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Abstract

Retroviruses, a type of RNA virus, have a unique life cycle wherein they reverse
transcribe their viral RNA genome and integrate as a provirus into the host’s DNA.
When retroviruses integrate into the germ line of humans, they can form human
endogenous retroviruses (HERVs), which make up approximately 8% of the human
genome. HERV-K (HML-2) is the most recently acquired HERV but mutations
have rendered it mostly silent except in many cancers, neurological diseases, and

during the aging process.

To better understand HERV-K| I expressed its main structural protein Gag and
determined its structure in the immature CA lattice of virus-like particles (VLPs).
HERV-K VLPs have a greater distance between the membrane and the immature
capsid (CA) lattice than other retroviruses, which correlates with the presence of
small proteins SP1 and p15 between CA and MA. Using cryo-electron tomography
(cryoET) and subtomogram averaging (STA), we resolved the immature lattice of
HERV-K CA to 3.2 A. The resulting map allowed me to build a hexameric atomic
model with most side chains well resolved. I confirmed the trimeric and dimeric
interactions between hexamers using site-directed mutagenesis and molecular dy-
namics simulations. A large conformational change in the lattice must occur during
maturation, which is driven by the linker between the N-terminal and C-terminal
domain, similar to HIV-1. A structure-based phylogenetic analysis with corre-
sponding CA structures of other retroviruses revealed highly conserved assembly

patterns across genera and evolutionary time.
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SARS-CoV-2, another RNA virus, caused a worldwide pandemic in 2020. We an-
alyzed the structure of the spike (S) protein derived from the ChAdOx1 nCoV-19
vaccine using subtomogram averaging. We found S to be in its prefusion con-
formation, which can elicit an immune response for protection. We also used a
multimodal, multiscalar approach of frozen, infected cells to study assembly and
egress of SARS-CoV-2. Our approach can now be applied to a wide range of

viruses to understand different viral life cycles.
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Chapter

Retroviruses

Retroviruses are positive-sense RNA viruses which reverse transcribe their RNA
and integrate into the host genome, thus their name. The most famous retrovirus
is HIV-1 (Human Immunodeficiency Virus 1), the exogenous virus which causes
AIDS (Acquired Immune Deficiency Syndrome). These exogenous viruses are much
easier to study than endogenous retroviruses, more extensively studied and most of
what we know today about endogenous viruses was first found in their exogenous
counterparts. Thus, this chapter summarizes this complicated class of viruses and
will mostly focus on exogenous retroviruses. As my main project during my thesis
was based on an endogenous virus called HERV-K, I will try to emphasize when
data on endogenous viruses is present but will otherwise direct the reader to the
second chapter of this thesis, which is solely focused on my work done on human

endogenous retroviruses (HERVS).

1.1 Disclaimer

This chapter provides an overview of the Retroviridae family. Luiza Mendonga
and I wrote a review about the structural aspect of assembly and maturation of
retroviruses (1). We both contributed equally to the writing and figures of the

manuscript under the supervision of Peijun Zhang. The figures taken from our
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review are cited and marked accordingly.

1.2 Retroviridae family

The Retroviridae family is divided into the two subfamilies and eleven genera:
Alpharetroviruses, Betaretroviruses, Deltaretroviruses, Epsilonretroviruses, Gam-
maretroviruses, Lentiviruses in the Orthoretrovirinae subfamily and Simiispuma-
viruses, Prosimiispumaviruses, Felispumaviruses, Bovispumaviruses, Equispuma-

viruses in the Spumaretrovirinae family (2) (Figure 1).

genus subfamily
@ KM233624 simian foamy virus Otolemur erassicaudatus | Prosimiispumavirus
100 @ U04327 simian foamy virus Pan troglodytes verus
@ MF280817 simian foamy virus Macaca mulatta
100 L @ M74895 simian foamy virus Chiorocebus aethiops Simiispumavirus
! @ EU010385 simian foamy virus Ateles sp. Spumaretrovirinae

98 @ GU356394 simian foamy virus Saimiri sciureus
@ 08851 feline foamy virus Felis catus

78 @ U94514 bovine foamy virus Bos taurus

9% O AF201302 equine foamy virus Equus caballus
@ AY842951 reticuloendotheliosis virus.
@ 26927 gibbon ape leukemia virus
@ AF 151794 koala retrovirus Gammaretrovirus
@ AF033811 Moloney murine leukemia virus
@ AF052723 feline leukemia virus
@ AF033822 walleye dermal sarcoma virus
© AF014792 walleye epidermal hyperplasia virus 1 Epsilonretrovirus
© AF014793 walleye epidermal hyperplasia virus 2
Q J02342 Rous sarcoma virus
O AF033807 mouse mammary tumer virus
© MB0216 Jaagsiekle sheep retrovirus Orthoretrovirinae
© M23385 squirrel monkey retrovirus Betaretrovirus
© M12349 Mason-Pfizer monkey virus
©M11841 simain retrovirus 1
@ M32690 bovine immunodeficiency virus
@ AF033820 equine infectious anemia virus
@ M25381 feline immunodeficiency virus
@ AF033819 human immunodeficiency virus 1
@ M30502 human immunodeficiency virus 2
100 . @ M33262 macaque simian immunodeficiency virus

100 @ D13784 primate T-ymphotropic virus 1
4';': M10080 primate T-lymphotropic virus 2 Deltaretrovirus
100 @ AF033818 bovine leukemia virus.

Felispumavirus
Bovispumavirus
Equispumavirus

Alpharetrovirus

Lentivirus

100

Figure 1 Phylogenetic tree of the retrovirus family The tree is based on an amino
acid alignment of the reverse transcriptase and integrase genes. Not all known
retroviruses are shown. This figure is taken from https://ictv.global/report/
chapter/retroviridae/retroviridae where it is licensed under a Creative Commons
Attribution-ShareAlike License (CC BY-SA 4.0).

Retroviruses share many structural traits such as a 5’LTR (long terminal repeat),


https://ictv.global/report/chapter/retroviridae/retroviridae
https://ictv.global/report/chapter/retroviridae/retroviridae
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PBS (primer binding site), proteins (Gag, Pro, Pol, Env), PPT (polypurine tract)
and 3'LTR (3). Taxonomy of retroviruses was originally done based on phenotypes
(4, 5). However, this has proven unreliable and difficult to use. Now, classification
is mostly done based on amino acid conservation of the reverse transriptase rt gene
in pol, along with the presence of subdomains in the Gag protein as well as the
timing of reverse-transcription in the life cycle (3, 6). Narrow phylogenies in
specific genera can also classified using the Env genes, the presence of accessory

proteins and host associations (2, 7).

1.3 Genome structure and retroviral proteins

Retroviruses have a minimum of three genes: Group-specific antigen (Gag), poly-
merase (Pol) and envelope (Env). HERV-K has an additional reading frame for
protease (Pro), as have other betaretroviruses. Many retroviruses have additional
proteins which are interspersed into their genome structure. They are needed to
either regulate or complete part of their life cycle. The coding regions are flanked

by an LTR on either side. The schematic in Figure 2 provides an overview of the

HERV-K provirus.

1.3.1 Gag

Gag is the main structural protein. It is produced upon translation of the viral
RNA as a long polyprotein. This polyprotein is sufficient to form non-infectious
virus-like particles (VLPs) and a good target for structural studies when looking

at the overall shape of a virus. During maturation Gag gets cleaved by the viral

3
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Pol

Deletion in

| Pro |

| Gag

[ e ]

a7 [w]

START

Gag
5'UTR
MA | CA

Ribosomal frameshift

4 N\

NC

5'UTR

mMRNAS  —=

5'UTR

5'UTR

dUTPase

SA2

3'UTR

Figure 2 Proviral organization of HERV-K (HML-2) Schematic representation of an
intact HERV-K (HML-2) locus with the deletion in type | proviruses marked. The four
ORFs are shown in coloured boxes and overlap. Splice donor (SD) and splice acceptor
(SA) sites are marked as ticks on the gene. The LTRs are shown as white boxes with
their U3, R and U5 regions. The transcripts below the provirus are aligned and introns
that are spliced out are marked as dashed lines.

protease into at least 3 smaller proteins: CA (capsid), MA (matrix) and NC

(nucleocapsid).

virions.

MA is necessary to target Gag to the assembly sites.

CA is needed to multimerize and form immature and mature

NC binds the

genomic RNA (gRNA) to load it into the virus. In some retroviruses, the cleavage

of Gag by the protease additionally yields spacer peptides; in HERV-K (HML-2)

these are called p15, SP1, QP1 and QP2 (8, 9).
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1.3.1.1 Immature Gag lattice

Immature particles of all retroviruses, except spumaviruses, have a similar overall
morphology. They are made up of a dense protein shell consisting of Gag hexamers

and a less dense middle holding the RNA (10) (Figure 3).

Figure 3 Retroviral immature VLPs Tomographic slice of HIV-1 (left), and cryoEM im-
ages of RSV (center) (10) and HTLV-1 (right) (10) virus-like particles, black arrowheads
point to the CA lattice. Scale bars, 50 nm. This figure is taken from my paper (1) where
it is licensed under a Creative Commons Attribution license (CC BY 4.0).

The Gag hexamers form a uniform lattice with a spacing of approximately 8 nm
between hexamers (15-18). The lattice is held together by interactions of neigh-
boring CA domains as well as SP1 or equivalent domains. Perfect hexamer lattices
however would lead to a flat sheet. Thus, immature virions show holes and defects
in their lattice to fit into a sphere (19). Due to these holes, resolving the struc-
ture of CA in the lattice proved very difficult to achieve. Initially, only some CA
domains of different retroviruses were solved by X-ray crystallography and NMR

(HIV-1: (20-22), RSV: (23, 24)). Then the structure of HIV-1 CA C-terminal
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&
:

Membrane MA —
association

B 7
Interhexamer
interaction CA 4

Trimer interface ~ NTD

Interhexamer
interaction CA
Dimer interface CTD

Intrahexamer
interaction SP1
Hexamer interface

Genome NC
encapsidation

e,
I

Figure 4 HIV-1 immature Gag domains HIV-1 Gag polyprotein domain organization
with all CA helices labeled in the red box. Original PDB accession codes: 1UPH (MA)
(11), 7ASH (CA and SP1) (12), 1F6U (NC and SL2 RNA loop) (13), 2C55(p6) (14).
This figure is adapted from my paper (1) where it is licensed under a Creative Commons
Attribution license (CC BY 4.0).

domain and its spacer peptide SP1 could be solved by X-ray crystallography (25).
However, CA in its native environment could only be studied with the help of cry-
oET and subtomogram averaging (STA) and at last a resolution of 3 A was achieved
using this technique (12, 18, 26—28). All these studies showed that CA is made
up of the two subdomains NTD (N-terminal domain) and CTD (C-terminal do-
main) with a linker joining them together. The NTD is generally formed by seven
alpha helices and the CTD by 4 helices (29) (Figure 4). Interestingly, this holds

true for almost all retroviruses even though the sequence conservation between the
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different retroviruses is low (30, 31) (see also Figure 26).

Six CA monomers join together to form a hexamer, which is the main building
block of the immature lattice. The side view of a hexamer in a lattice is shaped
like a wine glass with the cup walls formed by the NTDs, the cup bottom by the
CTD, the stem by a six-helix bundle and the base by the NC/vRNA layer below
(32) (Figure 5).

Figure 5 HIV-1 immature CA hexamer HIV-1 immature Gag structure, shown as cryoET
subtomoram averaging map (left) and atomic model of the hexamer (right). One hexamer
is highlighted in yellow in cryoET STA map within which one monomer is colored in blue
(NTD) and orange (CTD and SP1). Grey outline shows the wine glass profile of the
Gag hexamer (12). This figure is taken from my paper (1) where it is licensed under a
Creative Commons Attribution license (CC BY 4.0).

The six-helix bundle (6HB) is formed by the C-terminus of CA and also by the
spacer peptides downstream of CA in the viruses they exist in. The 6HB is needed
to form intra-hexameric interactions to hold the hexamer together. The dimeriza-
tion and trimerization of CA hexamers then gives rise to the complete CA lattice
(Figure 6). These interhexameric interactions, unlike the interactions holding a

hexamer together, vary between retroviruses. In HIV-1 for example, helix 2 is
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involved at the trimeric interface, and helix 4 interacts with helices 5 and 6 in
neighbouring hexamers, helix 9 forms the dimeric interface and the major homol-
ogy region (MHR) is used in intrahexameric interactions (17, 3%). Section 2.4.3.4
goes into further detail on how the interactions are formed, how retroviruses differ

on that aspect and how HERV-K compares to them.

Figure 6 HIV-1 immature CA lattice HIV-1 immature lattice organization in top view
with one hexamer marked by a black line. Details of the dimeric, trimeric and hexameric
interfaces are shown in red, blue and green dashes, respectively. This figure is adapted
from my paper (1) where it is licensed under a Creative Commons Attribution license
(CC BY 4.0).

The 6HB on the underside of the lattice is a very important feature conserved in
many retroviruses, having been found in HIV-1, MLV, EIAV and RSV (12, 34,
35). The MHR and the loop between helices 9 and 10 help to stabilize the 6HB.
It could be shown by NMR and molecular dynamic simulations that the 6HB is
important for maturation and infectivity of the virus by being in a dynamic helix-
coil equilibrium (36). The positively charged region at the top of the 6HB binds

inositol hexaphosphate (IP6), which is picked up in the host cell and acts as an

8
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assembly co-factor for the virus (12, 37). The 6HB is also the site where the
maturation inhibitors Bevirimat (BVM) and PF46396 (PF96) bind to treat HIV-1
infection (38, 39).

While the CA part of Gag has been widely studied in immature virions and its
structure resolved to high resolution in situ, the MA domain has remained an
elusive part for a long time. Only in 2021 could this mystery finally be solved
in situ in HIV-1 (40) and be compared to the trimeric crystal structure solved
in 1996 (41). It showed that MA also forms a hexameric lattice separate from
the CA lattice and its positions are not fixed relative to CA. The MA lattice
covers only small patches of the inner leaflet and is poorly ordered. The lattice is
formed by MA trimers with a spacing of 9.8 nm between hexamers and a large hole
at the sixfold axis. These holes are lined by the inward facing highly basic region
(HBR). The trimers are held together by a dimeric interface formed by interactions
between the N-terminus and the top of helix 1 with themselves and the 3¢ helix,
also involving the residues needed during the myristoyl switch. MA in immature
particles is in the exposed, membrane-inserted conformation (see also Maturation
section 1.4.6). Helices 1 and 2 form a charged and hydrophobic surface parallel to

the membrane. Helix 5 extends toward the CA lattice below.

1.3.1.2 Mature CA lattice

The mature retroviral capsid is formed upon cleavage of Gag by the viral protease
(Maturation step in Figure 10) and a subset of CA monomers assemble to form the
mature core (Figure 7a). This core helps to avoid detection of the genome by the

host’s immune system as the capsid enters into the host cell. The core is recognized
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by cellular proteins inside the cell to transport it through the cytoplasm towards
the nucleus (42—44). It also provides a safe enclosure for reverse transcription
and holds all the important enzymes and factors together that are needed in this
important step of the viral life cycle. However, to complete the viral life cycle a
virus must integrate its recently reverse transcribed vDNA into the host genome
and the core must therefore easily open up when needed. To allow this event to

happen, the core is a metastable structure.

The mature capsid core is mostly formed by hexamers like the immature core
(Figure 7b). However, it incorporates 12 pentamers instead of holes to allow for
curvature and closure of the core. Retroviral cores follow fullerene geometry models
and their shape depends on how the pentamers are distributed. Lentiviruses form
cones with 5 pentamers at the narrow end and seven pentamers on the broad end.
Alpha-, beta-, gamma- and deltaretroviruses form cylindrical or polyhedral shapes
by an even 6-6 distribution of pentamers or a random distribution respectively.
There are very few retroviruses that do not follow the icosahedral geometry and
incorporate more than 12 pentamers, such as MLV. MLV incorporates almost all
its CA molecules with up to 24 pentamers and can have a less tightly packed core
that has multiple layers or sometimes forms more than one core (16). HTLV-1 is
an exception too as its mature cores are often incomplete, which can explain its

low infectivity (47).

There are a few distinct differences between the immature and mature lattice. In its
overall appearance HIV-1 forms a thinner mature lattice compared to the immature
lattice (4nm vs 14nm) and the hexamers are also spaced further apart (10 nm vs

8nm). At first glance CA monomers could almost look the same as their immature
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Figure 7 HIV-1 mature capsid organization (a) Tomographic slice of a mature HIV-1
particle with a capsid cone (45). (b) Atomic model of an HIV-1 mature CA hexamer
derived from tubular assemblies (PDB 6SKK (46)). One CA monomer is coloured in
blue (NTD) and orange (CTD). (c) Comparison of immature CA-SP1 (lighter shade) and
mature CA (darker shade) structure, aligned at the NTD (blue). (d) HIV-1 mature lattice
organization in top view. The width and color of the sausage are directly proportional to
the B-factor, from blue (-30) to red (-100). Details of the dimeric and trimeric interfaces
are shown in red and blue dashes, respectively. This figure is adapted from my paper (1)
where it is licensed under a Creative Commons Attribution license (CC BY 4.0).
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counterparts as it also forms an NTD and CTD with 7/4 helices respectively.
However, the hinge between the two domains is angled differently and the last
helix which contributes to the 6HB in the immature hexamer is flexible (Figure
7¢). These small changes not only lead to drastically different interactions within
the hexamer but also between hexamers. The mature lattice forms intermolecular
NTD-CTD contacts that stabilize the hexamer and are completely absent in the
immature form. The CTD is the main stabilizing domain between hexamers. In
HIV-1, the dimer interface in the mature capsid is formed by helix 9 and the trimer
interface by helices 10 and 11 (48, 49). Plotting the B factors of neighboring
hexamers shows that the dimer interface is more stable (lower B values) than
the trimer interface (higher B values) (Figure 7d). In the center of the mature
hexamer is an interface formed by positively charged side chains of the NTDs. It
is an important feature of the mature lattice as an IP6 molecule has been reported
to bind there to neutralize the positive charges, similarly to how an IP6 binds the
top of the 6HB in the immature lattice (37, 50). HIV-1 has a beta-hairpin at the
top of the NTD which can adopt different conformations depending on pH but it
is not present in all retroviruses. It might regulate capsid core permeability for
nucleotides needed for reverse transcription in the interior of the core by changing

accessibilities to the central CA hexamer channel (57).

Recently, the pentamer structure could also be solved in native HIV-1 capsids by
cryoET and subsequent subtomogram averaging (45). Surprisingly, it is different
to the non-native structure solved previously by crystallography of cross-linked
pentamers. The pentamer NTD is rotated by approximately 19° compared to its

hexameric counterpart. This rotation forms a 10-helix bundle with the neighbour-
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Figure 8 HIV-1 mature capsid curvature (a) Intrinsic curvature of the mature CA hex-
amer by superposition of a planar CA hexamer (orange, PDB 4XFX (53)) and a highly
curved hexamer (blue, PDB 6SKK (46)). (b) Tilt (left) and twist (right) angles between
hexamers within a single core. Insets show a schematic illustration of tilt and twist angles
(45). The tilt/twist angle is indicated by the colour of the connecting lines between
hexamer positions, from blue (less tilt along the long axis of the core) to red (more tilt
along the circumference). (c) All-atom atomic model of the HIV-1 conical core (bottom)
and a cross-section of three hexamers along the curved direction (top). The black line
illustrates continuous curvature of the lattice given by both intra- and inter-hexamer cur-
vature, while the red line illustrates discrete curvature given by inter-hexamer curvature
alone (46). The lattice unit is marked with orange hexagon; pentamers shown in green
(48). This figure is adapted from my paper (1) where it is licensed under a Creative
Commons Attribution license (CC BY 4.0).

ing hexamer and excludes helix 3 from the interface. Also, the binding site at the
NTD-CTD interface for host factors and small molecules such as PF74 opens up
(45). The transition between hexamer and pentamer conformations has been pro-
posed to be regulated by the arginine residues (R18) at the center of the HIV-1 CA

pentamer by balancing its electrostatic destabilization with stabilizing the lattice

(35, 52).
As with the immature lattice, the structural conservation of the mature lattice

13
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between retroviruses is remarkable (29). The intrinsic curvature of the hexamer
caused by the flexible linker between NTD and CTD on the one hand (Figure
8a) and the different tilt and twist orientations between CA hexamers on the
other hand (Figure 8b/c) allows retroviruses to accommodate all the different
morphologies (45, 46, 54) . This has not only been shown in HIV-1 with a cone

shaped core but also in mature RSV which has a highly variable core (35, 46).

1.3.2 Reverse Transcriptase

The reverse transcriptase transcribes the RNA into viral DNA (vDNA). The re-
verse transcriptase (RT) is expressed as part of the Gag-Pro-Pol polyprotein.
The rt gene sequence is being used to classify retroviruses, including HERV-K
proviruses (55), and it is thus particularly important to understand what this
protein does. RT in retroviruses consists of two elements necessary for reverse
transcription: the DNA polymerase that transcribes the RNA and the RNase
H which degrades the RNA after transcription (56). HIV-1 RT is a heterodimer,
where the larger subunit p66 has the active site for both the polymerase and RNase
H. The smaller subunit p51 contains the same polymerase domains without the
RNase H but in a different arrangement than the larger subunit and is only being

used as structural support (56).

So far, only HIV-1 RT inhibitors are being assessed in clinical trials to inhibit the
HERV-K RT such as Lamivudine to treat lymphoma (trial number NCT01528865)
or Tenofovir alafenamide to treat ALS (trial number NCT02437110). The structure
of the HERV-K RT has been solved in 2022 by Baldwin et al. (57) to develop

specific RT inhibitors to treat cancer and neurological diseases. They showed that

14
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Figure 9 Reverse Transcriptase (RT) RT overlay of HERV-K with HIV-1. HIV-1 is
colored in gray. HERV-K has one molecule colored per usual conventions (fingers (blue),
palm (red), thumb (green), connection (yellow), RNase H (orange)), the nucleotides in
pink and the second molecule colored in black. PDB accession codes: 7SR6 for HERV-K
(57), 5TXL for HIV-1 (58)

the HERV-K RT is an asymmetric homodimer instead of a heterodimer, with

the RNase H not removed in the second subunit but instead disordered. The

HERV-K RT forms the three subdomains fingers, palm and thumb which act as

the polymerase and an additional domain at the C-terminus with the RNase H

active site. This is the same fold as seen in HIV-1 (see overlay in Figure 9). The

catalytical active sites of both the polymerase and RNase H are similar as well,
showing the same RT mechanism. Surprisingly, the betaretrovirus MMTV, which

has higher sequence identity to HERV-K in its RT, has been shown to act as a

monomer (59). Comparisons to other viruses showed that the connection domain

is very similar to the corresponding part in MoMLV (Moloney murine leukemia

virus, gammaretrovirus) RT and the helical interactions between the thumb and

RNase H are similar to the yeast retrotransposon Ty3 (57).
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1.3.3 Integrase

The retroviral integrase (IN) is needed to insert the viral DNA into the host
genome. IN is also produced as part of the Gag-Pro-Pol polyprotein and cleaved
off during maturation. So far, only eight intact int genes in HERV-K sequences
have been found (60) and it has thus not been widely studied. However, IN might
be involved in various illnesses as IN can leave a genome unstable if it is too active

or if the cell’s DNA repair mechanisms upon integration are faulty (60).

The integrase has three (or four) domains: an N-terminal domain needed to mul-
timerize, a C-terminal domain used to form the intasome, a catalytic core domain
(CCD) in between with the DDE motif in the active site. Some retroviruses have
an additional small domain on the N-terminal end which interacts with the vDNA
(60, 61). The structure of HERV-K IN has not been solved to date but it is

expected to fold similarly as the MMTV integrase (60, 62).

IN is not only responsible for the integration of the vDNA into the host genome
but also helps in reverse transcription, organization of the RNA in mature virions

and dimerization of the Gag-Pro-Pol precursor (63, 64).

1.3.4 Protease

The protease of retroviruses is responsible to cleave Gag, Gag-Pro and Gag-Pro-
Pol polyproteins during maturation to form a fully infectious virion. Retroviral
proteases (PR) are generally encoded in a Gag-Pol polyprotein. Unlike in other

retroviruses, the protease in HERV-K is encoded by its own reading frame (65)
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(see also Figure 2). Retroviral proteases act as homodimers and are included in the
family of aspartic proteases. Even with low sequence identity, they all share the
conserved regions in the active site, glycine-rich flaps and a C-terminal triplet (65,
66). The protease monomer consists of four elements: two hairpin loops, an alpha
helix and a loop with the active aspartic acid (67). Gag-Pro-Pol is present as an
inactive monomer in the unmatured virion after budding. Only upon dimerization

and autocatalytic cleaveage does it become fully active (68, 69).

1.3.5 dUTPase

The deoxyuridine 5’-triphosphate nucleotidohydrolase (dUTPase) is encoded by
a proteolytic cleavage of the Gag-Pro polyprotein in betaretroviruses with the N-
terminus being the same as the NC part of Gag (70). All HERV-K families but one
encode a dUTPase with different mutations and amino acid (aa) deletions (71).
The consensus dUTPase sequence has been shown to be active but the endogenous
proteins have not yet been confirmed to still be enzymatically functional in healthy
cells (72, 7%). Primate lentiviruses, including HIV-1, alpharetroviruses and gam-
maretroviruses do not have this protein and it is thus the enzyme in retroviruses

that has been studied the least(70).

dUTPases hydrolyze dUTP into dUMP and PPi which keeps the dUTP concen-
trations low in the cell. This helps to avoid the incorporation of dUTP instead of
dTTP into DNA as most polymerases cannot distinguish between the two (74 ).
This function is critical for retroviruses infecting non-dividing cells with low con-
centrations of cellular dUTPases to avoid mutations during the retroviral life cycle

(70). The exception to this are primate lentiviruses which can also infect non-
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dividing cells by recruiting UNG, which is involved in DNA repair, via the viral
protein Vpr to keep the mutation rates low enough (75). As betaretroviral dUT-
Pases contain the NC part of Gag, they can additionally function similarly to NC
and bind nucleic acids. This binding may locate the enzyme to places where reverse

transcription takes place and the dUTP hydrolyzing activity is needed (70).

Human and retroviral dUTPases act as homotrimers with three active sites with
high specificity to uracil (74). They contain 5 conserved domains and many dUT-
Pase structures have been solved by crystallography (M-PMV (3TRL) (76), FIV
(IF7D) (77) and EIAV (1DUN) (78)).

dUTPases can also serve functions independent of dUTP hydrolysis and HERV
dUTPases act on cellular functions in disease. Psoriasis, an immune disease causing
inflammation of the skin, has two single nucleotide polymorphisms in the dUTPase
gene PSORS1 of a HERV-K (79). It could be shown that this dUTPase causes
an inflammatory response and a higher antibody and T cell response in psoriasis
patients compared to healthy individuals (80, 81). However, as the enzyme does
not need to be catalytically active to cause inflammation, the dUTPase might just

be involved in cellular signalling (70, 80).

1.3.6 Envelope

Envelope is translated as a glycosylated polyprotein precursor, cleaved by cellular
proteases into the surface (SU or gpl120 in HIV-1) and transmembrane domain
(TM or gp41 in HIV-1) proteins. Env is active as a trimer on the viral membrane

in which the SU and TM proteins of each monomer are non-covalently bound. Its
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heavily glycosylated surface, also called glycan shield, helps to protect the virion
from being detected by the host immune system and helps to bind to the cellular
surface. Several structures of viral envelope proteins have been solved to date
(82-85). The HIV-1 SU protein gpl120 fold is divided into the inner and outer
domain with a bridging beta sheet in between them. Several disulfide bonds help

the protein to keep its tertiary structure (82).

The HIV-1 TM protein gp41 consists of a C-terminal domain, a transmembrane
domain and an extracellular domain, which is responsible for fusion via a 6-helix
bundle made from the HR1 and HR2 domains. The C-terminal domain of lentiviral
TM subunits are much larger than other retroviruses at 150 aa, compared to other
retroviruses with 20-40 aa. The C-terminus influences many properties of Env
such as Env incorporation, fusion and changes the conformation of gp120 as well

as the extracellular domain of gp4l (82).

The different conformational states of Env help protect it further from the immune
response of the host. The drastic changes upon binding to the primary receptor
helps shield the coreceptor surface until Env is in close contact with the target cell
(see also Figure 11). Different conformations also help to distinguish Env bound
to viral membranes from Env on infected cells. Env in its unbound form is very
dynamic and can change between three states, allowing it to be recognized by
receptors while still being in the non-reactive ground state most of the time to

evade detection (86, 87).
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1.3.7 Proteins specific to HERV-K

HERV-K has several additional proteins but they have not been studied in depth
and many details of how they function are still unknown. Type I HERV-K (HML-
2) sequences contain a 292 bp deletion in the pol and env genes which causes an
alternative splicing of the mRNA and results in the expression of Np9. Type II

sequences without the deletion express Rec instead of Np9 (88).

Np9 Np9 has no known function but is expressed in healthy cells (89). It locates
to nucleoli (90). Np9 is crucial for the viability and motility of tetracarcinoma
cells (88) but the role of Np9 in cancer is still poorly understood. Only some
progress has been made in identifying its interacting proteins. Np9 as well as Rec
can suppress PLZF (promyelocytic zinc finger), a tumor suppressor (91). Np9 can
also activate J-catenin, ERK, Akt and Notchl and their signaling pathways, thus

promoting leukemia cell growth (92).

Rec Rec is produced in healthy and diseased cells (89). Rec helps to transport
unspliced and singly spliced viral RNA from the nucleus to the cytoplasm, the same
function as Rev in HIV-1 (9%). However, Rev is also involved in the translation
of the transported mRNA but this function has not yet been investigated for Rec
(738). Rec contains an arginine-rich nuclear location signal sequence (NLS) which
interacts with importin-5 and ensures its import into the nucleus (73). Rec also
contains a leucine-rich nuclear export signal (NES) which targets the protein and
its cargo to be exported from the nucleus (94). The export function of Rec is

achieved by the binding of up to three Rec tetramers to Rec responsive elements
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(RcREs) in the 3" LTR of transcripts and shuttling of the whole complex through

nuclear pores (95).

1.4 ‘ Life cycle of retroviruses

A retrovirus must complete a full life cycle in a host cell in order to multiply.

Figure 10 summarizes the different stages in HIV-1.
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Figure 10 Viral life cycle Schematic of the HIV-1 viral life cycle. Clicking on each
stage links directly to the corresponding chapter. This figure is adapted from https:
//scienceofhiv.org/wp/life-cycle/ where it is licensed under a Creative Commons
Attribution-NonCommercial-ShareAlike 4.0 International License.

1.4.1 Cell Entry

The first step in a retroviral life cycle is recognizing the correct host cell and
fusion of the viral and cellular membranes to allow the viral core to enter into the
cell. This step is mediated by Env, which is present in only a few copies on the

HIV-1 viral surface. Env can recognize specific receptors on the target cell and
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Figure 11 HIV-1 Env conformational states (A) Pretriggered conformation cannot be
recognised by most antibodies. (B) Binding to one CD4 receptor leads to a partially
open conformation. (C) State 3 exposes the coiled coil in gp4l. (D) The fusion peptide
of gp4l is inserted in the membrane and the fusion of the two membranes can succeed.
This figure is taken from (96) where all rights are reserved by Elsevier. | acquired the
permission to use this figure in my thesis under the license number 5598810697852.

Trends in Microbiology

mediates fusion of the viral membrane with the plasma membrane of the target
cell (Figure 11). Not many receptors have been found yet for each retrovirus.
The most widely studied interactions are between HIV-1 and its receptor CD4
on T cells. The HIV-1 Env is synthesized as an inactive precursor which gets
cleaved into the active glycoprotein gp120 and the transmembrane protein gp41.
Gp120/gp41 trimers on the viral surface recognize the CD4 receptors on the target
cells. Spontaneous conformational changes from an inactive ground-state to a more
active conformation which recognizes CD4 allows the recognition of target cells
(86). The binding of gp120 to CD4 triggers a conformational change that forms a
bridging sheet and exposes the binding site for the coreceptors CCR5 or CXCR4
(87). The binding of these coreceptors then triggers a further conformational
change in the viral surface proteins which leads to the fusion of the two membranes

(82).
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1.4.2 Reverse Transcription, Uncoating & Nuclear Import

After cell entry, the virus must reverse transcribe its vRNA into vDNA for insertion
into the host genome. Reverse transcription is catalyzed in a reverse transcription
complex (RTC), containing the RT and several additional viral proteins. Where in
the cell this process takes place, when it is imported into the nucleus and at what
point it transitions into the preintegration complex (PIC) is under heavy debate.
A study in 2002 showed active HIV-1 RTCs being transported by dynein and the
microtubule network towards the nucleus (97). A different study showed that the
HIV-1 capsid does not disintegrate immediately upon entry into the cell, but is
being transported towards the nucleus as an intact cone (98, 99). The intact cone
cannot only interact with the microtubule network, but also provides a safe space
for reverse transcription to occur. Early immunofluorescence studies showed that
the HIV-1 capsid cone is shed at the nuclear pore during or just before entry (100,
101). However, newer research showed that capsid enters the nucleus (102-104)
but it has not yet been determined whether it happens as single CA molecules
or as (partially) complete cones. The newest model summarized by Miiller et al.
(99) suggests a handover of proteins that bind the capsid in the cytosol such as
CypA, to NPC proteins, to nuclear proteins such as CPSF6. It would thus not
need any additional nuclear import factors for the translocation but the binding

of FG repeats of Nups in the nuclear pore might be sufficient.

Reverse transcription is already initiated when the virus is assembled. However,
the lack of ANTPs in the virus stops it from continuing before cell entry. Once the

viral core has entered the cell, ANTPs from the cytosol can enter and transcription
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can continue (105). We do not yet know why reverse transcription needs the

import into the nucleus and does not terminate in the cytoplasm (99).

1.4.3 Integration

Reverse transcription leads to a viral DNA with an U3-R-U5 end on both the 3’
and 5" end. These LTRs are essential for integration into the host DNA (56). The
intasome, a multimer of IN and the viral DNA (vDNA), is the functional unit dur-
ing integration. Different stochiometries of IN have been observed in retroviruses
but there are only ever two active sites per intasome. First, IN cleaves off the 3’
hydroxyl groups of the vDNA to cut the chromosomoal DNA and attaching the
3’ end of the vDNA to it. This reaction leaves gaps at the joining points which
get repaired by cellular enzymes used to repair normal DNA damage. It leaves a
stable provirus in the cell’s genome, which is ready to be transcribed to RNA and
will act as either mRNA or vRNA. Surprisingly, integration is done on chromatin
and the nucleosomes present the DNA in the preferred form to the intasome (61,

106).

Integration does not occur evenly across the genome but is guided by interactions
of the integrase with host factors associated to the host chromatin (61). Therefore,

integration hot spots exist in the genome.
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1.4.4 Transcription & Translation

Transcription by the RNA Polymerase II leads to a non-spliced Gag-Pro-Pol
mRNA with a 5’cap and a 3’poly(A)tail like any other cellular transcript. These
primary transcripts give rise to Gag, Gag-Pro and Gag-Pro-Pol polyproteins and
are also packaged into the virion as a dimer during assembly. A single splice event
of the initial transcripts gives rise to the env mRNA and further splicing leads
to mRNAs encoding accessory proteins like rec and np9 in the case of HERV-K.
The different outcomes of a single primary mRNA need to be regulated to avoid
complete splicing every time like in cellular pathways. Retroviruses achieve these
different splicing events by having strong 5 splice site donors and weak 3’ splice
site acceptors and thus having incomplete or alternative splicing events. The bind-
ing of cellular splicing enhancers and silencers and secondary structure elements

can further guide the different RNA outcomes (107).

The mRNA gets exported from the nucleus with the help of accessory proteins in
complex retroviruses such as Rec in HERV-K, Rev in HIV-1, Rex in HTLV and
Rem in MMTV. Simple retroviruses which do not have these additional proteins
use cis-acting viral sequences to interact with export proteins (107). In HERV-K,
Rec binds to the Rec responsive element (ReRE) on the 3" LTR of the mRNA
via its arginine-rich nuclear import signal (95). The export from the nucleus is
supported by the interaction of Rec with Staufen-1. Staufen-1 is known to be
involved in RNA export and can help regulate translation and interact with Gag

during assembly. However, it is still unclear how this is achieved (94).

Translation of the long Gag-Pro-Pol polyprotein always starts on the 5" end with

DO
Ut



RETROVIRUSES LIFE CYCLE OF RETROVIRUSES

Gag. To translate the complete polyprotein, the stop codon of Gag either needs
to be read through (i.e. MLV) or the reading frame needs to be shifted by -1
(i.e. HIV-1) (108). The reading frame of HERV-K is shifted before Pro and again
before Pol to translate the complete Gag-Pro-Pol polyprotein. Frameshifting can
happen due to the presence of a slippery sequence upstream and a structured
pseudoknot sequence downstream of the termination codon. During frameshifting
the two tRNAs in the P and A sites of the ribosome simultaneously slip into
the -1 frame to adopt a two-of-three anticodon-codon pairing before translation
continues in the new frame (109). Frameshifting is relatively rare, estimated to
happen approximately 20-25% (110) in the betaretrovirus MMTV which leads to
lower protein levels of Pro and Pol. This stochiometry is advantageous to the
virion as more structural Gag proteins are needed compared to enzymatic proteins

to form a fully functioning virus (107).

1.4.5 Assembly & Budding

After translation, Gag is transported to the viral assembly sites. This is done in an
auto-inhibited conformation to prevent early assembly at the wrong place in the
cell (111). Alpha-, gamma-, delta-, and lentiviruses assemble at the plasma mem-
brane (PM) whereas beta- (except HERV-K) and spumaviruses do so at internal
cellular membranes (73, 112). Upon binding of MA to PI(4,5)Py (Phosphatidyli-
nositol 4,5-biphosphate) on the PM, HIV-1 inserts its myristoyl group of MA into
the inner leaflet of the PM (11, 113). The myristoyl group is a semi-conserved
feature of MA as it is present on many retroviruses (HIV, MLV, HTLV, BLV) but
missing on others (RSV, EIAV, FV). Interestingly, MMTV and M-PMV do have
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this posttranslational modification even though they are part of the betraretro-
virus group and thus do not assemble at the plasma membrane. Retroviruses have
different requirements regarding their dimerization and oligomerization states be-
fore tracking to the PM can occur, which might be caused by different affinities of

Gag to different lipids in cellular membranes (114, 115).

Retroviruses are diploid; they package exactly two copies of their RNA into each
virion. Gag can recognize the packaging signals in the 5’UTR of the gRNA which
guarantees the highly specific packaging into the virus (116). The unspliced and
untranslated HIV-1 RNA dimerizes at the PM, where it is recognized by the
CCHC-type zinc finger in the NC domain of Gag, stabilized and recruited into
assembly complexes (117, 118). Even though NC is is the main RNA binding site
of Gag, MA can also bind RNA via the HBR domain that also binds PI(4,5)P5 at
the membrane. Binding of cellular tRNAs in the cytosol to MA prevents early as-
sembly and allows for targeting to the specific membranes where assembly occurs

(119, 120).

Env has a slightly different pathway than Gag to reach the assembly sites. It is
glycosylated when travelling through the ER and Golgi, where it gets cleaved. In
HIV-1, Env is then transported via the secretory pathway to the PM where some
of it is internalized by the clathrin-mediated pathway again. This is necessary
to keep levels low on the cell surface and on the virion to avoid detection by the

immune system (83, 121).

Once assembly has finished, nascent viral particles get pinched off from the mem-
brane with the help of ESCRT (endosomal sorting complex required for transport).

ESCRT is recruited by Gag via its late domains. The late domains in HIV-1 are
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located in its p6 domain and can bind the early ESCRT factors which can then re-
cruit further factors to complete the scission of the membrane to release the virus.
In HERV-K, the late domains are part of the p15 protein in Gag and provide the
same function (122). Budding HIV-1 virions at the PM could be observed by
cellular cryoET. The tomograms showed an abundance of hemispherical virions
but only a few spherical ones attached to the PM via a membrane neck, indicating

that the membrane fission to complete budding is a very fast process (123, 124).

1.4.6 Maturation

A virus matures on three levels which occur simultaneously:

1. At a sequence level, the polyprotein is cleaved by the protease into all its

single proteins.

2. At the structural level, a rearrangement occurs in MA, CA subdomains and

NC, vRNA and IN.

3. At the architectural level, the immature lattice is converted into the mature
core which contains hexamers as well as pentamers and completely encloses

the ribonucleoprotein complex (RNP).

The viral maturation is a very fast process. This is evidenced as all viruses still
attached to the cell membranes were found to be immature in morphology but
most viruses near cells were already matured (124). The viral protease must thus
be activated either at the same time as the completion of budding or shortly after.

How this activation occurs is still unclear. Nevertheless, the sequence and kinetics
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of the cleavage must be tightly controlled and depend on the affinities between
cleavage sites and the active site as well as how easily the cleavage sites can be
accessed by the protease. Small alterations in the timing, rate or sequence of the
cleavage events can alter virion infectivity (125). HIV-1 Gag is cleaved as followed:
Between the spacer peptide 1 (SP1) and NC to release NC and vRNA which forms
the RNP, then the cleavage between SP2-p6, then between MA and CA, between
NC and SP2 and finally between CA and SP1. The last cleavage was found to
be a maturation switch as it destabilizes the CA-SP1 6HB responsible to form
the immature lattice (126). However, the cleavage rates and sequences have not
yet been studied in HERV-K and a comparison to other retroviruses is difficult as
HERV-K Gag has different small peptides which cannot be directly compared to
SP1, SP2 and p6 in HIV-1.

The rearrangement during maturation is not only present in Gag but also in Env.
The sparsely scattered Env trimers on the surface of the virion change from scat-

tered and static to a state that is more clustered together and mobile (127).

To explain how all the three maturation levels can occur inside an enclosed virion,

there are currently three models on how the maturation takes place in retroviruses:

1. Displacive transition: It postulates that the CA rearrangement happens at
the same time as the maturation of the core. It was thought that the mature
core is formed directly from the immature lattice by rolling away from the
membrane and enclosing the NC and RNA (128, 129). This hypothesis
was set when in vitro studies showed that tubular CA-NC assemblies do not

diffuse when the protease is added.
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2. De novo assembly: This model means that the immature Gag lattice com-
pletely disassembles upon Gag cleavage and the mature lattice reassembles
from a subset of CA monomers. It was initially proposed when structural
studies showed that the CA NTD and CTD orientations and protein con-
tacts change from immature to mature conformations in a way that cannot

be contained within the space of the virion.

3. First displacive nucleation and then de novo assembly: This model is a com-
bination of the previous two and the consensus reached by studies incorporat-
ing biochemical assays, cryoEM and computational modelling. First, some
subunits in the immature lattice undergo a conformational change without
disassembling and this sheet then rolls away from the membrane around the
genome as described in the displacive model with a contribution from the
RNP condensation. But the completion of the mature lattice is reached by

the sheet growing in a de novo mechanism and closing the mature shell (130).

1.5 HERV-K

HERV-K is classified as a betaretrovirus-like endogenous retrovirus. The viruses
that integrated into the human genome to form the HERV-K group possessed all
the necessary proteins to successfully complete a full viral life cycle. However,
transcription of proviruses is tightly regulated, and especially so in endogenous
viruses like HERV-K. The enhancers and promoters in their LTRs, and thus tran-
scription as a whole, are mostly silenced in healthy cells. However, it is not yet

understood how and when this silencing of HERV-K is lifted and the RNA gets

w
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transcribed.

As a betaretrovirus, HERV-K proviruses have the additional reading frame for
Pro and act like other viruses in the same genus. Surprisingly however, HERV-K
assembles at the PM (131), whereas other betaretroviruses assemble at pericen-
triolar regions (132, 133). As the life cycle of HERV-K has not been studied in

depth, many of its finer details are still unclear.

The next chapter will go into greater detail into how endogenous viruses integrated
into the human genome and I will present my work on HERV-K to help understand

how HERV-K virions mature.
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Chapter

HERV-K

2.1 ‘ Disclaimer

This chapter introduces endogenous retroviruses and shows all the structural work
I have done on them. Some experiments that were performed by others are also
included. The cryoET data was collected by Andrew Howe. My work on the tilt
series reconstruction and subtomogram averaging is included, but the subtomo-
gram averaging used to generate the final density map was done by Hsuan-Fu Liu
and Ye Zhou under the supervision of Alberto Bartesaghi due to a long shutdown
of our computers. The molecular dynamics simulations were done by Juan S. Rey,
Lev Levintov, Juan R. Perilla. I got help from Geoff Sutton and Weng Ng to gen-
erate the structure-based phylogenetic trees. The data presented here is part of a

manuscript which was accepted in Nature Communications at the time of writing

(134).

2.2 Introduction

Endogenous retroviruses (ERVs) are prevalent in many species; PERVs (Porcine
ERVs), MERV (mouse ERVs), HERVs (human ERVs). They fall into the class of

transposable elements with long terminal repeats (LTRs), opposed to long/short
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retrotransposons lacking LTRs (LINEs/SINEs) (135).

ERVs arise when an exogenous retrovirus infects the germline of an organism. This
virus can then get passed down to its offspring and survive generations, eventually
getting fixed in the genome (136). ERVs can amplify in the genome through
intracellular retrotransposition or by reinfecting the germline if its life cycle is still
intact. As these endogenous viruses are also inherited vertically, they can acquire

mutations and are subject to evolutionary pressures like any other gene.

2.2.1 Mutations in ERVs

The mutations acquired through the millions of years of an ERV being inserted
into the genome rendered most unable to complete a full life cycle. Therefore,
they cannot infect other individuals of their host species and became fixed in the

genome.

Some ERVs are mutated to such a degree that they provide no known function
to its host and are part of the DNA initially termed as junk. Others got repur-
posed in the course of evolution and the proteins provide a new function for the
organism. The most famous example for such a repurposed protein is Syncytin-
1. Syncytin-1 is the envelope glycoprotein of the human endogenous retrovirus
HERV-W. Syncytin-1 is involved in the fusion of cytotrophoblast cells in the pla-
centa (137, 138).

Sometimes the host organism also uses part of ERVs to provide a regulatory func-
tion for the expression of other genes. LTRs can contain promoters, enhancers,

hormone-responsive elements and polyadenylation signals (139). Some regulat-
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ing examples are an element from a HERV-E insertion needed for the expression
of pleiotrophin (PTN) or an element consisting of an Env with flanking LTRs

mediating the expression of the insulin-like growth factor INSL4 (140).

2.2.2 Nomenclature HERVs

The nomenclature of ERVs is very often confusing and misleading. Many genes
were found and named before scientists realised that they were part of an ERV.
This lead to genes having multiple names and inconsistency across and within
species. The International Committee on Taxonomy of Viruses (ICTV) has not
yet classified endogenous retroviruses. Any naming scheme is therefore only an
attempt to make sense of the many sequences that originated from exogenous
retroviruses and a consensus has not yet been reached. I will try to give a brief

summary of the naming strategy I will use within my thesis.

ERVs are named after the species they infect. This is reflected by the first letter
in their names; HERVs are human (h) ERVs, PERVs are porcine (p, pigs) ERVs,
MERVs are mouse (m) ERVs and so on. The HERVs are further classified by the
tRNA binding to the RNA primer-binding site (PBS) for reverse transcription.
The one letter code of this amino acid is added after a hyphen; HERV-Ws use a
tryptophan, HERV-Hs use a histidine, HERV-Ks use a lysine etc. Some HERV,
especially if the class has many members, then get further classified into groups
based on sequence similarity. HERV-K for example gets divided into the 11 classes
HML-1 to HML-11 (141). Problems in this convention arise when an ERV inte-
grated before the current species emerged and are thus present in several species

or when ERV sequences are very similar but the tRNA used has been mutated or
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that part of the sequence is completely missing. Sometimes ERVs will therefore be
named by their position in the genome such as 4q13.2 representing an env gene in
humans (141) but I have decided not to use this strategy when other names exist

as it gets unruly to read and use very quickly.

HERV-K (HML-2) is one of the most studied endogenous retroviruses, the virus
I am focusing on in my thesis and a prime example of confusing nomenclature.
HERV-K (HML-2) was first found by Callahan et al. in 1982 (142) and named
after the name of the colony it was found in, HLM-2. Over the years it was termed
many things, not always realising when studies talked about the same sequence.
Only years later it was found that this initial clone was in fact a sequence of
a HERV-K. In 1993, HERV-K sequences were divided into 6 subtypes named
human mouse mammary tumor virus-like, or HML for short (55). The mouse
mammary tumor viruses are betaretroviruses (see also Figure 1), the most similar
retrovirus to HERV-K based on sequence and HERV-K has therefore been classed
as betaretrovirus-like. Later on, the HML classification was refined to include
HML1-10 and finally an 11th type was added when it was realised that not all
HERV-K sequences fall into the first 10 subtypes (141). The first clone HLM-
2 was found to be a member of the HML-2 subtype and thus renamed, further
adding to the confusion as the names are so similar.

I will refer to this endogenous virus as HERV-K (HML-2) throughout my thesis as I
think this terminology is the most clear but it also has the following names: HLM-
2, HML-2, HERV-K10, HTDV/HERV-K, HERV-K, HERVK, ERVK or HERV-
K(HML-2) (73).

w
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2.2.3 HERV-K (HML-2)

The HERV-K (HML-2) proviruses are the most recently incorporated endogenous
viruses in the human genome and mostly the result from different integration events
(141). Comparisons of flanking LTR sequences can give an estimate of how old
proviruses are. LTRs of a provirus are identical upon integration into a genome but
can acquire mutations after integration. Comparisons of the number of acquired
mutations in LTRs since integration provide a good base to calculate their age.
However, estimations of the average elapsed time between mutations vary (139,
143). HERV-K(HML-2) shows members to be present in both hominoids and Old
World monkeys, giving them an age of over 35 million years (144). HERV-K113
stems from the most recent integration event and is probably the most widely
studied member of the family. It is an example of a polymorphic provirus, not
present in all humans and estimated to have integrated as recent as 200’000 - 1

million years ago (145, 146).

Some HERV-K (HML-2) proviruses still possess complete open reading frames
(ORFs) and some encode all structural and enzymatic proteins (schematic of a
provirus in Figure 2 and section 1.3 explains the function of all proteins). Mu-
tations and deletions however have rendered them incapable of completing a full
life cycle. Its almost complete genome have made HERV-K (HML-2) a prime
target to study HERVs. The Bieniasz lab and Heidmann lab almost simultane-
ously produced a consensus sequence for HERV-K (HML-2) based on the most
complete proviruses in the genome (131, 147). Lee & Bieniasz took 10 full length
HERV-K (HML-2) sequences which all had at least one intact ORF to build a con-
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sensus sequence (Figure 12a). They show that their consensus virion is capable of
completing a viral life cycle, including integration and reverse transcription. Sur-
prisingly, they assemble at plasma membranes unlike other betaretroviruses which
assemble in the cytoplasm (Figure 12b). Their consensus sequence can be seen
as a good approximation of the ancestral sequence when the retrovirus integrated
into the human genome. I am using their construct HERV-K,, throughout my

work.

K104

K108

Figure 12 HERV-K, (a) Phylogenetic analysis of HERV-K o, and the ten proviruses
used to generate it. (b) Electron micrographs of 293T cells transfected with the plasmid.
Scale bars are 500 nm. Both figures were taken from (131) where it is licensed under a
of the Creative Commons Attribution license (CC BY 4.0).
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2.2.3.1 HERV-K (HML-2) in illness

HERV-K (HML-2) has also gained a lot of attention in recent years as it is found
to be active in several illnesses and hopes have soared that it could be used in

diagnostics.

Cancer In healthy cells, the HERV-K genes are under tight epigenetic control and
not expressed. However, during cancer this control can be lost and mRNA as well
as proteins were found to be expressed in various cancers. Several transcription
factors which are involved in cancers were shown to bind HERV-K LTRs and
influence their activity (148). HERV-K (HML-2) could be associated with breast
cancer, prostate cancer and many more. It is still under debate however if HERV-
K plays a role in causing cancer or if it is merely a side event and expressed in

inflammation reactions. HERVs can be involved in cancer in several different ways:

1. Integration into tumorsuppressor genes.
2. Acting as a promoter for oncogenes.
3. Env can act as an immunosuppressor.

4. Proteins can act directly as an oncogen.
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Neurological disorders Several retroviruses have been shown to cause neurolog-
ical diseases in mice and HIV-1 and HTLV can lead to ALS-like symptoms (149).
The evidence that HERV-K (HML-2) contributes to amyotrophic lateral sclerosis
(ALS, commonly known as Lou Gehrig’s disease) is strong. All HERV-K (HML-2)
transcripts were found in ALS patient tissues and its env gene contributes to the
neurotoxicity in the disease. (150, 151). However, no study has determined yet
whether all provirus loci are contributing to the env toxicity and the causes for
its activation are still unknown. Some therapy approaches for targeting HERV-K

(HML-2) to treat ALS and cancer are summarised in (149).

Exogenous virus infection As HERVs stem originally from exogenous retro-
viruses, their proteins can interfere with a new infection once they are present
in the genome by blocking cell receptors or interfering with intracellular traffick-
ing (152). HERV-T env may have led to the extinction of its exogenous retrovirus
(153) and HERV-K (HML-2) can interfere with HIV-1. Elevated HERV-K (HML-
2) mRNA levels were found during HIV-1 infection (154-157). These transcripts
may then be translated into proteins which can generate an immune response (73).
Indeed, HIV-1 Gag can co-assemble with HERV-K (HML-2) Gag in vitro which

can lead to lower HIV-1 virion levels and infectivity (158, 159).

2.2.3.2 Expression of HERV-K (HML-2) in nondiseased adult tissues

HERV-K (HML-2) was thought to not be expressed in healthy cells for a long time,
simply because it accumulated so many point mutations and deletions that it was

unlikely to be transcribed. Epigenetic silencing further controls its expression
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(160). So most research to date focused on diseased tissues. However, a tar-
geted search for the Env protein of HERV-K in placenta using Western blots and
immunohistochemistry, revealed that Env is indeed expressed in cytotrophoblast
cells during placental development (161). A complete analysis of RNAseq data
in healthy tissues further showed that many HERV-K (HML-2) proviruses can be
detected, with high levels measured in the cerebellum, pituitary, testis and thyroid
tissues (152). Surprisingly, some proviruses with intact ORFs were found to be
expressed as well, but their significance remains unclear to date and no proviruses
with known complete gag-pro-pol sequences were found (152). When looking at
HERV-K (HML-2) in context of an illness, it is thus very important to take the
normal expression of individual proviruses into account. When trying to use this
virus as a marker or drug target, these offtargets need to be kept in mind. More
research is required to understand how and why some proviruses are transcribed in
nondiseased tissues. However, it opens interesting avenues to find more beneficial

proviruses and to better understand the evolution of HERV-K.

Aging Surprisingly, endogenous retroviruses were recently found to be tran-
scribed and producing VLPs during aging in organs and tissues of humans and mice
(162, 163). Aging can lead to increased levels of transposable element transcripts,
successful retrotransposition of these and their decreased repression but only little
research in the role of HERVs during aging has been done so far (164). So far,
only single-molecule RNA fluorescence in situ hybridization (smRNA-FISH) ex-
periments detected the presence of enwv, pol and a regulatory sequence in the LTR
of HERV-K in senescent cells. This is driven by epigenetic derepression of these

regions and even led to the production of VLPs in senescent cell lines. These VLPs
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not only triggered an innate immune response in the senescent cell itself but shed

VLPs could also transmit aging information to young cells (163).

2.2.4 Project Aims

HERV-K has garnered increasing attention in the last few years and some drugs
targeting this endogenous virus are currently in trial phase but overall it is still
poorly understood. Not only is research needed to understand its role in various
diseases but also much information is missing on how the retroviruses looked like
when it integrated in the human genome. My aim is to elucidate the structure
of the immature Gag lattice of this ancient virion and draw parallels to other,

exogenous retroviruses which were more widely studied so far.

There are two main approaches in cryo-electron microscopy to reach such a goal;
single particle analysis and cryo-electron tomography combined with subtomo-
gram averaging. Both have advantages and disadvantages and need to be chosen

carefully before starting to freeze samples.

Single particle analysis Single particle analysis (SPA) is often the easier ap-
proach and thus the preferred method for many projects. Recent technical and
methodological advances even lead to proteins resolved at atomic resolutions (165).
For single particle analysis, the sample gets imaged at a fixed angle in the electron
microscope during data collection. Assuming that the protein sample is uniform
and randomly orientated across images, one has thus taken images of almost ev-
ery possible view of the protein. Thus, their 2D projections can then be aligned,

classified, averaged and finally a 3D structure can be reconstructed (166).
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While SPA is very often more straightforward to get started on, it can become
problematic if the sample is not homogeneous or if all the particles show a preferred
orientation on the support grid used for freezing. Non-homogeneous samples cause
blurring when averaging different protein states together and preferred orientation
leads to an under-representation of some orientations when generating a 3D map
and causes streaking in one direction. Both problems limit the resolution one could

achieve.

Cryo-electron tomography & subtomogram averaging Cryo-electron tomog-
raphy can solve many problems of SPA but comes with its own challenges. During
cryoET data collection, the sample gets imaged at different angles by tilting the
stage in the microscope. The images of such a tilt series then get motion corrected
and aligned, often using gold fiducials in the sample, to generate a tomogram.
During subtomogram averaging, the proteins get extracted as smaller subtomo-
grams from the initial tomogram. Then, these small 3D volumes can be aligned

and averaged to form a final map.

CryoET can deal with difficult samples, including proteins in and on cells and
heterogeneous proteins. However, spreading of the electron dose across a complete
tilt series, instead of just taking one image like in SPA, leads to very low signal
in the tomogram and makes it harder to analyse. Also, beam-induced motion
during data collection as well as thick ice at high tilt angles limits the resolution

achievable (167).

Constrained single-particle tomography can partially resolve some of these prob-

lems by combining the normal subtomogram averaging workflow with some ad-
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vantages of SPA. It uses the same approach as normal subtomogram averaging
methods to find the orientation of each particle in the tomograms. However, this
information then gets used on the raw tilt series data which can now be treated
very similarly as the single particle images to extract 2D projections and to re-
construct a final 3D map. This combination of the two methods leads to better
orientation accuracy of the particles, reduces model bias and overrefinement and
also allows the use of the simpler and more accurate CTF correction of 2D images

instead of 3D volumes (168, 169).

To resolve the structure of HERV-K| I purified VLPs from the consensus HERV-K
construct HERV-K.,, and characterized them. As the sample had great differ-
ences in VLP size and holes in the CA lattice, I used cryoET with subtomogram
averaging to build an atomic model of the immature CA lattice. Comparisons
of the final structure with its mature counterpart shed light on how the virion
matures and parallels to the maturation of HIV-1 could be drawn. Furthermore,
a structure-based phylogenetic analysis with other CA structures from immature
retroviruses showed a surprising amount of similarities across retroviral classes and

evolutionary time.
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2.3 ‘ Methods

2.3.1 | Molecular Biology

2.3.1.1 Site-directed mutagenesis by PCR

Site-directed mutagenesis can be achieved by doing a Polymerase Chain Reaction
(PCR) with a forward and reverse primer, each carrying the desired mutations.
The parent template is then removed using a methylation-dependent endonuclease
such as Dpnl. The final product is transformed into bacteria for further amplifica-

tion, sequencing or long-term storage (Schematic in Figure 13).

‘\,\ Dpnl
dlgestlon

Figure 13 Site-directed mutagenesis Schematic to introduce a single mutations (red
cross) into a plasmid (old: blue, new: green) with the help of a forward and reverse
primers (green arrows).

The PCR was done using Pfu Turbo to incorporate single point mutations into
the Gag gene. The QuikChange Primer Design tool (https://www.agilent.com/
store/primerDesignProgram. jsp) was used to design the primers. They were
ordered from Thermo Fisher at 25nmol, desalted, with no special handling. The
50l reaction mixture in Table 1 with the program in Table 2 was used for the

PCR.

After the PCR reaction finished, 11l Dpnl was added to the mix and incubated at
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DMSO

dNTP

10x Pfu Turbo buffer
Plasmid (100 ng/nl
Primer Fwd (10 pM)
Primer Fwd (10 pM
H,O

Table 1 Mutagenesis PCR reaction mixture

95°C | 3min
95°C 30s
50°C 30's repeat steps
68°C | 11 min
68°C | Hmin

1.5pul
1l
S5ul
1l
1l
1l
38.5l

2-4 18x

Table 2 PCR program

37°C for 1 hour in the PCR thermocycler to degrade the template. Afterwards,

5l was used for heat shock transformation into DH5« F. coli.

2.3.1.2 Heat shock transformation into E. coli

All the transformations were done with competent DH5« E. coli (produced in-

house, in the Zhang lab). The E. coli were thawed on ice. 11l DNA was added

directly into the cells and mixed gently by flicking the tube. The mixture was

incubated for 20 min on ice before heat shocking the bacteria in a 42°C water

bath for 45s before immediately putting the tubes back on ice for 2min. Then

200 pl of SOC media (produced in the Zhang lab) was added and the mixture put

on the shaker for 45 min to allow for outgrowth and good resistance against the

antibiotic. All the liquid was plated out onto LB agar plates supplemented with

100 pg/ml Ampicillin. The plates were incubated over night at 37°C until the

colonies were big enough to be picked.
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2.3.1.3 Plasmid amplification

Mini preps A single colony was picked from LB agar plates with a sterile plastic
loop and added to 4 ml LB, supplemented with 100 pg/ml Ampicillin. The bacteria
were grown overnight at 37 °C with vigorous shaking. The next day any pellet was
mixed back in, glycerol stocks were made if needed (see 2.3.1.5) and the bacteria
then distributed into 3 Eppendorf tubes. The mini preps (QIAGEN) were done
according to the manufacturer’s instruction for each tube separately. LyseBlue was
used to ensure proper mixing. The DNA was eluted in the last step with warm
50nl HoO. The DNA concentration was measured using a NanoDrop (Thermo

Scientific). Any tubes with a concentration of less than 50 ng/nl were discarded.

I did mini preps for all constructs received or produced.

Mega preps A single colony was picked from LB agar plates with a sterile plastic
loop and added to 4 ml LB, supplemented with 100 pg/ml Ampicillin. The bacteria
were grown overnight at 37°C with vigorous shaking. The next day 1ml of cell
suspension was transferred into 500 ml LB Amp and shaken again at 37°C over
night. Then, mega preps (QIAGEN) were done according to the manufacturer’s
instructions. The DNA was eluted with H,O and the concentration measured

using a NanoDrop (Thermo Scientific).

I used mega kits only to produce a greater quantity of the HERV-K_,, Gag plasmid.
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2.3.1.4 Sequencing

All plasmids were sequenced commercially after amplification by mini preps by
Eurofins Genomics. All the constructs produced containing single amino acid mu-
tations in Gag were also checked with the same supplier to ensure the incorporation
of the correct mutations and to avoid any off-target mutations or deletions.

The following primers, which were ordered from Thermo Fisher in lyophilized form,
were used:

Fwdl: TCAAGAAAGGAAGGAGATACTGAG

Fwd2: AAATCGTCTCTCTCACCCTCTC

Fwd3: AAGACCCAGGAAGTACCTGC

Fwdl was always used. Fwd2 and Fwd3 were only used if the results of the first

sequencing run didn’t cover the complete Gag sequence.

2.3.1.5 Glycerol stocks

I converted all the constructs I made or received into glycerol stocks for future
use. For this, 600 pl of bacterial suspension were mixed with 400 pl sterile glycerol,

mixed well and frozen immediately in —80°C for long-term storage.

2.3.1.6 SDS-PAGE gels

VLP samples from small scale transfections in HEK293T cells were used for SDS-
PAGE gel electrophoresis (NuUPAGE 4-12 % Bis-Tris, Novex). 12ul sample was
mixed with 4 ul loading dye per lane (NuPAGE SDS Sample Buffer 4x, Invitrogen).

All the samples were heated on a heat block at 95°C for 5min prior to loading,
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except the ladder (NED protein ladder). The gels were run in MES buffer at 165V

for 35 min.

The gels were not stained with Coomassie Blue as Gag could not be detected this

way. Instead, Western blots were performed to detect the proteins.

2.3.1.7 Western blots

After the SDS gel finished running, it was cut free and the wells cut off. Sponges,
filter paper and nitrocellulose membrane were pre-soaked in transfer buffer before
the transfer sandwich was assembled as followed: Sponge, filter paper, gel, mem-
brane, filter paper, two sponges. A roller was run over each layer during assembly

to avoid air bubbles being trapped. The transfer was run at 10V for 60 min.

For protein detection, the membrane was first washed in PBST (PBS (Sigma) with
0.1% Tween20 (Sigma-Aldrich) (v/v)) before being blocked in blocking buffer (5%
dry milk (Sigma-Aldrich) in PBST (w/v)) for 1h at room temperature. Then, the
membrane was rinsed in PBST and incubated over night at 4 °C with the primary

anti-HERV-K Gag antibody (HERM-1841-5, 1:5000 in blocking buffer).

The next morning, the membrane was washed 3 times for 5min each in PBST.
Then, it was incubated with the secondary anti-mouse HRP antibody (A0168
Sigma Aldrich, 1:5000 in blocking buffer) for an hour at room temperature and
washed again 3 times with PBST. The gel was imaged using the Clarify Western
ECL substrate solutions (Bio-Rad) by mixing 0.5 ml solution A with 0.5 ml solution
B before adding the mixture onto the membrane. Pictures were taken using the

iBright imaging system (Thermo Fisher) with exposure times up to 15 min.



HERV-K METHODS

2.3.2 Mammalian Tissue Culture

2.3.2.1 Cultivation of mammalian cell lines

HeLa and U20S cells were thawed from vapour phase nitrogen storage by holding
the cryo vial under warm tap water. Once thawed, the vial was sterilised with
ethanol, transferred into a laminar flow hood and added into a T75 flask with
10 ml DMEM media (Sigma), supplement with 10% FCS (Sigma), 1% non-essential
amino acids (NEAA, Gibco), 1% L-glutamine (Gibco).

HEK293T cells were obtained by splitting them off from Strubi stock, which was

initially purchased from ECACC and is maintained by Weixian Lu.

Mammalian cell lines were maintained in a sterile environment using a laminar
flow hood when handling them. The cells were kept in T175/T75 flasks at 37 °C,
5% CO,. They were passaged once they reached approx. 95% confluency. For this,
the media was removed and the cells washed with Dulbecco’s phosphate-buffered
saline (DPBS, Gibco). Then 5/3 ml trypsin-EDTA (Gibco) was added and the cells
put into the incubator for 5 min to detach them from the flask bottom. After this,
20/10 ml of supplemented DMEM media (10% FCS, 1% NEAA, 1% L-glutamine)
was added to stop the reaction. Depending on how long the cells were kept before
the next passage, 50-90% of the suspended cells were removed and the flask topped
up to 25/12ml with supplemented DMEM.
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2.3.2.2 Transfection of HEK cells

All HERV-K,,, Gag-Pro-Pol plasmids were kindly provided by Paul Bieniasz.

Transfection was carried out with the HERV-K,,, Gag and GenelJet as a vessel.

Large scale For cryoEM, 10 T75 flasks were seeded with 5 x 105 HEK293T
cells each and grown in 12ml supplemented DMEM media overnight. For each
transfection 6.5 ng plasmid was then mixed with 250 nl non-supplemented, blank
DMEM and 13 pl GenelJet was mixed with 250 pnl non-supplemented, blank DMEM
separately. The media on the cells was discarded and replaced with 7.5 ml supple-
mented media per flask. The GeneJet mixture was then poured into the plasmid
mixture (not the other way around) and 500 pl added to the cells. The media was
swirled gently to distribute it evenly across all cells and incubated at 37°C, 5%
COg overnight. The next day, 3 ml of supplemented media was added to each flask

before incubating for another 24 h to ensure sufficient nutrients for the cells.

Small scale Small scale transfections were done to detect the presence of Gag
via Western blots. For this, only 1 T75 flask per construct was seeded. Otherwise,
the same protocol was followed as in the large scale transfections. The positive
control used the same plasmid HERV-K,,, Gag as in the large scale transfection.

The negative control was generated by mixing the GeneJet mixture with blank

DMEM that had no plasmid added.
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=
)



HERV-K METHODS

2.3.3 VLP Purification

Large scale The HERV-K,,, Gag VLPs were harvested 48 hours post-transfection
by spinning the supernatant at 500 g for 5min and filtering the supernatant

through a filter with 0.2 pm pore size to remove large cellular debris.

The filtrate was then transferred into big ultra-centrifuge tubes (Beckman Coulter,
Ultra-Clear Centrifuge Tubes, 0.5x2 inch) with approximately 35ml each. It was
underlayed with 3ml 8% OptiPrep (Sigma-Aldrich, 60% stock solution) in STE
(100mM NaCl, 10mM Tris-Cl pH 8.0, 1 mM EDTA; Sigma-Aldrich). The tubes
were balanced and spun at 100000g, 4°C for 1h 20 min. After the initial ultra-
centrifugation, the liquid was sucked out with lint-free wipes very carefully and

the pellets resuspended in the remaining liquid before being pooled together.

Next, one gradient was prepared in a small ultracentrifuge tube by layering 1ml
30%, 1ml 20%, 1 ml 10% OptiPrep over each other, starting with the most dense
layer and being careful not to disturb the layer lines. The layer lines were marked
with a pen before adding the resuspended pellet on top of the gradient. The tube
was filled up with STE if needed before balancing. The tubes were spun in an

ultracentrifuge at 120000¢g, 4°C for 2h 30 min.

After this, the bands were visualized in the dark room with a flash light and
each band sucked into a syringe separately by punching a hole into the tube with
the help of a needle. Only once all the bands were collected, were the needles
pulled out of the centrifuge tubes to avoid the remaining liquid to spill out and
disturb other bands. The harvested VLPs were then directly put into separate,

small ultracentrifuge tubes. The tubes were filled up with STE and balanced
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before spinning for 1h 20 min at 160000 g, 4 °C to remove residual OptiPrep. The
liquid was again sucked away with lint-free wipes and the pellet resuspended in
the residual liquid. The VLPs were stored over night at 4°C for plunge freezing

the next day.

The VLP purification was always done in one day as this increased yield over
splitting the protocol over two days. One prep yielded enough sample to freeze 4

grids.

Small scale The HERV-K,,, Gag VLPs were harvested 48 hours post-transfection
by spinning 3 ml of the supernatant at 500 g for 5 min and filtering the supernatant

through a filter with 0.2 pm pore size to remove large cellular debris.

The filtrate was then transferred into small ultra-centrifuge tubes and underlayed
with 1ml 8% OptiPrep in STE. The tubes were balanced and spun at 150000 g,
4°C for 1h. After this, the liquid was sucked out with lint-free wipes and the

pellets resuspended in the remaining liquid

2.3.4 Structural Biology Methods

2.3.4.1 Plunge freezing

Vitrobot At first, a Vitrobot IT (Thermo Fisher) was used to plunge freeze grids.
Copper 2/2 grids (Quantifoil) grids were glow discharged on medium for 30s. The
VLPs were mixed with 6 nm gold fiducials before plunging. The Vitrobot was set
to a humidity of 95%, 20°C. 3 ul VLPs were applied per grid and blotted for 1-3s

with —15 blot force and 0s wait time.
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GP2 For the GP2, lacey carbon grids, 300 mesh, Cu (Agar Scientific) were used
and also glow discharged for 30s on medium. The VLPs were mixed with 6 nm
Au fiducials and 3 pl sample applied onto the carbon side and 0.5 ul sample onto
the non-carbon side to ensure proper recognition of the grid by the sensor when
blotting. Blotting was always done from the non-carbon side with the settings set
to 16 °C, 95% vapour, —185°C ethane. Blotting times varied from 1s to 4s, while

the best results were achieved at 3s.

The following form was used to keep track of grids:

Sample Puck

Box ID Fiducials Dilution

Grid type Grid batch Glow discharge

Humidity Temp chamber Temp ethane

Blot time Delay Sensor sensing

Plunging comments: Clip box pos: | Scope pos:
1.

2

3.

4

Table 3 GP2 Plunging form

2.3.4.2 Data collection

Grids were pre-screened on a Talos Arctica. The data cryoET data used for subto-
mogram averaging was collected on a Titan Krios equipped with a Selectris energy

filter (Thermo Fisher Scientific). Pixel size was set to 1.5 A, exposure at 1.17s with
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a total dose of 127.5e~/ A® and a slit width of 56V. The tilt series were collected

with a dose symmetric tilt scheme over a range of £60° and a step size of 3°.

2.3.4.3 Subtomogram averaging

PEET & emClarity The tilt sereies were motion corrected with MotionCor2 and
aligned using etomo. Bead tracking was fixed manually when needed to ensure
perfect alignment. To generate an ab initio template, a SIRT-like corrected tomo-
gram was generated and points set along the lattice by hand. A rough alignment
was done which was used for a reference for a finer alignment using the param-
eters in Table 4. The template generated was then used for template search in
emClarity, followed by cleaning to only include subtomograms inside VLPs. The

subtomograms were then averaged and aligned at bin 6 and bin 5.

Constrained single-particle tomography (CSPT) The tilt series were re-aligned
and reconstructed as I lost access to the processed data during this time. Astig-
matic per-tilt CTF estimation was done using parameters from the alignment
(168). Initial subtomogram positions were determined as follows: VLPs were
manually marked in each tomogram and their radius estimated. The VLPs were
then segmented along the CA lattice using semi-automatic geodesic surfaces (170,
171). Subtomogram positions were then set uniformly across the segmentation
surface with an inter-unit distance of 96 A. This yielded 274994 particles from
794 VLPs. Ab-initio STA was done using EMAN2 (172). Constrained single-
particle tomography (CSPT) was then used for refinement. After several rounds

of alignment and tilt-geometry refinement, duplicate particles as well as bad par-
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Cycle number 1 2 3 4 5 6
Angular search range
Phi Max 180° 45° 30° 7.5° 3.75° 1.875°
Phi Step 30°  15°  10° 7.5° 3.75° 1.875°
Theta Max 0° 45°  30° 7.5° 3.75° 1.875°
Theta Step 1° 15° 10°  2.5° 1.25° 0.625°
Psi Max 0° 45°  30° 7.5 3.75° 1.875°
Psi Step 1° 15°  10°  2.5° 1.25° 0.625°
Search
Distance 7 D ) 3 3 3
Hi Freq Filter
Cutoft 0.15 0.2 02 025 025 0.25
Sigma 0.05 0.05 0.05 0.05 0.05 0.05
Reference
Threshold 130 130 130 130 130 130

Table 4 PEET angular search parameters

ticles were excluded. Final reconstruction was done with 188111 particles and

yielded a final map with a resolution of 3.2 A.

2.3.4.4 Structure-based phylogenetic trees

The following CA structures were used for structure-based phylogenetic analy-

sis: 6SSM (HERV-K mature) (54), TASL (HIV-1 immature) (12), 6HWW (MLV

immature) (16), 6HWI (M-PMV immature) (16), 5A9E (RSV immature) (17)

and the immature HERV-K model we built. The monomers were pre-aligned in

Chimera before analysis and multimers reduced to contain only one monomer. The

structure-based phylogenetic tree was then calculated using SHP (173%).

Ot
ot



HERV-K METHODS

The amino acid sequence alignment was done using the Clustal Omega online tool

with MView for colour annotations (174).

The pairwise amino acid sequence comparison to calculate the sequence identity
and similarity of each retrovirus to HERV-K was done using the EMBOSS Needle

online tool.
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2.4 ‘ Results

2.4.1 | HERV-K VLP Characterization

2.4.1.1 Purification of HERV-K VLPs

To be able to compare HERV-K to exogenous retroviruses, I expressed and puri-
fied HERV-K Gag VLPs from HEK293T cells as detailed in the large scale method
sections 2.3.2.2 and 2.3.3. Ultracentrifugation in the density gradient yielded two
bands as seen in Figure 14c and they could be extracted with only minimal dis-
turbance. These bands were plunge frozen separately after a further round of high

speed centrifugation to differentiate between them on grids.

Optimization of plunge freezing conditions was needed to yield good quality grids
with enough VLPs per grid square to allow cryoET data collections. Switching
from double-sided blotting done with the Vitrobot to one-sided blotting with the
GP2 increased the amount of VLPs drastically (Figure 14a vs. Figure 14b). The
reduction of cells transfected from 10 T175 to 10 T75 flasks and the use of cells
at a lower passage could also decrease the amount of background protein showing
up as small circles in Figure 14a. Further optimization of the freezing settings was
needed to yield good quality ice. Once optimal conditions were found, repeating

the complete workflow from transfection to freezing always yielded good grids.

Screening on the Talos Arctica of both bands showed why they were separated
during purification. The upper band had mostly fused VLPs (seen in Figure 14d,

panel iii) and only a few single VLPs, whereas the lower band consisted mostly of

Ot
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Figure 14 Grid optimization (a) Representative cryoEM image of purified immature
HERV-K VLPs plunged with the Vitrobot at medium magnification. (b) Representa-
tive cryoEM image of purified immature HERV-K VLPs plunged with the GP2 at low
magpnification. Scale bar 1 pm (c) Density gradient after ultracentrifugation. Bands visu-
alized with a bright light. (d) Examples of VLPs in the lower band (i and ii) and upper
band (iii and iv), indicated by yellow arrows. Scale bars 20 nm.

spherical, non-fused spheres. Only the lower band was used for any further data

collections and analysis.
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2.4.1.2 Comparison with other retroviruses

HERV-K VLPs are roughly spherical and show a lipid bilayer on the outside and
a dense CA lattice layer below (Figure 15a, b) as seen in many exogenous retro-
viruses. Martin et al. (10) characterized several immature retroviruses and mea-
sured their dimensions. I followed their protocol on how to measure distances to
allow for a comparison as accurately as possible. The mean diameter of HERV-K
VLPs is 173 nm, with a range from 120nm to 210nm (Figure 15¢). HERV-K at
173 nm is thus bigger than other retroviruses, including but not limited to HIV-1,
HIV-2, RSV and MLV.

When screening the VLPs, I also noticed that the distance between the capsid
lattice and the lipid bilayer seemed bigger than in HIV-1, which was used for
subtomogram averaging in our lab before. Measuring this distance gave a mean
value of 21nm with a range from 16nm to 24nm, which confirmed a greater
distance to HIV-1 (10nm (10)). HERV-K is only slightly larger than the gap in

RSV at 18 nm.

The variable distance between the CA lattice layer and the membrane is most
likely due to the presence or absence of additional domains between CA and MA.
The HERV-K Gag polyprotein has two small proteins, SP1 and pl5, located in
that space. p15 is needed to recruit host proteins to release virions at the plasma
membrane via is late (L) domain motif (8, 9). HIV-1, HIV-2 as well as HTLV-1
Gag polyproteins do not contain any exra domains between MA and CA. MMTV
contains the small proteins pp21, p3, p8 and n but they do not encode a late

domain even though p8 and n are required for successful assembly (175). M-PMV

29
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Figure 15 Characterization of HERV-K Gag VLPs Representative cryoEM images of
purified immature HERV-K VLPs at medium (a) and high (b) magnifications. The di-
ameter is marked in red and the distance between the lipid bilayer and capsid lattice is
marked in purple. (c) Comparison of the mean (red line) and distribution (gray bars) of
the diameter of HERV-K VLPs, compared with the mean diameters of other retroviruses
(blue lines). (d) Comparison of the mean (purple line) and distribution (gray bars) of the
distance between lipid bilayer and capsid lattice of HERV-K VLPs, compared with the
mean distance of other retroviruses (blue lines).

encodes pp24 with an L domain and p12 (176, 177). RSV encodes p2a, p2b and
pl0 with p2b as well as pl0 containing L domains (178, 179). MLV contains
p12 which also has an L. domain (180). Consequently, the large distance between

membrane and CA lattice corresponds well with these additional domains between
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MA and CA.

2.4.2 Structure Determination of immature HERV-K Gag

2.4.2.1 CryoET with Subtomogram averaging

First cryoET data collection Screening of the immature VLPs showed them to
be very heterogeneous in size and and morphology. We thus decided to use cryoET
combined with subtomogram averaging (STA) to determine the structure of the

immature CA lattice.

An initial data set containing 192 tilt series was collected on the Krios with a K2
detector at a pixel size of 1.39 A/ px. The tilt series were motion corrected and
aligned using etomo with manual corrections during bead tracking. The stacks
were then imported into emClarity, subregions were cut out and template matching
performed. However, many tilt series had to have tilts removed due to bad tracking
during data collection, as highlighted by the orange and red rows in the excerpt of
my spreadsheet (Figure 16), where I kept track of the different processing steps.
The removal of these tilts lead to extensive problems in the emClarity pipeline.
emClarity was still under development and some steps were not yet tested and
programmed correctly to handle the removal of frames. I found that removing
frames in tilt series lead to wrong electron dose calculations, angles and bead
removal across many steps such as tomogram generation, CTF estimation and
template matching. I tried to correct the faulty files and lists but even after
making every effort to solve the many problems, I did not manage to solve all the

issues. I therefore decided to discard this data set completely.
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Tilt series  motioncor stack bad tilts runbatchtomo etomo check transfer emClarity  ctf estimate w/ remove tilts  bin10 .mod edges cut out
32 yes yes yes yes yes 4.5 yes 3
33 yes yes 1,2 yes yes yes 2 yes 1
34 yes yes 41 yes yes yes 2.1 yes 2
35 yes yes 1,2,39,40,41 yes yes yes 2.4 yes 2
36 yes yes 1,2 yes yes yes 2.9 yes 1
37 yes yes 1,39,40,41 yes yes yes 2.4 yes 2
38 yes yes 41 yes yes yes 2.8 yes 2

[ soyes yes 1233738394081y o]
40 yes yes yes yes yes 3.7 yes 2
41 yes yes 1,2,3 yes yes yes 3.7 yes 2
42 yes yes 1,2 yes yes yes 4.1 yes 2
43 yes yes 1,2,3,40,41 yes yes yes 4.3 yes 2
44 yes yes 1,2,3,4,5 yes yes yes 4.4 yes 3

‘

47 yes yes 1,2,3 yes yes yes 2 yes

48 yes yes yes yes yes 2.3 yes 1
50 yes yes yes yes yes 2.7 yes 2
51 yes yes 38,41 yes yes yes 2.8 yes 3
54 yes yes yes yes yes 3.5 yes 2

Figure 16 First data set Snapshot of the spreadsheet used to keep track during STA. Tilt
series in red rows were discarded completely. Tilt series in orange rows had tilts removed
but were still used for further processing steps.

Second cryoET data collection A second data set was collected, which was
used for the structure determination of HERV-K immature CA. Data collection
and parameters are summarized in Table 5. Its tracking across tilt series was
greatly improved with bad tracking occuring in less than 1% vs. more than 80%
in the first data set. It also showed greater contrast than the first data set as
the data were collected using a Selectris energy filter with 5eV slit width. Energy
filters remove inelastically scattered electrons during data acquisition, which leads
to a greater signal-to-noise ratio (SNR) (181). The Selectris filter (Thermo Fisher)
is very stable and thus allowed the slit width to be set lower than 10 eV and thereby

boosting signal as well as contrast.
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Sample HERV-K VLP

Data collection

Magnification 105 000x
Voltage [kV] 300
Electron dose [e~/A] 127.5
Defocus range [pm] —2to =5
Detector Falcon4
Energy-filter (slit) 5eV
Super-res mode N/A
Acquisition scheme -60°/60°, 3°, dose-symmetric
Frame number EER format
Pixel size [A] 1.503
No. of tilt-series/micrographs 124

Table 5 Data collection parameters

Initial subtomogram positioning 1 chose to avoid using a template of a previ-
ously solved retrovirus structure for particle picking to avoid reference bias as the

sequence conservation to HIV-1 and other retroviruses is low (see also Figure 26b).

Initially, I tried to pick evenly across the lattice by hand for the initial average,
which I then used as a template for the complete data set. However, this proved
difficult as the lattice is easy to see in the middle of a VLP but gets increasingly

more difficult when slicing up or down through the tomogram.

Still, the hand picked positions were then averaged using PEET to generate an
initial template de novo (Figure 17a). This template was then used for particle
picking using emClarity. However, the picking was only successful across the center
of the tomogram and all of the top/bottom views were missing; hence not the
complete sphere was sampled (Figure 17b bottom). Averaging and aligning these

positions then also lead to severe streaking in z (Figure 17c).
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Figure 17 Template generation by picking particles by hand (a) Generated template
by picking particles by hand along the CA lattice. (b) Tomogram slice above with the
corresponding subtomogram positions below. (c) Bin5 average in top and side view, using
the template from (a) for particle picking and subsequent subtomogram alignment and
averaging.

Sadly, any further attempts to try to generate a better template and a high res-

olution map myself by sampling the complete sphere were dwarfed by a hacking

incident in the Department of Structural Biology (STRUBI). Consequently, I was
unable to access any computers for almost half a year and we reached out to

Alberto Bartesaghi to help with this project. They were able to segment the to-

mograms along the CA lattice and uniformly distribute subtomogram positions
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along the surface of approximately 800 VLPs (methods in section 2.3.4.3).

Sample HERV-K VLP

Data processing
No. of tilt-series/micrographs 124

Symmetry imposed C6

Final particle images 188 111 sub-volumes /
7712551 particle projections

Map resolution [A] 3.2

FSC threshold 0.143

Table 6 Data processing parameters Data processing was done by Hsuan-Fu Liu and Ye
Zhou.

Final map and model Consequent subtomogram averaging followed by high-
resolution constrained alignment of 2D projections using C6 symmetry led to a
map with a final resolution of 3.2 A. Data processing paramters are summarized
in Table 6. I deposited the map on the Electron Microscopy Data Bank (EMDB)

under the accesssion code EMD-16511.

Subtomogram averaging could resolve the CA domain of Gag but no density was
observed for MC, NC or any of the small, additional proteins. Sidechains in the
map were clearly resolved which made it possible to build an atomic model into

the density (Figure 18a/b).

I built and refined one monomer using Refmac and Coot. The mature HERV-K
structure (54 ) was used as a starting point. It was cut apart into its two domains
and they were fitted separately into the density. After a few rounds of real space
refinement, I build the last helix at the C-terminus ab initio, as well as the linker

between the two domains and the N-terminus. The monomer was then expanded
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to a hexamer before running a few more cycles of refinement.

The Perilla lab builds a new model using RosettaCM before they start with molec-
ular dynamics simulations. There were only minor differences in side chain orien-

tations between their model and the one I built.

I deposited the final structure and it can be accessed under the PDB code 8CIM.

Table 7 reports the final MolProbity scores for validation.

Sample HERV-K VLP

All-Atoms Contacts
Clashscore*, all atoms 1.49

Protein Geometry

Poor rotamers 0 100.0%
Favored rotamers 1152 100.0%
Ramachandran outliers 12 0.88%
Ramachandran favored 1308 96.46%
Rama distribution Z-score —0.57 4 0.20
MolProbity score 1.12

Cp deviations >0.25 A 0

Bad bonds 104/10956 0.95%
Bad angles 0/14814 0.0%
Peptide Omegas

Cis Prolines 6/78 7.69%
Low-resolution Criteria

CaBLAM outliers 42 3.1%
CA Geometry outliers 6 0.45%

Additional validations
Chiral volumer outliers 0/1596
Waters with clashes 0/0 0.0%

Table 7 Complete MolProbity validation report MolProbity validation results for the
final model. *Clashscore is the number of serious steric overlaps (>0.4 A) per 1000 atoms.
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243 Structure analysis and comparison to exogenous

retroviruses

2.4.3.1 HERV-K,, CA structure

The CA monomer consists of an N-terminal domain (NTD) and a C-terminal
domain (CTD) with a linker in between and an additional helix 12 at the C-
terminus. The NTD consists of 7 and the CTD of 4 helices (Figure 18c). The
backbone, including the linker, is well resolved across almost the complete CA

monomer. There are only 21 amino acids missing at the N-terminus.

Six CA monomers assemble together to form a hexamer, which is held together by
the 6-helix bundle (6HB) formed by helix 12 (Figure 18d). At the top of the 6HB
is a strong density (Figure 18e-g). This density is most likely an IP6 molecule;
similar to HIV-1 where an IP6 molecule is also present in the same position and
neutralizes the positive charges of two lysine rings. These lysine residues are also
present in HERV-K (K158 and K227), thus probably providing the same function
by interacting with the IP6 to stabilize the 6HB. Hydrophobic residues further
downstream in the 6HB face into the inside of the hexamer and further stabilize

the bundle.

Adjacent hexamers are held together by forming interactions at the trimer and
dimer interfaces. In HERV-K, the trimer interface is formed by hydrophobic in-
teractions involving helix 4 in the NTD and the dimer interface is held together

by helix 9 in the CTD (Figure 18h-j).

There are no NTD-CTD interactions formed within the monomer or hexamer,
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Figure 18 CryoET STA of immature HERV-K VLPs (a) CryoET STA map of immature
HERV-K hexamer colored by local resolution (red to blue). (b) A slab of HERV-K hexamer
map overlapped with the protein model (rainbow colors blue to red, N-terminus to C-
terminus. (c) The protein model of the immature HERV-K monomer (NTD in blue,
CTD in orange) with a-helices labeled. (d) The protein model of the immature HERV-K
hexamer viewed from the side and top with one monomer colored in blue and orange.
(e) A central slice of the HERV-K hexamer density map, showing IP6 density (red arrow)
and two Lys rings (K166 and K240), in addition to the hydrophobic core of the 6HB
(M244 and 1248). (f-g) Density slabs at the top (f, top dashed box in €) and bottom (g,
bottom dashed box in e) of the 6HB, with the protruding side chains shown as sticks.
(h) The dimer (red circle) and trimer (blue circle) interfaces between adjacent immature
HERV-K hexamers. (i) A detailed view of the trimer interface involving helix 4 with
the contributing side chains shown as sticks. (j) A detailed view of the dimer interface
involving helix 9 with the involved side chains shown as sticks.
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similar to other retroviral immature CA lattices (17).

2.4.3.2 HERV-K immature Gag interface analysis

The interactions between hexamers were tested using single amino acid mutations

followed by detection via Western blots, and molecular dynamics simulations.

Western blots The aim of incorporating single amino acid mutations into CA at
specific loci and subsequent detection of Gag was trying to find which side chains
are necessary to form VLPs. The mutations to alanine were incorporated using
site-directed mutagenesis PCR and confirmed by sequencing the complete gene.
The mutated Gag was then expressed in HEK293T cells at a small scale and the
VLPs purified with a single ultracentrifugation step. The pellet was then run on
an SDS-PAGE gel for subsequent detection by Western blot analysis using primary
anti-HERV-K Gag antibodies. Many rounds of optimization were needed to yield
a satisfying signal (see Figure 19 for all the reagents tested during optimization

iterations).

Y66, E69, K85, D90, R97, R100, Q118, S121 and T122 were thought to be involved
in forming the trimer interface and thus each amino acid was mutated to alanine
separately. Western blots confirmed that mutations at positions Y66, E69, K85,
D90 and R97 did indeed abolish VLP production and Gag could not be detected
in the media. However, the other four sites did not reduce signals when mutated

and are thus not essential to form interactions at the trimer interface (Figure 20a).

69



HERV-K RESULTS

+ Mutations - Expression in cells - Western
+ DMSO ° + T75 flasks ° - RIPAlysisbuffer e @ @ @ ®
. dBNfr’l;’PS : + HEK293T cells * Protease inhibitor ®
- Buffer
« Pfu Turbo o0 * DMEM °
. Plasmid + Glutamine « OptiPrepin STE @eo 00
+ Primers + NEAA
+ H,0 - FBS « Protein ladder Y
+ PCR program @ + Trypsin « SDS gels °
- Dpnl ° + Trypan Blue
- incubation time ® ® « GenedetIl ° + membrane
+ purified plasmid ® ® + lary ab o000 0
- DH5alpha E.coli « 2ary ab ®
* Transformation protocol . PBST

. . * blocking solution
+ Sequencing primers

+ ECL solutions °
« Imaging o0

Figure 19 Western blot optimization Reagent list of the most important reagents used
for mutation PCR, small scale expression and Western blot. Green dots mark reagents
that were optimized, purple dots mark reagents with supply issues, red dots mark reagents
that were found to be not functional and thus had to be replaced.

Molecular dynamics simulations To confirm the results from the mutational
analysis and to test the stability of the interactions in the lattice, we decided to
use molecular dynamics simulations and probe how much side chains move during a
200 ns simulation. So, after building a new model of the hexamer with RosettaCM
(182), a hexamer of hexamers (one hexamer surrounded by 6 hexamers) was used

to run two simulations. The results could then be analyzed to find more stable

side chains and bring the other findings into a better context.

In the helix 4 trimer interface R100 and Q118 were found to be most flexible
(Figure 20b); where flexible side chains tend to be less involved in stabilizing the
interface. Stable interactions were instead formed by charged and hydrophobic
residues in helix 4, such as E69, Y66, K85, D90, R97 and L.82, W87 with low RMSF
values (Figure 20c,d). Together with the Western blot results, we could thus prove
that only the top of helix 4 is involved in forming the trimer interface, without

the involvement of R100 and Q118 further downstream. The dimer interface was
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Figure 20 MD simulations and mutational validation of immature HERV-K inter-
molecular interactions (a) Western-blot of VLP assembly carrying trimer interface mu-
tants of HERV-K Gag (b-d) Snapshots of the trimer interface involving helix 4 with the
contributing side chains shown as sticks. Residues in (c) and (d) show stable interac-
tions. (e) A snapshot of the dimer interface involving helix 9 with the contributing side
chains. (f-g) Views of the 6HB with the contributing side chains of the hydrophobic core
(M244 and 1248) (e) and the K166 and K240 rings with the IP6 molecule (f). In each
snapshot, protein is represented as cartoon (NTD in blue, CTD in orange). The amino
acid side chains are colored based on the heavy-atom RMSF computed throughout the
MD simulation. Subfigures b-g were prepared by Ye Zhou and Juan Rey.

also confirmed by low RMSF values and shown to be formed by hydrophobic

interactions between helices 9 of neighboring CTDs (Figure 20e).



HERV-K RESULTS

K166 and K240 lysine rings, which were thought to bind an IP6 molecule and
stabilize the 6HB, were indeed more flexible when a second simulation without a
docked IP6 molecule was run (Figure 20f, g). Also, helix packaging was less tight
in the 6HB without IP6 and the 6-fold symmetry was lost, but the hexamer did

not completely fall apart.

2.4.3.3 Comparison to mature HERV-K

The mature structure of HERV-K CA was solved by Acton et al. (PDB accession
code 6SSM). A comparison of their mature structure with our new immature form
reveals how the lattices differ (please note I count the helices differently than in
their paper to comply with retroviral conventions and my immature structure).
The RMSD is small when aligning the NTD and CTD separately, but high when
done simultaneously (Figure 21a). The helices and their orientations in the sepa-
rate domains do not change; with the exception of the additional helix 12 at the
C-terminal end in the immature structure. The differing orientations of the NTD
and CTD are caused by a different angle of the hinge in between the domains.
Thus, neither the complete dimeric nor the trimeric interactions are shared be-

tween the lattices. Such conformational change has also been observed in HIV-1
(34).

The immature lattice is more tightly packed and more vertically elongated than
the mature lattice. This can be achieved by the location of the NTD and CTD on

top of each other but also causes the loss of any interactions between the domains

(Figure 21b-e).
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immature HERV-K mature HERV-K

Figure 21 Comparison between immature and mature HERV-K. (a) Overlay of the
immature HERV-K structure (NTD blue, CTD orange) with mature HERV-K (grey, PDB:
6SSM), aligned to the NTD (left), CTD (middle), and NTD/CTD separately (right). (b-
c) Arrangement of HERV-K immature (b) and mature (c) lattices. NTD is colored
in blue/cyan, CTD in orange/red. (d-e) Detailed views of the dimer (top) and trimer
(bottom) interface in the immature (d) and mature (e) lattices.

The dimer interfaces in both the immature and mature lattice are formed by helix
9, similar to HIV-1. Some interacting side chains (A189, V192, 1193) are conserved

between the two forms (54 ) but the crossing angles of helix 9 differ (—50° immature
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vs 95° mature) which causes a different interface overall. The similarity between
HERV-K and HIV-1 in both the immature and mature interfaces is striking and

hints at a conserved structural maturation process (1, 130).

2.4.3.4 Comparison to other immature retroviruses

a HIV-1 b RSV c MLV

Figure 22 Conservation among the immature retroviruses Structural similarity of im-
mature CA intermolecular interfaces, compared with HIV-1 (hexamer interface, a, PDB:
7ASL), RSV (trimer interface, b, PDB: 5A9E) and MLV (dimer interface, ¢, PDB:
6HWW). HERV-K structure is colored in blue and orange, other retroviruses in gray.

IP6 IP6 was found to be present in several immature exogenous retroviruses at
the top of the 6HB, the same position as the extra density in HERV-K. Sequence
comparisons between HERV-K and HIV-1 show a striking resemblance in their
terminal helices and both bind IP6 by two lysine rings (Figure 22a). RSV also
binds IP6 in a similar pocket but instead of using two lysine rings, it does so
with one lysine and one arginine ring (35). Surprisingly, M-PMV, the only other

immature structure of a betaretrovirus solved, does not have the 6HB at its C-
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terminus. Still, the CA-NC junction is essential for infectivity as well as assembly
and maturation (183). It might be that the 6HB is a feature that was not needed
for betaretrovirus replication in the cytoplasm and thus lost while the viruses

evolved.

Lattice defects Mapping of the subtomogram positions back to the original to-
mograms shows a hexagonal lattice with defects to accommodate its curvature
into a sphere. This type of immature CA lattice can be found in many modern
retroviruses as explained in section 1.3.1.1. It thus seems to be a conserved fea-
ture in retroviruses that not only spans across retroviral genera but must also have

evolved earlier than when HERV-K initially integrated into the human genome.

Lattice arrangements Comparisons between different immature CA structures
shows HERV-K to be very similar to M-PMV and RSV but deviates from HIV-1
and MLV (Figure 23 and Figure 24). This difference in CA domain orientation of
M-PMV and HIV-1 has also been previously reported (34 ).

Many retroviruses form dimeric interactions in the CTD via their helices 9 i.e.
HERV-K, HIV-1, M-PMV as well as the least similar MLV (Figure 22¢). MLV
additionally uses its 319 helix and the base of helix 9 to form more stable interac-
tions (16). Interactions in the NTD differ however. MLV requires helix 7 and the
loop between helix 4/5 (16). RSV utilizes helices 2 and 7 as well as the upstream
domain pl0 to form the dimeric interactions (184). HIV-1 uses helix 1 and helix

2 to form the dimeric and trimeric interfaces (17).
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Figure 23 Conservation among immature CA monomers Overlay of the immature
CA monomer of HERV-K (NTD blue, CTD orange) with those of other retroviruses
(grey) aligned to the NTD (top) or NTD/CTD separately (bottom), shown are M-PMV
(PDB: 6HWI, betaretrovirus), RSV (PDB: 5A9E, alpharetrovirus), HIV-1 (PDB: 7ASL,
lentivirus), MLV (PDB: 6HWW, gammaretrovirus).

Figure 24 Conservation among immature CA hexamers Comparison of the immature
CA hexamer structures with one monomer each colored with the NTD in blue and CTD
orange, shown are HERV-K, M-PMV (PDB: 6HWI, betaretrovirus), RSV (PDB: 5A9E,
alpharetrovirus), HIV-1 (PDB: 7ASL, lentivirus), MLV (PDB: 6HWW, gammaretrovirus).
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2.4.3.5 Structure-based phylogenetic analysis (SBPA)

Structure-based phylogenetic trees can be used to better understand the similar-
ities between structures without input from their amino acid sequences. It thus
allows a comparison without bias from how closely related the viruses are and
shows structural conservation patterns despite low sequence conservation (Figure
26). SBPA utilizes medium-to-high resolution structures for a pairwise compari-
son to generate structural distances. Hence, it can add information to sequence-
based approaches and is especially helpful when analyzing evolutionary patterns on
not closely related proteins with low sequence homology. The pairwise structural
alignment done during SBPA calculates the equivalence between two superimposed
structures. SHP additionally also uses the shape of the polypeptide chain and a
rotation function to calculate the relative orientation of two structures (173, 185).
I used SHP (173) for calculations and plotted an unrooted tree with the branch

length representing the distance between protein structures.

I performed a structure-based phylogenetic analysis on immature CA monomers
from retroviruses in different families (Alpharetrovirus: RSV, Lentivirus: HIV-1,
Gammaretrovirus: MLV, Betaretrovirus: M-PMV, Betaretrovirus-like: HERV-K)
as well as the mature HERV-K CA structure for both the complete monomer and

the NTD/CTD separately (Figure 25).

A structure-based phylogenetic analysis of just the CTD or NTD can be useful
for a direct comparison of the isolated domains but can be problematic when
looking at the overall picture. Especially when looking at the CTDs with just

minute differences between retroviruses, even small changes can lead to different
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Figure 25 Phylogenetic analysis Structure-based phylogenetic tree, calculated using SHP
(173) of (a) the complete CA monomer, (b) just the NTD or (c) just the CTD.
results. Technical problems when building the protein model (especially in the last
helix that forms the 6HB and is missing in the RSV model) might thus skew the
results when looking at the CTD in isolation. Only when analysing the complete
monomer do we take into account the linker between the two domains. And with
the importance of this linker for the orientation of the NTD/CTD relative to
each other and subsequently for the interactions formed between monomers and
hexamers, only then do we see the complete picture of how similar two viruses are

in their CA lattice.

When looking at the SBPA done on the complete CA monomer, the mature HERV-
K CA is located furthest away from the immature HERV-K CA. It obviously has
exactly the same amino sequence as its immature form and thus reflects that the
calculation is not based on sequences information at all. Its location can be ex-

plained by the details provided in the previous section, especially the different
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Figure 26 Sequence comparison of retroviruses (a) Protein sequence alignment of CA
(and the short spacer protein after CA if it exists) of the same retroviruses as in Figure
25. The helices of the immature HERV-Kcon are labelled in purple boxes. (b) Phylogram
only based on the sequences shown in (a). The sequence identity / similarity to HERV-K
is shown on the right for each branch.

hinge angles connecting the NTD and CTD. Surprisingly though, M-PMYV is also
not located next to the immature HERV-K model. M-PMV is also in the betaretro-
virus family and, as HERV-K was initially classified based on its sequence, most
closely related to HERV-K (see also Figure 26b). M-PMV has a similiar NTD as

HERV-K, reflected in its proximity to HERV-K on the SBPA of the NTDs, which

results in a similar trimeric interface as well. However, its CTD helix assembly
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lacks the C-terminal helix normally used to form the 6HB. RSV is the structurally
closest retrovirus to HERV-K. Indeed, it overlaps well and its trimeric interface is
almost the same as well (Figure 22b). Even though these retroviruses are very sim-
ilar at the monomeric level, the quaternary assemblies still differ. MLV is placed
the farthest apart from HERV-K. This is caused by a poor superimposition of both
the CTD and NTD (Figure 23) and is reflected in its distance even when taking
the CTD and NTD into account separately (Figure 25b/c). This distance could

also be observed when comparing mature forms (54).
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2.5 Discussion

Studying an endogenous retroviruses, or more specifically its consensus sequence, is
like studying a fossil. It helps us understand the architecture of extinct retroviruses
and allows for a comparison to other retroviruses. We were successful in elucidating
the structure of the immature lattice of HERV-K by using an approach using
cryoET and STA. The atomic model shows a well defined NTD, CTD and an
additional helix at the C-terminus. The CA monomers assemble together to form
a hexameric lattice, whose formation was conserved during evolution. Interestingly,
it also has a small molecule at the top of its 6HB, which we propose to be IP6. This
molecule can help in the assembly of the immature virion, similarly to how it was
already found in modern retroviruses. The structural rearrangements needed to
form the mature HERV-K lattice are also similar to other retroviruses. Molecular
dynamics simulations and the detection of mutant proteins allowed us to verify the
dimeric and trimeric interactions needed to hold the lattice together. A structure-
based phylogenetic analysis showed a striking structural conservation. It suggests a
similar assembly and maturation process across retroviral genera and evolutionary

time.
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Chapter

SARS-CoV-2

3.1 ‘ Disclaimer

The work reported in this project is part of a few big collaborative projects. Two
papers have already been published ((186) and (187)) and a third one is sub-
mitted. Due to the size of these projects, the following parts were done by oth-
ers: Luiza Mendonca performed the infections and prepared the cryoEM samples.
Andrew Howe collected the cryoET data with the help of Julika Radecke, Tao
Ni, Yanan Zhu, Luiza Mendonca and Helen Duyvesteyn. 3D reconstruction and
subtomogram averaging was done by Luiza Mendonga and me in (186), and by
Andrew Howe, Luiza Mendonga, Julika Radecke, Yuewen Sheng, Vivian D. Li,
Tao Ni, Dapeng Sun and me in (187), and Yanan Zhu, Yuewen Sheng, Pranav
Shah, Tao Ni and me for the 19E/19E6 ChAdOx1 vaccine work with each person
aligning and cleaning one data set. Tao Ni performed cryo-ET subtomogram clas-
sification. Elizabeth R. Allen, Luiza Mendonga, Alexandra Spencer, Susan Morris
performed the FACS experiments. James B. Gilchrist did targeted cryoFIB milling
of lamellas. Laura C. Zanetti-Domingues, Benji Bateman and Marisa L. Martin-
Fernandez collected serial cryoFIB/SEM volume imaging data. Long Chen, Laura
C. Zanetti-Domingues, Dapeng Sun and Marta Szynkiewicz did 3D segmentations

of tomograms and cryoFIB/SEM volume data. Ilias Kounatidis, Mohamed A. Ko-
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ronfel and Luiza Mendonga acquired and processed soft X-ray cryo-tomographic

data.

3.2 Introduction

The coronavirus disease 2019 (Covid-19) is caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). It caused a global pandemic, killing mil-
lions and also led the United Kingdom to go into lockdown in March 2020. This
had caused my studies to be interrupted as laboratory access was not allowed for
months. As my main project was stalled during this period, I joined collaborative
projects to better understand this new virus including structural characterization
of ChAdOx1 Covid-19 vaccines and multi-scale imaging of SARS-CoV-2 infection.
This chapter reports the work I contributed to these projects and highlights how

it integrates into the data collected by the rest of the team.

3.2.1 Viral proteins

SARS-CoV-2 is classed as a novel betacoronavirus in the subgenus Sarbecovirus.
[-coronaviruses are enveloped viruses with a large positive-stranded RNA genome.
They encode several viral proteins with the main structural protein being S, E, N

and M. Next to those, several non-structural proteins are produced as well.
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Spike (S) glycoprotein The spike protein is transcribed from the S gene. S
needs to assemble into a homotrimer to function. Each monomer consists of an
ectodomain, a transmembrane anchor and a short intracellular tail (188). SARS-
CoV-2 spike proteins contain two protein cleavage sites. The furin cleavage site
is located between the two subunits and processing occurs in the Golgi during
maturation which yields an S1 subunit at the N-terminus and a S2 subunit at
the C-terminus with a transmembrane region anchor (189). The second cleavage
site in the second subunit S2 is needed for cell entry by exposing a hydrophobic
fusion peptide upon cleavage by cell surface proteases such as TMPRSS2 (190).
S1 consists of an N-terminal domain (NTD) and a receptor-binding domain (RBD)
and two C-terminal domains. S1 binds the host receptors, whereas S2 acts like a

spring needed for membrane fusion during cell entry.

The spike protein has two major states. The prefusion state can have the RBDs
either in down or up conformations with ACE2 only being able to bind RBDs in
their up conformation (191). The postfusion state however lacks S1. Thus, once S1
has been shed, S cannot revert back to the prefusion state and this transition must
be tightly controlled. Both the prefusion (191, 192) and postfusion (192, 193)
structures, as well as several spike proteins bound to antibodies or the receptor
ACE2 (191, 194) could be determined to a high resolution by cryoEM studies.
However, most were solved from purified complexes and not studied in a cellular

context.

As the pandemic progressed, the SARS-CoV-2 S protein has continued to evolve.
The balance between stability and its ability to fuse with the PM have shifted and

will continue to do so while the immunity in the human population increases. The
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viral infectivity depends on the stability of S, its proteolytic processing, its ability
to sample the different RBD states, the binding strength with cell receptors as well
as other factors (190). Most of the vaccines on the market as of 2023 are targeting
the spike protein. The rapid evolution of S thus increases our need to adapt and

evolve the vaccines as well.

Nucleocapsid protein (N) The genomic viral RNA (vRNA) binds to the nucle-
ocapsid protein inside the virus to form ribonucleoprotein complexes. It is needed

to encapsulate and protect the RNA.

Envelope protein (E) E is the smallest structural protein. It is only present
in a few copies in the virion and can only be found intracellularly in the ER,
Golgi and ER-Golgi intermediate compartment (ERGIC) during viral expression
(195). Comparisons with the SARS-CoV-1 E protein suggest that it acts as an
oligomeric ion channel. It might thus be important to regulate the ion balance
across the membrane and is involved at many steps during the viral life cycle

(196).
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Membrane protein (M) M is a transmembrane protein, embedded into the viral
envelope. It contains three transmembrane domains and the N-/C- termini are
exposed inside/outside virion. It binds to N, E and S is thus essential to the

formation of the viral core and promotes assembly (197).

3.2.2 Life cycle

Cell entry SARS-CoV-2 recognizes its target cells by binding a receptor called
angio-tensin-converting enzyme 2 (ACE2) (194, 198). The virus can use two dif-
ferent pathways to infect a cell, depending on the availability of proteases (199).
If a protease is present at the PM, viruses can use an early pathway (200). For
SARS-CoV-2, the protease used is TMPRSS2 (201, 202). However, in the ab-
sence of a protease at the PM, SARS-CoV-2 can also use a late pathway and fuse
instead at the endosomal membrane. This is achieved by using the clathrin- and
non-clathrin-mediated endocytosis pathways (200, 202). Upon cleavage, S inserts
its fusion peptide into the membrane, which allows fusion with the envelope sur-
rounding the virus (192, 193, 203). The virus then releases its contents into the

cytoplasm and it can start synthesizing its transcripts and proteins.

Transcription & Translation The non-structural proteins 3, 4 and 6 (nsp3, nsp4
and nsp6) are part of the replicase complex and can induce the formation of dou-
ble membrane vesicles (DMVs) (204-206). These interconnected compartments
are the main sites where replication of the viral genome, RNA synthesis and its

transcription take place (207, 208).
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Assembly & Egress The virions are assembled at intracellular membranes de-
rived from the ER, Golgi and ERGIC. Viral release is thought to happen through

exocytosis or lysosome pathways (207, 209-211).

3.2.3 Aim

Most vaccines were developed to raise an immunity response against the spike
glycoprotein. We sought to characterize the spike protein expressed from the
adenoviral ChAdOx1 nCoV-19/AZD1222 vaccine. This vaccine is derived from a
replication-defective adenovirus and can generate a generate humoral and cellular
immune response to the encoded protein (212). Especially important was trying
to determine if the proteins were being displayed in the pre- or postfusion con-
firmation as an immune reaction against the prefusion state is more likely to be
effective. Furthermore, we looked at differences in the S structure in the E and E6
(hexaPro stabilized) vaccine construct against the Beta/South Africa SARS-CoV-2

variant.

Also, SARS-CoV-2 assembly and egress is a poorly understood part of the viral
life cycle. It is hard to target and difficult to study with high resolution techniques
as it is partially buried inside the cell. To target this we wanted to use a correl-
ative multi-modal multi-scale cryo-imaging approach. This approach allows us to
combine low resolution techniques (serial cryoFIB/SEM and X-ray tomography)
to gain an overview of the cell with high resolution techniques (cryoET of cell
edges and lamellas) to study individual spike proteins inside and outside the cell.
Thus, it helps us understand egress in a near-native cellular context and reveals

complete pathways of SARS-CoV-2 egress.
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3.3 ‘ Methods

3.3.1 | Sample preparation

ChAdOx1 nCov-19 derived SARS-CoV-2 EM grids (G300F1, R2/2, gold, Quan-
tifoil) were glow-discharged and treated with fibronectin for 30 min before being
washed with PBS aund UV-sterilized for 1h. 1.6 x 105 U20S or HeLa cells were
seeded and grown for 24h at 37°C. ChAdOx1 nCoV-19 was then added at MOI
1 or MOI 10 and the cells grown for another 48 h.

SARS-Cov-2 England/02/2020 1.6 x 10* Vero Ccl-81 cells (ATCC) were seeded
on the carbon-side of G300F1 R2/2 gold grids which were glow-discharged and pre-
treated with fibronectin. Infection of SARS-CoV-2 England/02/2020 was done
at different MOIs. The cells were incubated at 37°C for 24h after infection
in DMEM (Merck) supplemented with 1% FCS, 10units/ml penicillin (Gibco),
10 pg/ml streptomycin (Gibco), 2mM L-glutamine (Gibco). The cells were fixed

with 4% paraformaldehyde in PBS for 1h at room temperature.

3.3.2 Plunge freezing

Grids were plunge frozen using a GP2 (Leica) with 1pl of 10nm gold fiducials
(Electron Microscopy Sciences) applied to the back. Grids were blotted from the

back before plunge freezing.
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3.3.3 CryoET data acquisition

Tilt series were collected on a FEI Titan Krios G2 (Thermo Fisher Scientific)
300kV electron microscope equipped with a Gatan BioQuantum energy filter and
post-GIF K3 detector (Gatan). Tilt series were collected using SerialEM with
zero-loss imaging with a slit width of 20eV. Pixel size was set to 1.63 A or 2.13 A
with defocus values ranging from —2pm to —7pm. Lamella were collected at
50 um defocus and 7.58 A pixel size. Tilt series were collected using a grouped

dose-symmetric tilt scheme with a range of £60° at 3° increments in groups of 3.

3.34 CryoET image processing

All the frames of each tilt series were motion corrected using MotionCor2. Tilt
series were aligned using eTomo from the IMOD suite, using the gold fiducials
to enhance tracking. Then, the tilt series stacks as well as the corresponding

information were transferred to emClarity 1.5.3.03 for subtomogram averaging.

3.3.5 Subtomogram averaging

Subtomogram averaging was done using the workflow described in (26). CTF esti-
mation was performed for each tilt. Initial subtomogram positions were picked by
using the template matching function. EMDB-21452 was used as a reference which
was low-pass filtered to 40 A. Template matching results were cleaned manually
by overlaying the tomogram with the points in IMOD and plotting the direc-

tions of each subtomogram position in Chimera. After subtomogram cleaning,
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the subtomograms were separated into two independent half-data sets before they
were averaged and aligned with 3x, 2x and 1x binning using threefold symmetry. 3
iterations were performed at each binning step with decreasing search angles and
translational shifts. The final reconstructions were done using cisTEM. Model

fitting was done using Chimera.
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3.4 Results

3.4.1 ChAdOx1 nCoV derived spike protein structure

FSC

0.05 01

Spatial frequency (1/A)

Figure 27 CryoET and subtomogram average of ChAdOx1 nCoV-19 derived spike
(A) Tomographic slice of U20S cell transduced with ChAdOx1 nCoV-19. The slice is
6.4 A thick; PM = plasma membrane, scale bar = 100 nm. (B) Detailed view of the
boxed area marked in (A). White arrowheads indicate spike proteins on the cell surface;
scale bar = 50 nm. (C-E) Subtomogram average of ChAdOx1 nCoV-19 spikes at 11.6
A resolution as indicated by Fourier-Shell correlation at 0.5 cutoff (C), shown from side
view (D) and top view (E). SARS-CoV-2 atomic model (PDB 6ZB5) (213) is fitted for
reference. This figure is taken from (186) where it is licensed under a License Creative
Commons Attribution license (CC BY 4.0).

The vaccine ChAdOx1 nCoV-19 encodes a spike protein and we sought to under-
stand how it is displayed in transfected cells. Trafficking of S to the PM could

be confirmed using flow cytometry by correct binding to the receptor ACE2 and
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human mAbs. To elucidate its structure, we transfected U20S and HeLa cells
with the vaccine vector and plunge froze them on grids for native cyroET and

subtomogram averaging analysis.

I motion-corrected the tilt series and aligned them using eTomo with much manual
correction to ensure correct fiducial tracking. The tomograms showed many pro-
truding proteins at the PM which were absent in the control cells (Figure 27A/B).
The shape of these proteins is consistent with the shape of SARS-CoV-2 spike pro-
teins in their prefusion conformation. To further confirm this, we used emClarity
for subtomogram averaging of these proteins on the cell surface. We achieved a
final resolution of 11.6 A with 3-fold symmetry (Figure 27C). An atomic model of
a previously determined SARS-CoV-19 spike protein in its prefusion confirmation
fits nicely into the density (Figure 27D/E). Even though side chains could not
be resolved, we could rule out a spike protein in its postfusion confirmation as
the postfusion atomic model is very elongated and did not not fit into the den-
sity. Furthermore, a second round of template matching with pre-/postfusion spike

templates could only find very little postfusion spikes.

Most neutralizing antibodies target spike in its prefusion state. We could confirm
that ChAdOx1 nCoV-19 displays spike in its prefusion conformation and is thus a

good candidate to elicit a strong antibody response after vaccination.
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3.4.2 Influence of stabilizing mutations

While the initial vaccine characterized in the section before is based on the early
Wuhan-Hu-1 strain, mutations in the S protein requires further development in the
vaccine. We thus transfected U20S cells with two constructs of a second genera-
tion vaccine against the Beta/South Africa SARS-CoV-2 variant. The 19E6 con-
struct encoded for additional HexaPro stabilization mutations which was thought
to stabilize the prefusion conformation, while the 19E construct had no additional

stabilizing factors.

We once again used flow cytometry to check expression of the S protein. Cells
were checked at 24, 48 and 72 hours post-infection with either construct. Analysis
showed that expression did not increase after the first time point but that the

19E6 infection lead to a higher level of S on the cell surface in its prefusion state.

Then, we used cryoET and STA to check the conformations of both constructs
on cell surfaces. A summary of data collection and refinement parameters can be

found in Table 8.

To maximize efficiency, each data set was processed by one person in the team. I
motion-corrected and aligned the tilt series collected on cells 48 h after infection
with the ChAdOx 19E vaccine. I then transferred the stacks to emClarity, ran
its CTF estimation and template matching functions before cleaning these initial
subtomogram positions in Chimera. To ensure consistency, the same parameters
were used across all the data sets. The data sets for the different time points were
only pooled together after template cleaning for STA. The final maps reached a

resolution of 9.6 A for the in situ 19E S and 9.0 A for the 19E6 spike protein using
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Sample ChAdOx 19E6 ChAdOx 19E
Data collection
Magnification 42 000x 42 000x
Voltage [kV] 300 300
Electron dose [e~/A] 130 130
Defocus range [pm] —2.5to —6.5 —2.5to —6.5
Camera K3 K3
Energy-filter (slit) 20eV 20eV
Super-res mode yes yes
Acquisition scheme -60°/60°, 3° -60°/60°, 3°

group of 3, dose-symmetric group of 3, dose-symmetric

Frame number 10 10
Pixel size [A] 2.2 2.18
No. of tilt-series 68 143
Model refinement
Final particle images 28896 29279
Symmetry imposed C3/C1 C3/C1
Map resolution [A] 9.0/9.7 9.6/11.9

FSC threshold 0.143 0.143
B-factor sharpening —200 —200

Accession codes

EMD-16403/EMD-16404
EMPIAR-11456

EMD-16405/EMD16406
EMPIAR-11457

Table 8 Data collection parameters

C3 symmetry (Figure 28a/b). The central helix bundle is clearly resolved and some

N-linked glycans can also be seen (Figure 28c/d). However, coloring the map by

the local resolution shows that the RBD domains are more flexible in 19E than

19E6 (Figure 28a). STA without symmetry applied and subsequent classification

showed that most S proteins are present in the one-RBD-up conformation (85%

in 19E6 and 58% in 19E), which is consistent with soluble protein analysis (189).
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7.5 13.5

Figure 28 STA of ChAdOx spike 19E and 19E6 (a-b) Orthogonal views of the STA
density of ChAdOx spike (a) 19E and (b) 19E6 with C3 symmetry applied. Colored by
local resolution. (c) Spike 19E6 density overlayed with a spike model (PDB 6ZGG) (214)
with each chain colored differently. (d) Orthogonal close-up of the slice marked in (c).

3.4.3 SARS-CoV-2 assembly & egress

To study the late parts of the SARS-CoV-2 life cycle, we grew Vero cells on indexed
EM grids and infected them with SARS-CoV-2. The indexed grids allowed us to
track the same cells during different analysis techniques and compare the results.
A diagram of the complete workflow is depicted in Figure 29. The combination

of high resolution cryoET at the cell surface with cyroFIB milling to image the
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inside of the cell as well as low resolution techniques such as serial FIB/SEM and
X-ray cryo-tomography allowed us to correlate detailed structural findings outside
and inside the cell with ultrastructural information. During data collection almost
300 tilt series were collected. I helped to sort through them to find infected cells.
I also motion corrected the infected cells and aligned the tomograms collected at

the cell periphery using eTomo with manual correction during bead tracking.

Serial cryoFIB/SEM and X-ray cryo-tomography showed many cytopathological
changes in infected cells. We found many tunnel-like structures built by the plasma
membrane and reaching deep into the cytoplasm (Figure 30A/B). The tunnels
resembled similar structures found during HIV-1 infection and known to be the
places where viruses exit the cell (215). The cytoplasm of infected cells contained
large viral-containing vesicles (LVCVs) and shorter mitochondria. Furthermore,

the nucleus was heavily damaged by invaginated cytoplasm.

CryoET of lamellae, which were milled into the cytoplasm of infected cells, revealed
the presence of many DMVs. DMVs are likely needed to evade immune detection
during vRNA replication and help to sequester transcripts inside. Many cells also
contained larger vesicle packets (VPs) which had been previously suggested to be
the result of the fusion of DMVs into larger structures and are necessary for bud-
ding of the viruses (207, 217). However,we could neither confirm nor disprove this
hypothesis as we could not find any assembly intermediates nor budding viruses

in DMVs or VPs.

To better understand the tunnels found in serial cryoFIB/SEM volumes, we took
a closer look at the cell periphery using cryoET. And indeed, we could find these

tunnels in the tomograms (Figure 30C). The tunnels also contained viruses, which
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Fixation

1. SARS-CoV-2 infection
CL3 containment

2. Freezing 3. CryoEM/ET

9. Soft X-ray tomography 5. CryoFIB/SEM 7. Targeted cell lamella

10. Segmented volume

i

6. 3D cellular volume

Figure 29 A workflow for correlative multi-modal multi-scale imaging of SARS-CoV-
2 infected cells 1) Cells are grown on indexed EM grids, infected with SARS-CoV-2 and
fixed with paraformaldehyde. 2) Grids are plunge-frozen in liquid ethane and 3) imaged
by cryoEM/ET to locate the infected cells. 4) Tomograms are collected on the cell
periphery of infected cells. 5) Infected cells are subjected to processing and imaging in
a cryoFIB/SEM dualbeaminstrument for 6) serial cryoFIB/SEM volume imaging and 7)
targeted cell lamella. 8) Tomograms are collected from cell lamellae. 9) Alternatively,
infected cells are imaged by soft-X-ray cryo-tomography. 10) Cellular volume data are
manually segmented. This figure is taken from (187) where it is licensed under a Creative
Commons Attribution-ShareAlike License Creative Commons Attribution license (CC BY
4.0).

is consistent with these tunnels resulting from the fusion of large virus-containing

vesicles with the PM and expelling the viruses in an exocytosis-like mechanism.

Many tomograms at the cell periphery showed the plasma membranes being dis-
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Figure 30 SARS-CoV-2 egress (A,B) CryoFIB/SEM images of cell periphery, depicting
virus particles exiting through extended tunnels connected to external ofthe cell. (C)
CryoET of the SARS-CoV-2-exiting tunnel. Inset shows a close-up view of viruses with
prefusion spikes (red arrows). (D,E) Viruses released from the cell, close to an intact cell
membrane (D) or next to membrane lesion sites (E). Inset, close-up view of a membrane
lesion site. (F) Subtomogram average of spikes on released viruses at 10.6 A resolution
fitted with an atomic model of spike trimer (PDB 6VXX) (216), viewed from side and
top. (G) Comparison of spike structures from intracellular assembled viruses (transparent
blue) and extracellular released viruses (transparent gray), viewed from top. Scale bar
is 300nm in (A, B) and 100nm in (C-E). This figure is taken from (187) where it is
licensed under a Creative Commons Attribution license (CC BY 4.0).

rupted or containing membrane lesions (Figure 30D/E). When counted, 44.6% of
tomograms collected on infected cells showed membrane lesions, compared to only

18.7% in uninfected cells. The cell lesions hint at the plasma membrane becoming
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more fragile upon infection and could also be found previously using atomic force

microscopy (218).

Subtomogram averaging done on extracellular and intracellular spike proteins
yielded density maps at 10.6 A and 16 A respectively (Figure 30F). The S pro-
tein at the PM as well as inside the cell are in the prefusion state and very similar
to structures derived from purified virions. There is only a slight difference be-
tween intracellular and extracellular densities in how the RBDs are oriented but

no major rearrangements took place during viral egress (Figure 30G).
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3.5 Discussion

Our first study of the spike protein produced upon transfection by the ChAdOx1
nCoV-19 vaccine shows native-like spike structures. We could show that the spike
proteins produced are still in their prefusion state and it is thus a good target to
elicit an immune response. Our data can be compared directly to spike proteins
produced by different vaccines. However, the effect of the prefusion state on vaccine
efficacy is not yet determined and comparisons to other vaccines needed to allow

for further development of these vaccines.

As the vaccine got adapted to further strains of the virus, we repeated our analysis.
The two second-generation ChAdOx constructs both also expressed spike in its
prefusion state. We found that the HexaPro 19E6 version increased the one-
RBD-up conformation and is more stable. Our results, together with an antibody
reaction (219), confirm the suitability of the HexaPro stabilized ChAdOx vector
for vaccine trials. As new SARS-CoV-2 emerge, vaccines will need to be adapted
accordingly and regular boosters will be needed. Structural characterizations like
ours reflect the state of the spike protein in situ and provide a base to develop the

next-generation vaccine.

Our approach of using orthogonal techniques at different spatial scales was success-
ful in gaining comprehensive information on SARS-CoV-2 infection. We were able
to characterize cytopathic effects in frozen cellular samples and correlate these
findings with in situ structural information. We thus propose a new model of
SARS-CoV-2 infection with its replication being spatially separated inside the

cell. RNA replication takes place in DMVs which makes it hard to detect by
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the immune system. After replication, the vVRNAs is transported through trans-
membrane portals in the DMVs to viral assembly sites and mRNA exits to the
cytoplasm for the translation of viral proteins. The S proteins are then transported
using small vesicles to the assembly sites as well. The vesicles then fuse with the
SMV membranes and the presence of S, VRNA and N at the assembly sites leads
to membrane curvature and subsequently budding off into the SMV. The viral

particles can exit the cell by exocytosis, which leads to long tunnels.

A good understanding of the complete viral life cycle is needed to better understand
newly emerging viruses. Our unique approach can also be applied to other viruses
and can help to better grasp infection strategies. We could provide a meaningful
step to understand SARS-CoV-2 but there are still parts of its life cycle we do not
yet understand. The roles of M and E, as well as interactions with host proteins

and transport machinery, is still poorly understood and needs further investigation.



Chapter

Future Work

4.1 ‘ HERV-K

HERV-K is still a very unknown virus and much research is still needed to un-
derstand its complete viral life cycle and role in disease. Taking my research as a

base, there are a few things still to be done:

o [ managed to elucidate the structure of the immature CA lattice and was
thus able to compare it to its mature form and other retroviruses. However,
no efforts have been done so far to do the same with the MA lattice. It would
be important to know if this layer also shows a structural conservation to
modern retroviruses to confirm my hypothesis of a similar assembly and

maturation process across evolutionary time.

« Even though the density atop the 6HB looks like an IP6 molecule and molec-
ular dynamic simulations as well as comparisons to HIV-1 and RSV support
this so far, we have not yet disproven that this molecule is not another
charged small molecule. Thus, assembly studies of CA with and without IP6

still need to be done.

« My work was done solely based on the HERV-K,,, Gag protein. I have not

yet tested how my results compare to the complete construct, which also
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contains Env and Pol. The plasmid containing a non-functioning protease

could be used for a direct comparison of the immature lattice to my VLPs.

o A lot of work has been done to understand the role of HERV-K in neurological
diseases and cancers. However, designing drugs to combat these has been
difficult. So far, the only solution was using trial-and-error methods or trying
to adapt constructs used against HIV-1. The immature CA structure can
now be combined with the mature CA structure for computational docking
experiments to inhibit HERV-K maturation. This would allow for a more

targeted approach and can hopefully help develop drugs faster.

4.2 SARS-CoV-2

In contrast to the almost unknown class of endogenous retroviruses, a lot of re-
search has been done SARS-CoV-2 since the first case of Covid-19. A big col-
laborative effort helped to release several different vaccines in record time and
to understand how the virus could spread so quickly across the globe. We have
proven that it is possible to study ChAdOx spike proteins in situ and it can be
used to aid the development of new vaccines. However, as the virus will continue
to mutate, there is a need to also continue adapting our vaccines. Our technique

must thus be repeated when a next-generation vaccine needs to be tested.

We were successful in using a multimodal, multiscalar approach to study SARS-
CoV-2 infection. It can now be used to study different viruses and help understand
processes across large distances in detail. However, there are still a few questions

left unanswered during SARS-CoV-2 infection. We could see neither M nor E in
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our data. Further tagging of these proteins is needed to understand their role
and incorporate them into our data. Also, labeling of the cellular compartments
associated with the viral life cycle and correlative microscopy would be needed to

dissect different viral pathways.
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