close ups of core-like structures
present in expressing cells are shown in inset, core-like structures are indicated by red arrows and scale bars
of 100 nm are shown.
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F. K. M. Schur, Hagen, et al., 2015). It is even less when compared to mature retroviral
lattices which have ~10 nm spacing between hexamers (Cardone et al., 2009; Krebs et al.,
2021; Qu et al., 2018).
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Figure 21 — Sub-tomogram averaging overview of Foamy virus CA300-477 assemblies.

A) Final alignment strategy used to produce a density map from Foamy Virus CA300-477 assemblies via cryo
electron-tomography and sub-tomogram averaging. The different alignment parameters that were optimized
are shown in each row. B) Estimation of the resolution from final CA300-477 assembly density map via Fourier
shell correlation (FSC) in the Y axis and the resolution in X axis. The 0.143 threshold criterion is indicated by
a line and the final resolution is shown with an arrow.

Lastly, considering the final resolution obtained via STA, unambiguous fitting of the available
solution NMR structure for CA300-477 (Ball et al., 2016) into the map was unfeasible. Even
though that was the original objective of this section, a preliminary manual rigid-body fit of
the structure was performed (Figure 22). The available 19 kDa putative CA300-477 model
(Figure 22-A) was placed inside the density map of the CA300-477 assemblies and potential
lattice models were probed (Figure 22-B). As a first approach, it was considered that the
canonical retroviral lattice arrangement for in vitro helical assemblies, harbor 6 copies of CA
(as outlined in section 1.2). With this in mind, 6 copies of CA300-477 were placed inside the
FV CA300-477 density map. However, this initial attempt proved unsuccessful, mainly due
to the fact that the sheer size of the monomer (red-blue monomer in Figure 22) would make
it impossible to fit many copies of it inside said map. This would be the case no matter their
distribution or orientation respective to each other. Surprisingly, the protein arrangement
which best explained the density appeared to be a lattice model made up of dimeric
asymmetrical units of CA300-477 (Figure 22-B and C). This model seems to be stabilized
mostly through NTD-NTD dimeric interactions.

It must be noted that at the resolution level with which these experiments were conducted,
the results must be taken with caution. The exact arrangement and orientation of the dimers
within the EM density in Figure 22 cannot be determined. Therefore, this is not an accurate
representation of the assembly present in the CA300-477 tubes and other interpretations
could be possible. In any case, specific interaction surfaces and residues pertinent to the
main aim of the project cannot be described using this map. On the other hand, this
resolution is still enough to determine that, in the in vitro assembly system there is no
canonical retroviral lattice that describes the interaction of its CA300-477 components.
However, given the confirmed helical nature of the assembly, an alternative structure
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determination technique was applied. The rationale behind it and the results of applying this
technique to the CA300-477 assemblies, will be expanded in the following section.

CA300-477

Tube axis

NMR structure
from 5M1H y

Manual fit in map y L CA300-477 lattice model

Figure 22 — Structural interpretation of CA300-477 sub-tomogram averaging results.

A) Cartoon representation of the available solution nuclear magnetic resonance (NMR) structure of CA300-
477 with the N-terminal (NTD) and C-terminal (CTD) subdomains is depicted. B) The rough manual fit of
multiple CA300-477 monomers inside the sub-tomogram averaging density map is shown. C) The density map
from the central panel has been removed and the lattice model for the Foamy virus CA300-477 assembly is
shown. For all panels, the CA300-477 NTD and CTD subdomains are colored in cyan and orange, respectively.
For clarity, a single CA300-477 monomer is depicted with the NTD in blue and the CTD in red. The axis of the
tube is indicated by an arrow and the sub-tomogram averaging density map is depicted in yellow. Solution
NMR structure was obtained from pdb access code 5M1H.
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3.2.3 Single particle analysis and helical reconstruction of CA300-477 tubular
assembly

At this point, cryo-ET and STA did not provide a high-resolution structure of the assembled
FV CA300-477 lattice, justifying the need for other avenues to be explored. Since my results
confirmed the CA300-477 tubes are a highly regular helical assembly, the logical approach
was to attempt to obtain a single particle analysis dataset and perform helical reconstruction.
This technique exploits the highly strict symmetrical nature of helical assemblies and
imposes symmetrization accordingly, to determine the structure of the sample of interest
(Egelman, 2010, 2014, 2024; S. He & Scheres, 2017). In fact, this approach has been used
to determine retroviral lattice structures before, for example for HIV-1 (Ni et al., 2020). In
accordance with this, new grids (Quantifoil ® copper 2/2 200 mesh) containing CA300-477
assemblies were produced and screened at 200 kV to acquire the SPA dataset. Mainly, an
assembly reaction was started and serial dilutions were sequentially tested to decreased the
concentration of tubes. This was a necessary step in order to obtain a more even distribution
of non-agglomerated tubes for automatic acquisition of cryo-EM data. In the end, the initial
protein sample concentration of 973 uM had to be diluted to ~8 uM. Pre-screened grids were
taken for high-resolution SPA data acquisition in a Thermo Scientific™ Titan Krios cryo-TEM
instrument where 3694 movies were acquired. After manual curation of the dataset to
maintain only good regions of interest, 2238 movies were left for image processing.

Initially, it was considered to use the STA CA300-477 map to determine an estimate of helical
parameters to be used for refinement in helical reconstruction. In fact, this exact approach
of estimating helical parameters from cryo-ET and STA data and refining them using SPA
and helical reconstruction was already used to determine the structure of the immature
lattice from Mason—Pfizer monkey virus (Bharat et al., 2012). It is also worth noting that
hybrid approaches between SPA and STA have also been reported before to be successful
in systems like Ty3/Gypsy (Dodonova et al., 2019), Influenza (Peukes et al., 2020), and even
in FV (Effantin et al., 2016). Nevertheless, initial attempts to use estimations of helical
parameters for reconstructions were not conducive for successful structure determination.

Moving forward, a more classical approach to helical reconstruction was taken. Successful
helical reconstruction workflows have been extensively published before, also by
collaborators (Azad et al., 2023; Estrozi et al., 2018; Kefauver et al., 2023). An outline of the
workflow used for the initial processing of CA300-477 assemblies and intermediate results
can be seen in Figure 23. In brief, curated exposures were imported into RELION v4.0.1 (S.
He & Scheres, 2017; Kimanius et al., 2016, 2021) where all further pre-processing and
helical processing was performed. Particle picking was performed manually and a dataset
of 113,421 helical filaments was obtained. Then, optimization of several parameters
including box size, initial binning, as well as angular and translational sampling were
performed in order to carry out 2D classification. Said filaments were then subjected to a
round of 2D classification which produced multiple classes with a clear Moiré pattern
(Stewart, 1988) and well-defined tube walls.

Next, summed power spectra (PS) of individual aligned helical segments that composed
promising selected classes were produced. Helical parameters were then determined using
the aforementioned averaged PS and the online resource Helixplorer-1 (Estrozi et al., 2018).
Shortly, potential helical parameters were used to generate a theoretical PS for each
symmetry group. Then, the theoretical PS was overlayed with the experimental PS and good
fits were estimated based on which theoretical PS better explain the experimental PS.
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Unfortunately, initial attempts at reconstruction with the most populous classes were not
successful. Given that potential flattening of the tubes was observed during manual curation
of the exposures, and considering this is also a usual concern in helical reconstruction, a
different set of 2D classes were selected for analysis. This time, the approach was to select
the classes which presented the smallest diameter while still retaining the good qualities
mentioned before.

This process led to the selection of 2 distinct classes which fulfilled the criteria, named here
classes 10 and 17 (Figure 23, bottom left). They contained 2,209 and 3,715 segments,
respectively, and their diameter was measured as ~536 and ~534 A. The summed PS were
in very good agreement with a theoretical PS from a helix with a rise of 10.2838 A, a twist
of 27.7173° and rotational symmetry C4 (Figure 23, bottom right). Since it is not possible to
have helical assemblies with the same symmetry parameters but different tube diameters,
both classes were combined and further processed together. 3D refinement was then
performed using this combined dataset consisting of 5,924 segments. The final filtered
reconstruction yielded a map of 5.9 A. This map was then used to determine the correct
handedness and any extra symmetry points present in the assembly. In fact, there was an
additional C2 rotational symmetry which allowed for the next reconstruction to be performed
using D4 symmetry. A mask covering the central third of the helix was designed for post-
processing. Said mask was used for a final 3D refinement and a helical map measured at
5.3 A resolution, after post-processing, was obtained (Figure 23, top right, cyan map). An
unmasked refinement, also using D4 symmetry (Figure 23, top right, grey map) was chosen
for further processing.
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CryoEM data processing of FV CA300-477 helical assemblies
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Figure 23 — Helical reconstruction processing strategy of CA300-477 assemblies.

General overview of the helical reconstruction data processing scheme used in the course of this study. An
example micrograph of CA300-477 tubular assemblies, selected 2D classes, analyzed averaged power
spectrums and final reconstructions are shown. Software involved in each step are delineated in grey and
speficied at the bottom of the box.

To improve the resolution of the map and make the subsequent steps of model building and
structure interpretation more amenable, further processing steps were introduced. This
strategy has been used by collaborators before (Kefauver et al., 2023) and had the potential
to drastically improve the results previously obtained solely through helical reconstruction.
An overview of the whole process can be seen in Figure 24. The strategy involves
performing symmetry expansion of the previously obtained helical segments, using the
existing symmetry in the dataset. In this case, helical parameters and C4 symmetry were
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CryoEM data processing of FV CA300-477 helical assemblies
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Figure 24 — Symmetry expansion and particle subtraction strategy for CA300-477 assemblies.

General overview of final cryo-electron microscopy data processing scheme used in the course of this thesis.
Software involved in each step are delineated in grey and speficied at the bottom of the box. For the RELION
processing, initial unmasked helical density, density subtraction mask position and re-boxed subtracted particle
reconstruction are shown. For the final cryoSPARC processing, final local subtracted density refinement and
corresponding Fourier Shell Correlation (FSC) curves are shown.

The quality of the final map derived from the FV CA300-477 assemblies allowed for the
precise model building of the ASU. Shortly, a starting model was taken from the pdb
accession code 5M1H. CA300-477 NTD/CTD sub-domains were separated and fit
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solution was mixed with the 3.6 mL Opti-MEM:DNA solution by dripping and flicking the tube
and incubated 25 min at room temperature to form DNA-PEI complexes. 1.8 mL DNA-PEI
complexes were added directly to each dish containing cells and mixed gently by rocking
the plate back and forth. Final concentration was 29.2 pg/dish for DNA and 88 ug/dish of
PEI. 1 seeded plate was used as control with no transfection. Cells were incubated at 37 °C
in a COz2 incubator for 48 h.

48 h post-transfection, supernatant was collected in 50 mL Falcon tubes and centrifuged at
300 xg for 5 mins. Supernatant was filtered through a 0.45 ym filter and spun for 2 h at
65,000 xg and 4 °C in a swinging bucket rotor (Thermo PP Thinwall Tubes 36 mL Cat
No:03141, Sorvall WX100+, AH-629 rotor). VLP pellets were resuspended in 250 pL of
PBS/tube and a final 250 uL of PBS was used to wash whatever was left over in the bottom
of the tubes and pooled together (1.5 mL total volume). A 30 yL sample was taken for
western blot analysis (15t Ultra, Figure 9). An Optiprep® (Sigma-Aldrich, # D1556)
discontinuous gradient of 19.2, 20.4, 21.6, 22.8, 24, 25.2, 26.4, 27.6, 28.8, 30% and 35%
was prepared. Concentrated 35% Optiprep® was overlayed first and the rest of the layers
were added sequentially on top. 1 mL layer for 35% and 0.9 mL of all other layers. Gradient
tubes were left in the fridge to stabilize. After the ultracentrifuge run, sample was carefully
overlaid on Optiprep® gradient and spun for 2 h at 120,000 xg and 4 °C in a swinging bucket
rotor (Thermo PA Thin-walled Tubes 14 x 89 mm Cat No:03699, Beckman Optima XPN-100,
SW41 rotor). 0.9 mL aliquots were collected starting from the top (13 sequential aliquots).
Aliquots were pooled as follows: Fraction 1, contained aliquots 1, 2, 3; Fraction 2 contained
4, 5; Fraction 3 contained 6, 7, 8 and Fraction 4 contained aliquots 9, 10, 11. Pooled
Fractions were diluted as much as possible for last step concentration by pelleting at 1 h at
160,000 xg and 4 °C in a swinging bucket rotor (Thermo PA Thin-walled Tubes 14 x 89 mm
Cat No0:03699, Beckman Optima XPN-100 ultra, SW41 rotor). VLP pellets were
resuspended in 15 pyL of PBS 1X and 6 pyL samples were taken for western blot analysis.
The rest of the samples was inactivated by adding an equal volume of 4% PFA in PBS and
incubating at room temperature for 1 h.

For the in-house FV VLP production system:

293T cells were trypsinized and cells were counted, viability of the cells was measured at
~99%. A 10 cm cell culture dish was seeded with 6x10° cells and incubated over night at
37 °C and 5% CO2 in DMEM + 10% FBS + ATB. The next day, cells were ~70% confluent,
and media was exchanged on plates by 10 mL fresh Freestyle complete medium. Reaction
tubes were set up with 12 uyg pcDNA-PFV-p68 and 0.7 ug pcDNA-PFV-Env and were diluted
in 0.9 mL of Opti-MEM | Reduced Serum Media without serum in a 2 mL tube. A 2 mL tube
was set up with 0.9 mL Opti-MEM | Reduced Serum Media and 38 pg PEI (1:3 ratio) was
added. 0.9 ml of the Opti-MEM:PEI solution was mixed with the 0.9 mL Opti-MEM:DNA
solution by dripping and flicking the tube and incubated 20 min at room temperature to form
DNA-PEI complexes. 1.8 mL DNA-PEI complexes were added directly to a dish containing
cells and mixed gently by rocking the plate back and forth. Cells were incubated at 37 °C in
a COz2 incubator for 48 h. At 48 h post-transfection, supernatant was collected in 15 mL
falcons and centrifuged at 300 xg for 5 mins. Supernatant was filtered through a 0.45 ym
filter and centrifuged for 1 h at 160,000 xg and 4 °C in a swinging bucket rotor (Thermo PA
Thin-walled Tubes 14 x 89 mm Cat No:03699, Beckman Optima XPN-100, SW41 rotor).
Supernatant was decanted and pellets were resuspended in 30 uL of 1X Laemmli buffer,
incubated at 95 °C for 3 min and stored at -20 °C until western blot analysis.
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Western blot analysis

Samples were diluted in Laemmli buffer (Bio Rad, #1610747) to a final concentration of 1X
and incubated at 95 °C for 10 min. 12% SDS-PAGE was run at 60 V until sample entered
resolving gel and then 120 V for 70 min. Meanwhile, the western blot cassette components
were pre-wetted in cold transfer buffer (25 mM Tris pH=8.3, 192 mM Glycine 10% methanol),
and the PVDF (AL Labortechnik, 42514.01) membrane was activated in methanol for 5 min.
When the running front was half a cm above the edge of the glass, the run was stopped and
the gel was briefly washed in cold transfer buffer. The cassette was put together submerged
in cold transfer buffer. The sandwich was closed and inserted into transfer cassette and tank.
Transference was performed at constant amperage of 200 mA for 90 min. PVDF membrane
was washed once in Tris-based saline with 0.05% Tween 20 (TBS-T) and blocked in 4%
(w/v) skimmed-milk powder (Merck, #70166-500G) 1% (w/v) BSA (Merck, #10735078001)
diluted in TBS-T (blocking solution) for 1 h at room temperature and 35 rpm rocking plate.
Blocking solution was stored at 4 °C until next day to dilute secondary antibody. Blocked
membrane was washed once with a large volume of TBS-T which was immediately removed
and washed thrice with TBS-T for 5 min at a time at 40 rpm in a rocking plate. After washing,
the membrane was incubated overnight at 4 °C with primary antibody (affinity purified
CANC300-621) diluted in 2 % (w/v) BSA and 0.02 % (w/v) sodium azide in TBS-T (antibody
dilution buffer) on a rocking plate at 35 rpm. Excess primary antibody was washed once with
a large volume of TBS-T which was immediately removed and washed thrice with TBS-T for
5 min at a time at 40 rpm in a rocking plate. Secondary antibody was diluted in blocking
solution from the previous day and used for incubation with membrane on rocking plate at
room temperature and 35 rpm for 45 min. Excess secondary antibody was washed once
with a large volume of TBS-T which was immediately removed and then thrice with TBS-T
for 10 min at a time at 40 rpm in a rocking plate. Membranes were placed in TBS until
detection. For detection, ECL1 and ECL2 solutions were prepared freshly prior to
experiments. For ECL1, 100 pL of 250 mM Luminol (Merck, #A8511-5G, dissolved in DMSO)
and 44 uL 90 mM p-coumaric acid (Merck, #C9008-5G, dissolved in DMSO) were dissolved
in 1 mL of 1 M Tris pH 8.5 and brought to 10 mL with ddH20. For ECL2, 6 pl 30% (v/v) H202
(Merck, #H1009) was mixed in 10 mL ddH20. Chemiluminescence was developed in a 1:1
mixture of ECL1 and ECL2. Image acquisition was performed on an Amersham Imager 600
(GE Healthcare).

Antibodies

Polyclonal affinity-chromatography purified Rabbit primary antibodies were raised against
the FV CANC300-621 truncation variant by excising a CANC300-621 band from an SDS-
PAGE and using it for immunization. Immunization trials and purifications were obtained
from Davids Biotechnologie GmbH. Polyclonal primary anti-CANC300-621 antibodies were
used at a concentration of 1/2500. Secondary antibody Peroxidase AffiniPure Goat Anti-
Rabbit IgG (Jackson Immuno Research #111-035-144) was used at a concentration of
1/5000 in western blot detection.

Alphafold predictions of FV-Gag

Predicted structures of full length FV Gag (p71) were generated using AlphaFold 2.3.2.
(Jumper et al., 2021) and Colabfold 1.5.2 (Mirdita et al., 2022). p71 sequence was obtained
from UniProt accession number P14349. Five seeds were generated for the FV-Gag model.
The model was relaxed using Amber relaxation and inspected manually. The pLDDT score,
along with manual inspection, was used to select the highest-ranking model for analysis.
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Solubility tests of Foamy virus Gag-derived truncation variants

Transformed BL21 E. coli cells harboring the different FV Gag- derived truncation variants
were grown in 5 mL of Lysogeny broth (LB) with 50 ug/mL Kanamycin at 37 °C and 230 rpm
until an optical density (OD) of ~0.6 was measured. Induction was performed with 1 mM
IPTG, induced cultures were then incubated at 37 “C and 230 rpm for 3 h. 1 mL of induced
culture was used to harvest cells by centrifugation at 6000 xg for 1 min at 4°C. Supernatant
was discarded and cell pellets were resuspended in 50 pyL of 20 mM Tris pH 8.0, 500 mM
NaCl, 5% glycerol, 2 yM ZnCl2, 1 mM TCEP and cOmplete™, EDTA-free protease inhibitor
cocktail (Merck, #11873580001). Resuspended cell pellets were lysed via 4 heat-thaw
cycles of 15 min at -80 'C and 42°C. Lysates were cleared via centrifugation for 45 min at 4
°C and 25,000 xg. Supernatants with soluble protein were diluted in Laemmli buffer (Bio
Rad, #1610747) to a final concentration of 1X (66 pL final volume) and incubated at 95 °C
for 10 min. Pellets were resuspended in 66 pL of 2X Laemmli buffer and incubated at 95 °C
for 20 min. To visualize results, 5 pL of pellet fraction and 25 uL of supernatant were used
to run an SDS-PAGE. A 12% SDS-PAGE was run at 60 V until sample entered the resolving
gel and then at 120 V for 70 min. Resolved protein was stained with InstantBlue™ Ultrafast
Protein Stain (Sigma-Aldrich, #1SB1L-1L) and visualized.

Purification of soluble Foamy virus Gag-derived truncation variants

FV Gag-derived truncation variants were purified using the SUMO-tag system (Malakhov et
al., 2004) as described before (Dick et al., 2020) with modifications. Briefly, transformed
BL21 cells were grown in LB with 50 ug/mL Kanamycin at 37 °C and 230 rpm until an OD of
~0.6 was measured. Induction was performed with 1 mM IPTG, induced cultures were then
incubated at 37 “C and 230 rpm for 5 h. Cells were harvest by centrifugation at 6000 xg for
10 min at 4 "C (Thermo Scientific Sorvall LYNX 4000, rotor F14-6x250y). Supernatant was
discarded and cell pellets were kept at -80 ‘C until processing. Cell pellets were
resuspended in 20 mM Tris pH 8.0, 500 mM NaCl, 5% glycerol, 2 yM ZnCl2, 1 mM TCEP
and cOmplete™, EDTA-free protease inhibitor cocktail (Merck, #11873580001) and lysed
via 4 heat-thaw cycles of 15 min at -80 °C and 42 °C. Lysates were cleared via centrifugation
for 60 min at 4 °C and 50.000 xg (Thermo Scientific Sorvall LYNX 4000, rotor F14-14x50cy).
Nucleic acids were precipitated from protein-rich supernatant by the addition of 0.03% (v/v)
polyethyleneimine, incubation on ice for 10 min and followed by centrifugation at 13,000 xg
for 10 min at 4 °C. Ammonium sulfate was added to ~30% saturation of the supernatant,
incubated for 60 min on ice, and the precipitate was pelleted by centrifugation at 13,000 xg
for 20 min at 4 °C. Protein pellet was resuspended in 20 mM Tris pH 8.0, 500 mM NacCl, 2
mM TCEP (protein buffer) and subjected to affinity chromatography using Protino® Ni-TED
Resin (Carl Roth, # 745200.30) according to the instructions from the manufacturer. To
prepare the resin, 2 g of beads were weighed and 5 mL of ddH20 was added. Once the
beads settled, ddH20 was removed 5 mL of protein buffer was added to equilibrate the
beads. The excess protein buffer was removed and the protein solution was added (all done
in cold room at 4 °C). Incubated for 1 h with agitation at 4 °C. Resin was transferred to a 10
mL chromatography column (Sigma-Aldrich, #C2353-200EA) and wash with 8 times the
column volume with protein buffer. On-bead digestion was performed by adding Ulp1 to the
column and incubating at 4 °C for 1.5 h, mixing every 20 min. Elution was performed using
2 column volumes of protein buffer, fractions were analyzed via SDS-PAGE and peak
fractions were pooled. Protein was aliquoted in 250ul/tube, flash frozen and stored at -80
°C.

For MACA180-477 construct, purification procedure was the same until cell lysis. Then,
lysate supernatant was applied onto HisTrap™ Fast Flow column (Cytiva, #GE17-5319-01)
for purification using AKTA™ pure 25 M. Protein was eluted with 20 mM Tris pH 8.0, 500
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accession code 5M1H. Using ChimeraX, CA300-477 NTD/CTD sub-domains were
separated at residues 386/387 and fit individually into final CA300-477 lattice map obtained
in Figure 24. Rough fits of the sub-domains were then connected in Coot. N-terminus and
C-terminus were manually placed in the map to avoid clashes. Then, N-terminus and C-
terminus positions were manually fixed based on possible densities and Real-space
refinement in Coot (Emsley & Cowtan, 2004). The C-terminus orientation had two potential
directions. The most plausible orientation was chosen based on visual inspection. However,
no clear density for residues beyond Glu474 could be observed. A round of real-space
refinement was run in Coot to ensure the best fit possible of the rest of the NTD and CTD
model into the map. Models of the NTD and CTD were then further refined into the final
masked lattice map with a zone of 3.5 A using ISOLDE (Croll, 2018) in ChimeraX. More
copies of the refined monomer were fitted into the larger density to cover all interaction
interfaces and ISOLDE refinement was performed again. The final model of the CA300-477
lattice was generated by taking chain A from final refinement and fitting it into the rest of the
density to build a complete model of 14 monomers encompassing residues 300 to 473.
Molprobity scores can be seen in Table 1.

Table 1- Molprobity scores for CA300-477 lattice model

All-Atom Clashscore, all atoms: 10.22 70" percentile* (N=1784, all resolutions)
Contacts  Clashscore is the number of serious steric overlaps (> 0.4 A) per 1000 atoms.
Poor rotamers 0 0.00% Goal: <0.3%
Favored rotamers 1988 99.30% Goal: >98%
Ramachandran outliers 0 0.00% Goal: <0.05%
Ramachandran favored 2339 97.13% Goal: >98%
Protein Rama distribution Z-score  -3.20 + 0.14 Goal: abs(Z score) < 2
Geometry MolProbity score” 1.69 90th percentile* (N=27675, OA - 99A)
CB deviations >0.25A 0 0.00% Goal: 0
Bad bonds: 0/18970 0.00% Goal: 0%
Bad angles: A 0.79% Goal: <0.1%

In the two column results, the left column gives the raw count, right column gives the percentage.

* 100th percentile is the best among structures of comparable resolution; Oth percentile is the worst. For
clashscore the comparative set of structures was selected in 2004, for MolProbity score in 2006.

A MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into a single score,
normalized to be on the same scale as X-ray resolution.
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