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Abstract

Viruses are a global threat, causing a large variety of diseases and numerous deaths.
Individual viral strains have the ability to emerge rapidly and adapt to the host, hence
there is a constant danger, sometimes more in the background of public interest, and
sometimes, as at present, more visible. Detailed knowledge about viral spread and
proliferation is still limited and as a consequence, research efforts are continuously
increasing to tackle this shortage. The attachment of a virus particle to the host cell
is the first and as such crucial step during viral replication. Structural biology analysis of
the interaction between host cell receptors and viral proteins provides not only a better
understanding of the viral tropism, but also possible targets to interfere.

Human adenoviruses (HAdVs) are a wide-spread species of double-stranded DNA
viruses that can cause infections in various areas of the body. Depending on the virus
type, they bind via the fiber knob (FK) domain to various attachment receptors, for
example sialic acid-containing glycans or surface proteins such as CAR or CD46.

One of several HAdVs covered in this thesis is type 56 (HAdV56), which has a low
seroprevalence among humans and was shown to require CD46 binding for subsequent
infection. Using X-ray crystallography, the atomic structure of the HAdV56 FK was
determined and a binding site for sialic acid was confirmed. However, binding of CD46
in comparison to established CD46-binding HAdVs at the respective position is excluded
due to significant structural differences, indicating an alternative binding mechanism.

HAdV37 is a cause of epidemic keratoconjunctivitis, a severe infection of the eye.
The attachment to the host cell is mediated by sialic acid and can be blocked by trivalent,
sialic acid-based inhibitors. In this work, a new generation of inhibitor molecules was,
for the first time, fully resolved by X-ray crystallography in complex with the HAdV37
FK. Additionally, binding was confirmed to HAdV26 in structural studies and an adapted
version of the inhibitor molecule was shown to bind HAdV36, which expands the
potential target range for a medical application.

Orthoreoviruses (ReoVs) are double-stranded RNA viruses that are mostly harmless
for humans, but can lead to severe diseases and death in mice. Apart from being
a model subject, ReoVs are studied for the targeted treatment of cancer cells. The
detailed understanding of the virus-host cell interaction is essential for developing such

therapeutics. Recently, the human Nogo receptor-1 (NgR1) was discovered as an
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Abstract

additional attachment factor for ReoVs. In contrast to the well-established receptors
sialic acid and JAM-A, NgR1 is not binding to the ol spike protein, but to the outer
capsid protein 03. Using cryogenic electron microscopy (cryoEM) analysis, the inter-
action of an intact virion liganded with NgR1 was structurally characterized. A novel
binding mode of one NgR1 protomer in a canyon in between two 03s was confirmed
and two unique interaction areas were identified. This low-affinity but high-avidity bin-
ding of a neural receptor with a non-primary attachment capsomer is unique among yet
described virus-host interactions and will greatly enhance the understanding of ReoV
pathogenesis.

In summary, this work provides novel findings to better understand the host cell
attachment of adenoviruses and reoviruses. This will contribute to developing strategies

for preventing viral infections and exploiting viruses for therapeutic applications.
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Kurzfassung

Viren sind eine globale Bedrohung, welche eine Vielzahl an Erkrankungen und zahlrei-
che Todesfille verursachen. Einzelne Virenstimme haben die Fihigkeiten, rapide aufzu-
treten und sich dem Wirt anzupassen, wodurch eine stete Gefahr lauert, mal mehr
im Hintergrund oder, wie in der aktuellen Zeit, sehr prominent in der Offentlichkeit.
Detailliertes Wissen iiber die Ausbreitung und Vermehrung von Viren ist immer noch
nur begrenzt vorhanden, weshalb mehr und mehr Forschung in dieser Richtung betrieben
wird. Die Anheftung eines Viruspartikels an die Wirtszelle ist der erste und daher
essentielle Schritt in der Replikation von Viren. Die strukturbiologische Analyse der
Interaktion von Wirtszellrezeptor und Virusproteinen ermdoglicht nicht nur besseres Ver-
standnis fiir die Ausbreitung von Viren, sondern legt auch mogliche Angriffspunkte
offen, um diese zu unterbinden.

Humane Adenoviren (HAdVs) sind eine weit verbreitet Spezies von doppelstrangigen
DNA-Viren, die zu Infektionen in verschiedensten Bereichen des Korpers fiihren konnen.
Je nach Virustyp binden sie mittels der Fiber Knob (FK) Doméne an verschiedene
Rezeptoren zur Anheftung an die Wirtszelle, beispielsweise sialinsdurehaltige Glykane
oder Oberflichenproteine wie CAR oder CD46.

Einer von mehreren HAdVs innerhalb dieser Arbeit ist Typ 56 (HAdV56), welcher
eine niedrige Seropridvalenz beim Menschen aufweist und Bindung an CD46 fiir eine
erfolgreiche Infektion benotigt. Mittels Rontgenstrukturanalyse wurde die atomare Struk-
tur des HAdV56 FK bestimmt und eine Rezeptorbindestelle fiir Sialinsdure bestétigt.
Allerdings ist eine Bindung von CD46 im Vergleich mit etablierten HAdVs, die CD46
binden, an entsprechender Position ausgeschlossen aufgrund signifikanter struktureller
Unterschiede, was auf einen alternativen Bindemechanismus hinweist.

HAdV37 ist ein Verursacher von epidemischer Keratokonjunctivitis, einer schweren
Augeninfektion. Die Anheftung an die Wirtszelle erfolgt mittels Sialinsdure und kann
durch trivalente, Sialinsdure-basierte Inhibitoren verhindert werden. Eine neue Genera-
tion an Inhibitormolekiilen wurde, im Komplex mit dem HAdV37 FK, erstmals vollstdn-
dig durch Rontgenkristallographie aufgelst. Zudem wurde die Bindung an HAdV26 in
der Strukturanalyse bestitigt und die Bindung eines angepassten Inhibitormolekiils an
HAdV36 gezeigt, wodurch das potentielle Spektrum fiir die medizinsche Anwendung

erweitert wird.



Kurzfassung

Orthoreoviren (ReoV) sind fiir den Menschen meist harmlose, doppelstringige RNA-
Viren, die allerdings zu schwerwiegenden Erkrankungen in Miusen bis hin zum Tod
fiihren konnen. Neben dem Einsatz als Modellobjekt werden Reoviren zur gezielten
Anwendung gegen Krebszellen untersucht. Daher ist ein detailliertes Verstindnis der
Virus-Wirtszell-Interaktion essentiell fiir die Entwicklung solcher Medikamente. Kiirz-
lich wurde der humane Nogo receptor-1 (NgR1) als zusitzlicher Anheftungsfaktor fiir
ReoV nachgewiesen. Im Gegensatz zu gut erforschten Rezeptoren wie Sialinsdure und
JAM-A bindet NgR1 nicht an das Fiberprotein o1, sondern an das dullere Kapsidprotein
03. Mittels Kryoelektronenmikroskopie wurde die Interaktion von intakten Viren mit
NgR1 strukturell charakterisiert. Ein neuartiger Bindemechanismus, bei welchem ein
NgR1 Protomer in einer Kluft zwischen zwei 03 Einheiten bindet, wurde bestitigt
und zwei spezifische Interaktionsbereiche identifiziert. Die Bindung zwischen einem
neuralen Rezeptor und einem nicht-primédren Anheftungskapsomer mit niedriger Affinitit,
aber groBer Aviditit, ist einzigartig unter den Virus-Wirt Interaktionen, die bis heute
charakterisiert sind, und werden das Verstindnis von reoviraler Krankheitsentwicklung
deutlich verbessern.

Zusammenfassend liefert diese Arbeit neue Erkentnisse fiir ein besseres Verstindnis
der Anheftungsmechanismen von Adenoviren und Reoviren. Diese werden dazu beitragen,
geeignete Strategien zur Verhinderung viraler Infektionen zu entwickeln und Viren fiir

therapeutische Anwendungen zu nutzen.
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1. Introduction

1.1 A Brief History of Virology

The documented history of viruses since their discovery is rather short compared to
that of their potential hosts: Barely 130 years ago, Dmitri Iwanowski in 1892 and
Martinus Beijerinck in 1898 discovered independently of each other a ”contagium vivum
fluidum”, a “contagious living fluid”. It was still capable of infecting proliferating
tobacco plant cells, although being filtered in advance [1, 2]. At that time, they did not
realize what they had just discovered, but nowadays this pathogen is known as tobacco
mosaic virus (TMV), a much-studied model virus. The first ”contagium vivum fluidum”
infecting humans was described by Walter Reed in 1901 [3]]. It was the yellow fever virus,
which is transmitted by mosquitoes and hence spatially limited to the tropical regions of
Africa and South America [4]. Félix d’Herelle, who later on discovered bacteriophages,
concluded in early plaque assays that viruses are neither fluids nor a chemical substance
causing the disease. The virus-containing sample formed colonies of dead cells on
an agar plate in these assays instead of an evenly distributed layer in a concentration-
dependent manner [5]. Later in 1935, Wendell Stanley was able to generate TMV crystals
and discovered that they consisted mostly of proteins, thereby confirming the particular
composition of viruses [6]. The invention of the electron microscope by Ernst Ruska and
Max Knoll [[7], also called ”Ubermikroskop” at that time, enabled the first visualization
of a virus and a more precise determination of size, shape, and appearance of the TMV
(8]

Viruses have been a major cause of pandemics and death throughout history. During
the great influenza pandemic of 1918-1919, 500 million people or one third of the
world’s population were infected, causing 25-100 million deaths [9]. Formerly called
”Spanish flu”, the disease occurred in three waves within a short 12-month period and
affected an unusually large number of young adults between 20 and 40 years of age
compared with previous and also future influenza pandemics. The first isolation of the

human influenza virus was described in 1933 [[10]. Since then, several strains have
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emerged from the 1918 subtype A/HIN1 by recombination of the hemagglutinin (H)
and neuraminidase (N) encoding genes [[11]]. In the absence of preexisting immunity to
the new subtypes, influenza viruses have caused several outbreaks, for example in Asia
(1957-1958), Hongkong (1968—-1969) [12], Russia (1977) [[13]], and also the global swine
flu in 2009 [14]. Advances in virology and drug discovery have led to the availability
of potent influenza vaccines today. However, due to the frequent recombination of the
subtypes, the vaccine is revised twice a year by the World Health Organization (WHO) to
match the currently circulating influenza strains, and annual vaccine boosters are required
[15].

In the second half of the 20" century the human immunodeficiency virus (HIV) has
become a major threat and cause of morbidity worldwide. Currently there are 37 million
people estimated to be infected and an equal number have died of HIV since the start
of the pandemic [16]. The first known HIV infection was retroactively dated to 1959
in Léopoldsville, nowadays Kinshasa, Democratic Republic of Congo [17]. It became
more widely known in 1981, with several reported cases of atypical pneumonia among
homosexual men in California [18, (19, 20]. Soon after the number of cases increased,
HIV was firstly isolated in 1983 by Barré-Sinoissi and Montagnier [21], who were later
awarded with the Nobel Prize. Robert Gallo confirmed their findings one year later
[22]. Only a few more years later in 1987, the first antiretroviral drug Zidovudine, a
nucleoside analog reverse-transcriptase inhibitor synthesized by Jerome Horwitz, was
approved as treatment for HIV in the USA [23]]. Scientific advances have eventually
led to combinatorial antiretroviral drugs that tackle multiple steps in the viral replication
cycle. Combining several drugs reduces the risk of resistant mutants, increases efficacy
and results in long-lasting suppression of viral proliferation [16]].

In the past two decades, there have been several other viral outbreaks that have shaken
the world: The severe acute respiratory syndrome coronavirus (SARS-CoV-1) outbreak
in 2002 (8,096 reported cases in 27 countries [24]), the 2012 Middle East respiratory
syndrome-related coronavrius (MERS-CoV) outbreak (1,728 cases and 624 deaths [24]]),
the Western African Ebola virus epidemic (2013-2016 in West Africa with ~28,000
infections and ~11,000 deaths [25] and 2018-2020 in Kongo and Uganda with ~3,500
cases and ~2,200 deaths [26]), and the 2015-2016 Zika virus epidemic (predominantly
in Brazil with 220,200 confirmed cases and severe defects in form of microcephaly in
newborns [27, 28]). All of this culminate in the still ongoing and unprecedented Covid-

19 pandemic. What all these outbreaks share is the cross-species transition from animals
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to humans. This makes these emerging viruses not only difficult to predict, but also
dangerous, as there is no existing immunity to known and similar pathogens [29]].

Interestingly, the first successful attempt to combat a virus-borne disease was reported
long before the discovery of viruses themselves, by Edward Jenner in 1796: he recog-
nized that convalescents of cowpox were significantly less susceptible to smallpox. To
test his hypothesis, he infected a young boy with cowpox (from an infected milkmaid)
and later with smallpox. The boy survived and was the first person to be inoculated with
”Variolae Vaccinae” (“smallpox of the cow”), which gave rise to the term vaccination
[30]]. It took more than 100 years until Louis Pasteur developed the rabies vaccine from
live attenuated virus from rabbits and cured the 9-year old Joseph Meister post-exposure
[31].

The advancement of cell culture techniques facilitated working with pathogens in
vitro, for example with the human poliovirus in 1949 [32]). Starting with a living,
attenuated virus polio vaccine in 1950 [33]], moving to an inactive virus in 1955 [34,
35, a very effective live oral vaccine was developed by Albert Sabin in 1961 [36].
Unlike previous vaccines, the oral vaccine prevents the poliovirus from replicating in the
intestine, thus inhibiting transmission to non-immunized individuals [35]. Continuous
research and global vaccination efforts have succeeded in nearly eradicating wildtype
polio, which is now endemic in Afghanistan and Pakistan only [377,38]], and completely
eradicating smallpox [39]. To fight the current Covid-19 pandemic, several vaccines
have been developed at an unparalleled pace from Biontech/Pfizer [40], Moderna [41],
Johnson&Johnson [42], and AstraZeneca [43]].

1.2 Definition and Classification of Viruses

A virus is generally not considered a living organism and there are a few properties
distinguishing it from other small biologically active agents such as viroids and prions:
Viruses are infectious, intracellular parasites with their own genome (either RNA or
DNA) and a protein shell (capsid), but they are absolutely dependent on a host organism
for proliferation. An appropriate host is required for genome replication and the synthesis
of all viral components, which are necessary for the assembly of a new infectious viral
particle, called a virion. The progeny virion is released from the host and transmitted to

a new one. After cell entry and particle disassembly, a new infectious cycle starts [44].
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As more and more viruses were discovered by the 1960s, the International Committee
on Taxonomy of Viruses (ICTV) was founded in 1966, then called International Commit-
tee on Nomenclature of Viruses, aiming for a consistent nomenclature and classification
of viruses [45]. A hierarchical scheme from realm to species was established (based on
[46l]) using four main criteria: (i) the nucleic acid type, (ii) the capsid symmetry, (iii) the
presence of an enveloped or non-enveloped capsid, (iv) and the dimension of the virus
particle [44]. The current ICTV Report on Virus Classification and Taxon Nomenclature
covers 6 realms, 39 classes, 189 families, 2,224 genera, and 9,110 viral species [47, 48]].

The second common scheme is the Baltimore classification, Table 1) Baltimore

classification of viruses

developed by Nobel Prize winner David Baltimore, which is

. L Class | Genome
based on the mode of mRNA synthesis [49, 50]. This is " SDNA
directly related to the genome type of the virus in question, [[ ssSDNA
i.e. DNA or RNA, double-stranded or single-stranded, the sense || 111 dsRNA
of single-stranded genome, and whether a reverse-transcribed | IV (+)ssRNA

\% (-)ssDNA

intermediate is involved in replication. This results in seven
classes of viruses, which are listed in

both classification systems are not mutually exclusive, but

VI sSRNA-RT
Vil dsDNA-RT

However,

complement each other quite well.

The first family of viruses covered in this Table 2) Human adenovirus types

thesis is the Adenoviridae family, a Baltimore || Species | Serotype
class 1 dsDNA virus of the realm Varidnaviria | A 12,18, 31, 61
and the class of Tectiliciricetes |47, which B 3,7, 11, 14, 16, 21, 34, 35, 50, 55,
was first isolated almost 70 years ago [51]. 06, 68,7679, 196

C 1,2,5,6,57, 89,104, 108
All human adenoviruses belong to the genus [[7, 810, 13. 15. 17. 19, 20, 22-30. 32,
Mastadenovirus and are grouped into seven 33,36-39,42-49, 51, 53, 54, 56, 58—
species A—G, based on neutralization data 60, 62-65, 67, 69-75, 80-88, 90—
as well as genomic analysis. At present, 103, 105, 107, 109-113
113 types are known (see [Table 2), of I]i 20 m
which 80 are assigned to species D, including [~ 52’

Human Adenovirus 26 (HAdV26), Human

Adenovirus 36 (HAdV36), Human Adenovirus 37 (HAdV37) and Human Adenovirus
56 (HAdV56), which will all be covered in this thesis [52].

The second virus family of interest in this thesis, the Reoviridae, is a dSRNA virus of

the Baltimore class III viral family and belongs to the realm of Riboviria and the class
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of Resentoviricetes [47]. It is divided into two subfamilies, one having a smooth particle
surface (Sedoreovirinae), while the other has turrets or spikes on the 12-fold vertices
(Spinareovirinae). The latter contains the Orthoreoviruses, a genus only infecting
vertebrates, including humans through the species mammalian Orthoreovirus (ReoV).
Three major serotypes with various isolates have been classified according to hemagglu-
tination and antibody neutralization properties: Type 1 Lang (T1L), type 2 Jones (T2J),
and type 3 Dearing (T3D). A fourth minor serotype isolated from mouse was added
based on its sequence similarity: Type 4 Ndelle [53]. The serotypes mainly differ in the
ol sequence, which greatly influences their tropism [54} 535]].

1.3 Siblings in Crime - Similarities and Differences

between Adenoviruses and Reoviruses

At first glance, Adenoviruses and Reoviruses differ in various aspects, such as genome
organization, tropism, related diseases, and danger to humans. Despite belonging to
different virus families, even a different class and realm, they share a very similar capsid
structure as well as a strikingly comparable attachment strategy to infect host cells, which

will be discussed in the following sections.

1.3.1 Genome & Capsid Structure

Human Adenoviruses have a linear, double-stranded DNA genome of ca. 35 kb encoding
37-39 proteins, depending on the species [56]. In species D, most of the genes exhibit
a high nucleotide conservation, while the major structural proteins hexon, penton base
and fiber are far more diverse due to homologous recombination, which is also the main
distinguishing criteria between different HAdV types [S7]. The icosahedral symmetry
of the capsid makes % of the protein shell sufficient to describe the whole virus using
five-, three-, and two-fold rotational symmetry axes [58]]. Most of the capsid is covered
by 240 hexon trimers, complemented by 12 pentameric penton bases at the vertices, and
as many trimeric fibers, which are protruding from the vertices (see A). This
gives the HAdV capsid a pseudo T=25 icosahedral symmetry [59,60] and a diameter of
89 nm without the fibers [61]]. The fiber is thereby the most important capsid component

for viral attachment, and it is divided into the tail, which interacts with the penton base,
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Figure 1) Overview of ReoV and HAdV capsid structures. A: Scheme of the HAdV capsid adapted from Rafie et al. and
ViralZone [67]. B: Scheme of the ReoV capsid adapted from ViralZone [68].

a long shaft, and the knob domain, which can bind various attachment receptors (see

[subsection 1.4.1). The shaft contains a varying number of [3-spiral repeats that define
the length of the fiber ranging from 13-33 nm [62]]. After the third (3-spiral repeat, a 2—4
residue insertion allows the fiber to bend, which might facilitate receptor engagement.

However, fibers of species D HAdVs lack the ability to bend, making them very rigid.
Interestingly, there is a symmetry mismatch between the five-fold symmetric penton
base and the three-fold symmetric fiber tail. The penton base has five grooves in between
monomers for interacting with the fiber tail N’-termini, which was shown by crystal
complex structures of the penton base with peptides of the tail’s N’-terminus [63].
However, only three out of the five grooves can be occupied at the same time by the
trimeric fiber tail, presumably in a configuration where two N’-termini bind in adjacent

grooves, while the third binding groove is separated by one unoccupied groove each

[64. 165].



1.3 Siblings in Crime - Similarities and Differences between Adenoviruses and Reoviruses

Further minor capsid proteins are stabilizing the interaction of the penton base with
the peripentonal hexons (protein I1la) or the hexon assembly, either on the outer surface
(protein IX) or from the inside (proteins VI and VIII), and are thus completing the viral
capsid [66,169]. The core proteins 1Va2, V, VII, u, and the terminal protein are involved
in complexing the DNA genome and protein V connects the genome to the capsid via
interaction with protein VI (shown for HAdV41 [66]) [/0]. Additionally, a cysteine

protease is encoded in the viral genome for processing precursor proteins [S6].

The mammalian Orthoreovirus has a double-stranded RNA genome of ca. 24 kb
comprising ten linear segments, which are named according to their size: L(arge),
M(edium), and S(mall). Each of the segments encodes for one protein, except S1,
which encodes for two proteins in different reading frames [44]. Among non-mammalian
reoviruses, the number of RNA segments can vary from 9—12 [53]]. The capsid, which
has a diameter of 80 nm without spikes, consists of two layers: the inner core, which has
T=1 symmetry and contains the genome, and the outer capsid, which has T=13 symmetry
[S3.[71]. The core with an internal diameter of 50-60 nm is mainly formed by the main
core shell protein Al as well as A3, 02, and p2. Apart from its structural importance, A3
is an RNA-dependent RNA polymerase, which forms the transcribing enzyme complex
together with the nucleoside triphosphatase and helicase n2. The vertices of the capsid
are built of A2, which forms pentamers and is a guanylyl transferase involved in mRNA
capping. Despite being actually an outer capsid protein, it is still associated with the
core, thus connecting both shells. The remaining outer capsid is formed by 1, which is
also required for subsequent core penetration, and the capping protein 03 on top. Both
pnl and o3 assemble to a hexameric complex, the nl3033 heterohexamer [72]. The
trimeric spike protein o1 protrudes from the vertices and is a crucial factor for host cell
attachment. It can undergo major structural changes during viral disassembly from a
compact form in virions to an extended conformation in ISVPs [71} [73]]. Fully extended
o1 protrudes up to 40 nm from the viral capsid according to EM images [74]. However,

the exact mechanism of these structural rearrangements is still not fully understood [75]].

Both HAdV and ReoV share striking similarities. The outer capsid architecture is
amazingly similar in both viruses, not only due to the icosahedral symmetry. The most
frequent capsomer is a three-fold symmetric protein complex, covering the majority of

the outer capsid surface. Both exhibit a five-fold to three-fold symmetry mismatch from
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the pentameric vertex to the spike protein. While structural data, describing local one-
on-one interactions with peptide fragments, have been available for HAdV for several
years [[63]], this potential interaction pattern for ReoV has only recently been determined
by asymmetric, sub-particle cryoEM reconstruction of this area [[76]. Also, the spike
proteins have a very similar domain organization with the globular head, respective knob
domain, the body, respective shaft, and the tail domain. Both ol head and FK domain
are crucial for host cell attachment and are structurally alike. They consist of eight
antiparallel (3-strands, which circularize to form a [(3-barrel at the ol head, while the
HAdV FK has two opposing 3-sheets. The topology of the individual 3-strands is the
same for both viruses. The HAdV FK is slightly larger (ca. 30 amino acids) due to longer
loops and a more elaborated loop structure. These loops are the major determinant of
receptor binding, and are discussed in more detail in Below the attachment
domains, both spikes have a somewhat flexible hinge region, which allows movement of
the head/knob domain versus the body/shaft domain [[7//]]. While the o1 body is formed of
[3-spiral repeats followed by a long x-helical coiled-coil tail, the whole HAdV shaft and
tail consists of a varying number of [3-spiral repeats, from six (HAdV3) to 21 (HAdVS5)
(64,78, 79].

1.3.2 Viral Replication Cycle

The viral propagation and replication can be summarized in three fundamental principles
according to Principles of VirologyEI:

* All viral genomes are packed inside particles that mediate their transmission from
host to host.

* The viral genome contains the information for initiating and completing infectious
cycle within a susceptible, permissive cell. An infectious cycle includes attachment
and entry of the particle, decoding of the genome information, translation of
viral mRNA by host ribosomes, genome replication, and assembly and release

of particles containing the genome.
* All viruses are able to establish themselves in a host population so that virus

survival is ensured.

L Principles of Virology: Molecular Biology, Pathogenisis, and Control of Animal Viruses. S. J. Flint, L.
W. Enquist, V. R. Rancaniello, and A. M. Skalka (2004), American Society for Microbiology, second
edition; p. 21
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However, within these boundaries the individual strategies of different viruses are
rather diverse. In the following, the replication cycles of adenoviruses and reoviruses
will be elucidated briefly.

Adenovirus Replication Cycle

Human adenoviruses rely on clathrin-dependent endocytosis to infiltrate the host cell.
Several uncoating steps of the viral capsid are required until the genomic DNA is released

into the nucleus. Initial attachment of the viral capsid to the host cell surface is mediated

by various receptors binding to the fiber knob domain (see [subsection 1.4.1)). To initiate

entry of the virus into the cell, additional interactions between the penton base via a
conserved motif of the three amino acids arginine, glycine, and apsartate, called RGD
motif, to the av33 or avBS5 integrin is required [80, [81]. Integrin binding presumably
induces subtle conformational changes in the vertex region, which lead to an untwisting
of the penton base out of the viral capsid, and hence softening of the vertex region
[80, 82]. This facilitates the shedding of the vertex proteins, which is mechanically
induced by drifting of attachment receptors along the cell membrane, thus pulling the
fiber out of the vertex [83]]. After removal of fiber, penton base and peripentonal hexons
from the capsid [84, [85], the membrane lytic protein VI is able to dissociate from the
inside of the capsid [85, 186]]. The initially limited exposure of protein VI leads to small
lesions or pores in the plasma membrane, which triggers lysosomal exocytosis to repair
the lesions. Subsequent secretion of acid sphingomyelinase increases the ceramide lipid
level, which enhances clathrin-dependent endocytosis and thus the uptake of the capsid
into endosomes. [87, [88]]. Upon further disassembly of the capsid, more protein VI is
released into the endosome, binds to the endosomal membrane, and leads to a subsequent
rupture of the endosome. The remainder of the viral capsid is released into the cytoplasm.
Interestingly, the protein VI lytic activity is pH independent and thus does not require
acidification of the endosome for subsequent lysis [83]].

The remainder of the capsid is transported to the core via microtubules. Dynein binds
to the hexon via the dynein intermediate chain (IC) and light intermediate chain 1 (LIC1)
for transport [89] and docks onto the nuclear pore complex (NPC) [90]. The Kinesin
heavy chain 5C (Kif5C) is tethered to the capsid by the Kinesin light chain 1 (Klcl),
which binds to protein IX. Upon activation of Kif5SC, a motor movement along the

microtubules is ongoing and a pulling force disassembles the capsid [91, 92]. Protein
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VII, which still binds to the genomic DNA, contains a nuclear localization signal (NLS)
and is recognized by e.g. importin o, importin 3, importin 7 [93]], and transportin [94]
for import into the nucleus. Furthermore, protein VII functions as protection of the
viral DNA from double-strand break repair [95]. After nuclear import, which lasted
for approximately 30 min beginning from the attachment [44], the viral transcription
begins. New virus particles are assembled in the nucleus, where also the viral DNA is
synthesized. All structural proteins are transported from the cytoplasm to the nucleus,
where new particles mature and subsequently cluster together [96]. After nuclear and

plasma membrane rupture, the virus particles are released to infect further cells [97, 98]].

Reovirus Replication Cycle

The ReoV cell entry mechanism is, similar to HAdVs, based on clathrin-dependent
endocytosis [99, [100]. The attachment is mediated by multiple receptor interactions:
First, sialic acid is recognized with low-affinity, enabling subsequent lateral diffusion
on the cell surface, until junctional adhesion molecule A (JAM-A) is reached and rec-
ognized with higher affinity (details see [subsection 1.4.2) [75, [101} [102]]. Afterwards,
binding to a 31 integrin is required for internalization into endosomes [103]. In the

endocytic compartment, a transition of the virion to an infectious subviral particle (ISVP)
takes place: 03 is removed proteolytically, autocleavage turns pl into n1N and p1C, and
ol changes its conformation from a compact form to an extended fiber [104, [105]. In
ISVPs, n1C is further processed by proteases (e.g. trypsin or chymotrypsin) to 6 and @,
which is thought to be involved in membrane penetration afterwards [[106]]. At the same
time, ol is removed from the remaining capsid to generate activated ISVP* particles.
The ISVP*s induce endosomal membrane penetration and, along with a loss pl, the
core particle is released from the endosome, followed by activation of transcription. The
replication and assembly of virus particles happens in special intracellular compartments,
the viral factories. In a first round of transcription, ssRNA is generated for each viral
gene fragment. This is used as a template for minus-strand synthesis to generate the
genomic dsRNA. A second round of transcription is necessary for subsequent viral
protein synthesis to assemble the virus particle [107]]. Upon release of the 1l ¢ fragment
to the cytosol, cell death by apoptosis is triggered and the viral particles can exit the cell
[108]. However, viral release is also possible in a non-lytic manner, depending on the
type of infected cell [[109]].

10
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1.3.3 Tropism and Diseases

HAdVs show a very broad tropism, disease, and receptor spectrum that is specific for
each serotype. Usually, infections of the gastrointestinal tract are mainly caused by
species F and G, of the respiratory tract by species B, D, and E, and of the ocular tract
by species B, D, and E, leading to conjunctivitis [110]. Most infections happen during
early childhood, but HAdVs can persist in a latent state [110,111]. Some HAdV's can be
clearly associated with specific diseases: HAdV8, HAdV 19, and HAdV37 cause a severe
ocular infection, epidemic keratoconjunctivitis (EKC) [[112] and use sialic acid as main
attachment receptor [113]. More recently, HAdV53 [114]], HAdV54 [115], and HAdV56
[116] were also found to be a causative agent of EKC, while the latter can also lead to
pneumonia in newborns. Species F HAdV40 and HAdV41 are related to the gastroenteric
tract, causing diarrhea especially in children [44, 66]. Along with species G HAdV52,
they are the only HAdVs with two fibers of different length, which could be the reason for
their different tissue tropism [117, 118, [119]. Species B HAdV serotypes 11, 34, and 35
can cause renal infections, which are potentially fatal for immunocompromised patients
[120]. For other HAdVs, the specific role in disease mechanisms is not fully evident yet.
HAdV36 could be linked to obesity in several mammalian species and was also detected
in human adipose tissue, but the receptor specificity is still unknown [121} 122, [123]].
The name “reovirus” is derived from respiratory - enteric - orphan”, the putative sites
of infection as well as the misbelief that it is unrelated to any disease [124]. While
clinical symptoms of ReoV infections in humans are rarely severe, it can cause lethal
diseases in many mammalian species, for example young mice [125]. ReoV transmission
mainly occurs via oral-fecal routes [126]. The primary infection site is the intestinal
epithelium and lymphoid tissue [[127,/128]]. ReoV uptake by intestinal M cells is followed
by primary replication in lymphoid tissue of Peyer’s patches [[127]. In the course of an
infection, the virus spreads into the central nervous system (CNS) of mice, although via
different routes depending on the serotype: T1L spreads hematogeneously into the CNS
and infects ependymal cells [129, [130], resulting in hydrocephalus [131], while T3D
spreads into the CNS via neural routes and infects neurons, causing lethal encephalitis.
This difference in preferred transmission route is linked to o1, as T1L o1 preferentially
binds to ependymal cells [132], while T3D o1 prefers neuronal cells [133]]. Interestingly,
the non-sialic acid binding variant T1L SA- induces far less severe hydrocephalus com-

pared to TIL SA+, although reaching similar titers in the brain, maybe due to reduced
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transmission capabilities through brain vesicles [134]]. A similar effect is seen for T3D
SA- compared to T3D SA+ [135]. One possible explanation is that sialic acid binding
enhances the replication kinetics at the primary infection site. This goes along with
the finding that T3D SA+ has a much higher viral yield at one replication cycle in
HelLa cells compared to T3D SA- [136] and induces more apoptosis [137)]. In animal
models, ReoV showed symptoms of biliary inflammation, pneumonia, hydrocephalus,
myocarditis, meningitis, and encephalitis [125} [138]. Only recently, ReoV was also

linked to the loss of tolerance for dietary gluten and triggering celiac disease [139].

1.4 Viral Attachment Factors

The major attachment proteins of ReoV and HAdV are the top domains of the spike
proteins, the ol head and the fiber knob (FK), respectively. Several crystal structures
and cryoEM reconstructions are available, describing the interaction at atomic resolution.

The most important data will be summarized in the following sections.

1.4.1 Attachment Factors of Adenoviridae

Due to the large number of HAdV serotypes, far more attachment receptors are known
and characterized compared to ReoV. All of the interactions published so far involve
the FK domain, but interestingly the interaction areas are distributed all over the FK
surface (see [Figure 2). The FK is a symmetric homotrimer, wherein each monomer
consists of an eight-stranded antiparallel 3-sandwich comprising of two [(3-sheets each
[140L [141]. The connecting loops are the main determinants of the FK surface and
thus define receptor binding. Various cell surface protein receptors bind to the HAdV
FK domain, for example the coxsackie and adenovirus receptor (CAR) [142], CD46 or
Desmoglein-2 (DSG?2).

CAR, which is a member of the JAM family and mediates cell-cell adhesion [[141],
is engaged by species A, C, D, E, and F HAdVs. Structural data are available for CAR
bound to HAdV12 [143] and HAdV37 [144]. Both show a comparable binding mode at
the side of the FK trimer in between two adjacent monomers. CAR itself consists of two
IgV-like domains [145]], however only the D1 domain is required for HAdV FK binding.
The largest patch of interactions is situated at the AB loop of the FK, further smaller ones

at the DE loop, the F strand, and the FG loop, whereas the latter is part of the opposite
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Figure 2) Overview of HAdV FK receptor binding sites. Three-fold symmetric binding sites of CAR (light orange), CD46 (red),
DSG2 (green) and the sialic acid-based glycans GD1a (blue) or «-2,8-polysialic acid (light blue) projected on the HAdV37 FK
surface viewed from the top.

monomer. Two cavities are formed by this interaction, which are accessible for solvent
molecules.

CD46 is a human glycoprotein, which acts as complement response inhibitor by
cofactor activity of C3b cleavage, which results in the C3bi fragment that is incapable
of continuing complement activation. Furthermore, C4 is cleaved into C4c and C4d, the
latter being again unable to continue the complement cascade [146, [147]. Additionally,
CD46 is involved in adaptive immunity regulation and fertilization [141]]. The protein
interacts as a pathogen receptor for human herpesvirus 6 [148], measles virus and
most species B HAdVs [150, [151]]. The extracellular domain consists of four short
consensus repeat domains (SCR), out of which only SCR1 and SCR2 are involved in
binding of HAdV11 [152]] and HAdV21 [153]]. The binding site is located on the side
of the FK, in between two adjacent monomers (see [Figure 2)), but at a different site
compared to CAR. The binding mode in both HAdV11 and HAdV21 is similar, and it
involves the four loops HI, DG, 1J, and GH. While the HI and GH loops share a very

similar conformation, there is a clear structural difference between the DG and 1J loops
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of HAdV11 and HAdV21, and the DG loop of HAdV?21 even changes its conformation
upon CD46 binding [153]]. The need for a structural rearrangement upon CD46 bin-
ding correlates well with a 20-fold lower affintiy of HAdV21 towards the SCR1-SCR2
fragment of CD46 (284 nM) compared to HAdV11 (13 nM).

Desmoglein-2 (DSG?2) is a transmembrane protein localized at desmosomes, which
are intracellular adhesive junctions that stabilize the vertebrate tissue [[154]. The DSG2
ectodomain consists of four extracellular cadherin domains (EC1-EC4). Recently, DSG2
was found to be an attachment receptor for some species B HAdVs [[155]. EC2 and EC3
are interacting with two monomers of the FK trimer simultaneously, however not from
the side, but rather on top of the FK and closer to the three-fold axis (see [Figure 2)).
EC2 is contacting the AB and CD loop of one monomer, while EC3 is interacting with
the GH loop of the adjacent FK monomer [156]. Interestingly, cryoEM reconstructions
of the HAdV3-DSG2 complex revealed an unusual binding ratio with either one or two
DSG2 molecules per HAdV FK trimer [157].

Apart from the described protein receptors, sialic acid was shown to be a carbohydrate
attachment receptor for the EKC-causing HAdV37, HAdV19, and HAdVS [158] 159,
160]]. Sialic acids in general are highly negatively charged o-keto acid sugars with a
9-carbon backbone and various substitution possibilities at the C4, C5, C7, C8, and C9
position. N-acetylneuraminic acid (Neu5SAc) is the most abundant form and commonly
referred to as sialic acid [161. 162]]. Recently, HAdV36 [Liaci et al., unpublished] and
HAdV26 [163] were shown to bind sialic acid. They all share a very similar, three-
fold symmetric binding site at the very top of the FK domain in close proximity to
each other [164, [165]. A single sialic acid moiety is bound in a groove between two
adjacent monomers (see [Figure 2). Interestingly, HAdV52 recognizes sialic acid at a
different binding site and it shows a preference for «-2,8-linked polysialic acid [[166]. For
HAdV37, the GD1a ganglioside was determined as the biological receptor that mediates
infectivity [167]. GD1a has a branched hexasaccharide group with two terminal sialic
acids, which is capable of occupying two of the three sialic acid binding sites of the
HAdV37 FK simultaneously [[167]].

Since there is still no treatment against HAdV37-caused EKC available, a strategy
was developed to block viral attachment by occupying multiple binding sites with a
single molecule. Inspired by the pentavalent Shiga-like toxin inhibitor STARFISH [168],
a trivalent HAdV37 inhibitor with a central tris(2-aminoethyl) amine group as core, a

flexible spacer, and three terminal sialic acid moieties was designed, synthesized, and
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Figure 3) Structure of 2" generation compound ME0462. The
tertiary amine core, triazole-based spacer and terminal sialic acid
moiety are labeled.

proven to bind all three sialic acid binding sites at the same time by X-ray crystallog-
raphy [[169]. Infection inhibition assays showed a four orders of magnitude increase in
potency compared to monovalent sialic acid. However, probably due to high flexibility
of the spacer, no electron density and no potential interactions were observed for
linker parts of these compound structures. An adapted second generation of inhibitors
uses a tertiary amine as core and triazole-based spacers, which allowed synthesis by
simple click chemistry. This resulted in a further significant increase in potency for
the compound ME0462 (see and a large part of the spacer and core structure
could be visualized [[170]. A similar strategy in inhibitor design was also applied for
divalent polyomavirus inhibitors [171] and pentavalent sialic acid conjugates targeting
Coxsackievirus A24 variant [[172].

1.4.2 Attachment Factors of Reoviridae

Three different attachment receptors are currently known for ReoV: Junction Adhesion
Molecule A (JAM-A), sialic acid, and the Nogo receptor 1 (NgR1).

JAM-A is a transmembrane protein with two extracellular, Ig-like domains [[173]
that is mainly expressed in human hematopoietic, endothelial, and epithelial cells [[174,
175]. Upon homodimerization, JAM-A is thought to regulate tight junction permeability

between adjacent cells. Furthermore, JAM-A forms heterophilic interactions with the
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GM2 or 3'SL JAM-A D1 domain

Figure 4) Overview of ReoV receptor binding sites. Three-fold symmetric binding sites of the JAM-A D1 domain (orange) and
the sialic acid-based glycans GM1 at TIL (blue) or x-2,3-sialyllactose at T3D (dark blue) projected on the T1L o1 body and head
domain depicted as surface view.

«L32 integrin to regulate leukocyte interactions with endothelial cells and mediate
leukocyte trafficking [177]. JAM-A was also determined to be a serotype-
independent ReoV receptor, binding to the ol head domain [136, [178]]. The bin-
ding site is, in both TI1L and T3D, very similarly located at the lower end of the ol
head involving numerous contacts with the 3¢ helix of the DE loop (see
[179]180]. Interestingly, o1 has a significantly higher affinity to JAM-A than JAM-A to
itself, which might facilitate breaking the homodimer for subsequent ReoV attachment
[179]. However, JAM-A is not required for replication in intestinal cells nor neural
transmission, but it is necessary for hematogenous dissemination [[181]].

The second type of ReoV attachment receptor that is structurally characterized is sialic
acid 182} [183]. It also binds to o1, but has two distinct binding epitopes for serotypes 1
and 3. T3D binds various o-linked sialic acids, however not at the o1 head domain, but
near the N’-terminus of the body domain, which is approximately at the center of full-
length ol. Interestingly, additional residues were shown to be required for functional
glycan recognition, although being slightly distant and thus not interacting with any of
the sialic acids. The actual attachment receptor is probably a more complex, maybe
branched sialylated glycan [184] [185]]. In contrast, for T1L the GM2 ganglioside was
identified as the biological attachment receptor, and this glycan binds at the ol head

domain, close to the JAM-A binding site. The branched GM2 glycan has a terminal
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Neu5SAc and a terminal N-acetylgalactosamine (GalNAc), which are both contacting the
ol surface [186]. Nevertheless, binding of both JAM-A and GM2 should sterically be
possible.

More recently, NgR1 was discovered as attachment factor for ReoV [187]]. The single-
pass transmembrane protein is expressed on the cell surface of neurons in a pattern that
overlaps with T3D virus tropism in cortex, hippocampus, thalamus, and cerebellum [125,
[188]]. NgR1 binds various ligands like Nogo-A or myelin-associated glycoprotein
(MAG) [189], inhibits neuron outgrowth, and prevents axonal regeneration in the adult
vertebrate CNS [191]]. The crystal structure of the extracellular domain of NgR1
reveals an overall banana-like shape including ten leucine-rich-repeat motifs (LRR) and
two N-glycosylation sites at N82 and N179 (see [192,[193]. The known NgR1
ligands mostly bind at the concave NgR1 interface [194]]. A striking difference to the
previously characterized JAM-A and sialic acid is that NgR1 does not seem to follow the
usual binding mechanism to o1. While JAM-A binds to both virions and ISVPs, NgR1
is only capable of binding to virions, but not ISVPs [187]]. Hence, NgR1 must either
bind to 03, which is removed during the transition of virions to ISVPs, or is incapable
of binding to the altered ol conformation of ISVPs. However, the discrete interaction

partner and mechanism is still unclear and will be targeted in this thesis.

Figure 5) Crystal structure of NgR1. NgR1 has a banana-like shape and consists
of ten LRR domains and two glycosylation sites at N82 and N179 (shown in stick
representation). N’- and C’-termini are labeled in black.
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1.5 Structural Biology Approaches

Structural biology is a powerful tool to visualize molecules at atomic resolution and
to identify interaction mechanisms of binding partners, for example protein-protein-
interactions or small molecule binding to proteins. Depending on the type of interaction,
different methodologies are advantageous. Two of those techniques are X-ray crystal-
lography and cryogenic electron microscopy (cryoEM), which will be described in the

following chapters.

1.5.1 X-ray Crystallography

X-ray crystallography is based on the diffraction of X-rays at electrons of protein
crystals. A crystal is a translationally periodic, finite assembly of unit cells, where each
unit cell contains the same number of identically arranged molecules. Depending on the
unit cell axes and corresponding angles, the crystal system can be triclinic, monoclinic,
orthorhombic, tetragonal, rhombohedral, hexagonal or cubic. In combination with the
centering of the next unit cell relative to the previous one, which can be either primitive
(P), base-centered (C), face-centered (F), body-centered (I) or rhombohedral-centered
(R), this results in the Bravais lattice of the crystal.

The molecules within a unit cell can be related by internal symmetry, either rotationally
or translationally. Either two-, three-, four-, or six-fold rotational symmetry is possible
within a unit cell. N-fold rotation with a subsequent translation along the respective axis
is called a screw axis and is the second type of symmetry operation possible. Together,
the Bravais lattice and symmetry operators define the space group of the crystal. The
asymmetric unit is thereby the smallest subunit of a unit cell and contains all necessary
information to describe the whole unit cell by applying symmetry operations. As there
are no mirror planes allowed for protein crystals due to the chiral nature of amino acids,
there are 65 possible space groups for proteins, from the low-symmetric triclinic P1
(where the asymmetric unit is equivalent to the unit cell) to the high-symmetric cubic
F432 (where the unit cell comprises 96 copies of the asymmetric unit).

During a diffraction experiment, 99 % of all X-ray photons just pass through the
crystal without scattering. However, a small number of photons is scattered by electrons
within the crystal. Thereby a single photon induces oscillations at all electrons within the

coherence length of the photon, which leads to virtual emanating waves. These waves
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can interfere either constructively or destructively in reciprocal space, depending on their
scattering angle. However, scattering of a single molecule is insufficient to be detected,
which is why crystals are required to amplify the diffraction signal by constructive
interference. The sum of all constructive scattering effects of multiple photons is called
diffraction. This occurs only at crystal lattice planes (described by the Miller indices h,
k, and 1) with a certain distance d and scattering angle 0 at the wavelength A, so that

Bragg’s law (see [Equation (1.1)) is fulfilled:

nA = 2dsin(0) (1.1)

This results in a diffraction pattern in reciprocal space with discrete reflections, whose
amplitudes can be measured with a detector and attributed to the crystal lattice planes by
the Miller indices. However, at a single orientation of the crystal, only a small fraction
of reflections fulfills the Laue condition (which can be visualized by the Ewald’s sphere,
see [Figure 6)). By rotating the crystal, which also rotates the reciprocal lattice, further
reflections can be detected that now fulfill the Laue condition.

The diffraction pattern is centrosym- e
metric, i.e. each reflection [h, k, 1] has
a symmetry mate [-h, k, -1] in reciprocal
space with the same intensity, both

together called a Friedel pair. Further-

410129304

more, the crystal symmetry is displayed
in the diffraction pattern. Hence, not a

full 360° rotation is required to record

a complete set of reflections, but only a

fraction of it, depending on symmetry of

the Space group. After a Complete set Figure 6) Ewald sphere.  The reflection conditions for

constructive interference are fulfilled for those reciprocal lattice
points (red) that are within the diffraction limit dp,x of the crystal

position Of the Scattering electrons Wlthln (blue sphere) and intersect the Ewald sphere at wavelength A
(black sphere).

of reflection data has been recorded, the

the crystal can be calculated.

However, there is one major challenge in X-ray crystallography that must be overcome:
the phase problem. While the detected reflections still contain the information about
the scattered wave’s amplitude, which correlates with the intensity of the reflection, the

wave’s phase information is lost during the transition from real to reciprocal space. There
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are several techniques to solve this issue, for example using phases of a homologous
protein structure, which allows for calculating an initial electron density map (Molecular
replacement). Another option is to introduce anomalous scatterers into the protein
crystal, e.g. compounds like uranyl acetate, potassium gold cyanide, mercury chloride,
or selenium in form of selenomethionine, but also a regular bound zinc ion or sulfur
from cysteines can be sufficient. Heavy atoms scatter anomalously, which means that
the Friedel mates do not have the same intensity at a specific A value. The anomalous
part of the diffraction signal can be extracted from the reflection data and, as the number
of anomalous scatterers is usually rather small, their location within the unit cell can be
calculated using just the anomalous scattering data. This allows to generate initial phases
and to calculate an initial electron density map using all scattering data.

Subsequently an atomic model is placed into the electron density map. The theoretical
phase information of this model is then used to improve the calculated phase information
of the experimental data. In iterative cycles of model fitting and map recalculation, the
electron density map is further improved and allows for placing atomic coordinates that
best describe the experimental electron density mapE]

1.5.2 Cryogenic Electron Microscopy

Cryo-electron microscopy is a form of transmission electron microscopy (TEM), where
particles are analyzed at cryogenic temperatures in a vitreous ice layer. In contrast to
scanning electron microscopy (SEM), which analyzes the sample surface by reflected
electrons, TEM detects transmitted electrons and allows for determining the inner struc-
ture of the sample. It has significantly improved over the past years, mainly due
to advances in computational and instrumental technology. Structures at near-atomic
resolution, which result in maps comparable to X-ray crystallography structures, can
be obtained by single particle analysis (SPA), especially for large proteins or protein
complexes above 100 kDa.

To prepare the sample for subsequent cryoEM analysis, the purified protein is applied
to a metal grid with a holey carbon film, blotted with filter paper to remove excess protein
solution and frozen in liquid ethane. This vitrification process aims for a thin layer of

vitreous ice in the holes of the carbon film, which ideally contains a single layer of

ZFor a much more detailed explanation of X-ray crystallography see Bernhard Rupp’s book Biomolecular
crystallography: principles, practice, and application to structural biology [195]]
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particles with random orientations. Amorphous rather than crystalline ice is important to
minimize background noise.

A high-resolution electron microscope collects images using a direct electron detector
at a very low electron dose to minimize radiation damage, especially regarding high-
resolution information. Cryocooling during data collection also helps to protect the
protein from radiation damage. As low-dose imaging takes more time to achieve
reasonable signal, each image suffers from slight particle movement during the data
collection, induced by the electron beam. To counteract this, each image is collected as a
large number of subframes, making a micromovie. The individual subframes are aligned
to correct for the particle motion and subsequently summarized to a single micrograph.
Nevertheless, the micrographs have a rather low signal-to-noise ratio. By averaging a
large number of particle images of the same orientation, more contrast and thus details
can be obtained.

Grid Data Particle CTF

3D
Preparation Collection Picking Correction Classification Reconstruction

Figure 7) CryoEM workflow. The general cryoEM workflow consists of sample preparation by vitrification, data collection at an
electron microscope and subsequent processing, particle picking from individual micrographs, CTF correction, 2D classification of
the particles and finally a 3D reconstruction (inspired by [196])).

An important step is the selection of suitable particles from the micrographs. This
can be performed either manually (feasible for large particles like viruses and a small
number of micrographs) or computationally, for example by training a neural network
for automated particle picking. The quality of the picked particles, i.e. the exclusion of
icy, contaminated or otherwise unsuitable particles, is crucial for the final reconstruction
quality.

Equally important to achieve high resolution reconstructions is the CTF correction.
The electron wavefunction undergoes Fourier transformations while passing through the
sample and the microscope’s magnetic lens system for magnification. Hence, the final
image is aberrated and has lost contrast, i.e. information, at certain spatial frequencies,
i.e. resolution shells. This is known as contrast transfer function (CTF) and knowledge of
the relevant spatial frequencies is necessary to extract the correct information from each

micrograph. For this, the estimation and subsequent correction of the CTF is obligatory
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to gain high-resolution reconstructions. To calculate the CTF for each micrograph,
instrument parameters like acceleration voltage and spherical aberration along with
the defocus, astigmatism, and amplitude contrast are required [197]. Defocus and
astigmatism are becoming more accurate by fitting a calculated CTF, hence the CTF is
also refined during SPA. To obtain information over a broad range of spatial frequencies,
the defocus is slightly varied during data collection, which results in a shift of the CTF
high-contrast peaks over different spatial frequencies.

The first step in obtaining a 3D particle model is the 2D classification of all particle
images. An algorithm groups all particles into a certain number of 2D classes in a way
that all particles within a class are similar to each other, while the class averages differ
as much as possible [197]. By this, particles with the same orientation are grouped and
averaging of all particles within a class results in a sharp, representative image of one
particle orientation. This 2D class average image has a significantly improved signal-to-
noise ratio and gives a first hint on the shape of the particle.

For the subsequent 3D reconstruction, a sufficient number of 2D classes with diverse
particle orientations is required. The 2D class averages represent 2D projections of a
single particle orientation. If there are enough projections of different particle orientations,
these 2D projections allow the generation of a 3D particle model. Iterative refinement of
the 2D classification and subsequently the 3D reconstruction results in a final map, into
which atomic coordinates can be modeled.

To validate the quality and reliability of the 3D reconstruction, the entire dataset is
split into two half sets at the beginning. The two resulting final maps are analyzed for
their correlation per resolution shell in Fourier space (Fourier Shell Correlation = FSC) at
a threshold level of 0.143. Further, the model-to-map FSC gives evidence about the fit of
the atomic coordinates, describing the reconstruction, and thus also indirectly informing

about the quality of the reconstruction E]

1.5.3 Advantages and Drawbacks of Each Approach

Both X-ray crystallography and cryoEM have quite different approaches to gather structural
information, which come along with certain limitations. The biggest difference is the

preparation of the proteins to be studied. One major bottleneck of X-ray crystallography

3 A lot of information and knowledge from this brief summary is gathered from the online lecture ”Getting
started in cryo-EM” by Prof. Grant Jensen from the California Institute of Technology [198]]
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is the crystallization of the protein of interest. Usually, large amounts of protein, a long
screening process, and time are required to optimize crystals, and in some cases crystals
are never obtained. The protein also needs to be very pure and in a single conformation
to grow a monocrystal, which is required for diffraction. SPA cryoEM analysis can
distinguish among different conformational states or liganded and unliganded species
at later stages of refinement, if sufficient data have been collected. However, this is
still challenging and should be avoided if possible. Also the protein is still in solution
prior to vitrification, which is closer to its physiologic state than the crystalline form.
Additionally, smaller amounts of proteins are sufficient for cryoEM sample preparation.

However, currently only structures of species larger than 100 kDa can routinely be
solved to reasonably high resolution (~ 3 A), while it is much more difficult for smaller
proteins. The currently smallest single specimen, whose structure was solved by cryo-
EM, is the 40kDa S-adenosylmethionine (SAM) riboswitch to a resolution of 3.7 A.
Streptavidin (52 kDa) is one of the smallest single proteins to be structurally characterized
by cryoEM [199]. It is however possible to artificially enlarge the protein by using
a scaffold of nanobodies [200] or DARPINs [201], which form a complex with the
protein of interest and increase the size of the species to be structurally characterized. In
contrast, X-ray crystallography is not only possible, but sometimes even easier for low
molecular weight proteins. Usually, crystals do not need to grow as large for sufficient
diffraction. Processing and refinement steps are less time consuming and also require
less computational power.

The resolution of X-ray structures is better on average (the median resolution of PDB-
deposited X-ray structures is between 2.0-2.5 A [202])), although cryoEM is catching
up fast (3.5-4.0 A [203]). The high-resolution limit depends mostly on crystal quality,
therefore developments in the experimental setup and software algorithms only facilitate
solving difficult structures, but do not increase the achievable resolution much. The
current high-resolution record is 0.48 A for crambin [204]. The cryoEM resolution
is mostly limited by mechanical or computational bottlenecks: the blotting quality,
microscope magnification, detector resolution, and mostly by available software, although
all of these limitations are steadily being improved. Currently, a reconstruction of apo-
ferritin with a resolution of 1.22 A is the highest resolution structure available [2035]].
However, one major limitation is the particle orientation on the grid, which can severely
hamper data processing.

Depending on the aim of the project, the one or the other method can be advantageous.
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For detailed structural information on smaller proteins or the interaction of low molecular
weight compounds to target proteins, X-ray crystallography is favorable. Especially in
cases of several very similar structures such as a set of mutants or drug compounds, data
analysis is facilitated. For large proteins, protein complexes, or identifying the interface

of protein-protein interactions, single particle cryoEM is the preferred method of choice.

1.6 Why Do We Need Structural Virology?

Even before the coronavirus pandemic drastically boosted the interest of non-virologists
in the world of viruses, a major focus of scientific research was on shedding light
on how viruses work. Reoviruses and adenoviruses are both widespread pathogens,
either directly linked to severe diseases (EKC for HAdV37) or with a yet unknown
causality (obesity for Ad36, celiac disease for ReoV). To understand the basic molecular
mechanisms of viral infection, tropism, and propagation is essential to facilitate the
development of effective treatments for disease prevention and cure. Structural biology
approaches are a powerful tool to visualize important steps during a viral infection, e.g.
docking of the virus to the host cell and subsequent interaction with the attachment
receptor. This knowledge can be exploited to design drugs targeting the attachment
mechanism, e.g. the trivalent sialic acid based inhibitors, which will be discussed later
in this thesis.

Structural analysis can also provide valuable information on the evolution of viruses,
which is generally determined by looking at amino acid conservation. In some cases
however, the conservation of a certain motif is not clearly visible in the viral genome, but
becomes obvious by looking at the three-dimensional protein structure. Hence, in this
case only a structural comparison can reveal the ancestral relationship of two proteins
and thus virus species.

Viruses are not only dangerous pathogens, but some of their features can also be
used for medical applications, e.g. as vaccine vector. A replication-defective variant of
HAdV?26 is used for the SARS-CoV-2 vaccine from Johnson&Johnson, which has also
flown through my veins [42]. Furthermore, distinct receptor specificities make some
viruses suitable as oncolysins for targeting cancer cells. ReoV proliferates preferentially
in Ras-activated tumor cells [206]. Reolysin is a replication-competent formulation

of T3D ReoV that is currently in combinatorial clinical trials for treatment of various

24



1.6 Why Do We Need Structural Virology?

cancers [207]]. Also several clinical trials are ongoing for adenoviral oncolysins. Due to
their great variance in genome, tissue distribution, and receptor specificity, they provide
a large set of tools for engineering a suitable oncolysin, although liver toxicity is still
a major downside of oncoviral treatment [208]. Structural biology can be a major
contribution by identifying potential attachment sites and thus also potential targets for
the viral vector. Structure-guided mutations can help to adapt the vector and improve its
affinity for specific target cells, e.g. cancer cells.

Last but not least, structural virology is important simply for the scientific interest
of understanding viruses. Why do viruses use a certain attachment factor? Why do
different species share attachment factors, although they infect different tissues? Why
are some receptor binding sites conserved, although they seem not necessary at all for
successful cell entry as far as we know? And why are adenoviruses and reoviruses so
similar in capsid organization, attachment strategies, and receptor usage, although being
a completely different class of virus? To answer all these questions will take at least an
incredible amount of experiments, scientists, and time, if it is ever possible at all. This

work shall provide a small piece to support solving this puzzle in the future.
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2. Objectives

The aim of this thesis is to shed more light on the attachment mechanisms of adenoviruses

and reoviruses. Three topics will be covered in the following chapters.

Structural Analysis of HAdV56 FK Binding Sites for CD46 and Sialic Acid

HAdV56 has a low seroprevalence in humans and is a promising viral vector candidate.
Preliminary experiments showed CD46 as potential attachment receptor and sequence
analysis revealed a conserved sialic acid-binding motif. Therefore, one topic of this
thesis is the crystallization and structural evaluation of the HAdV56 FK domain to shed

light on the HAdV56 receptor engagement.

Adapting Trivalent Sialic Acid Inhibitors to HAdV37, HAdV36, and HAdV26

Viral attachment via a three-fold symmetric sialic acid binding site is well described for
the EKC-causing HAdV37. Tailor-made inhibitors that prevent the virus from binding to
host cells are a major step in containing this threat. Based on established trivalent sialic
acid compounds, a new generation of inhibitors is analyzed by X-ray crystallography
and adapted to other sialic acid binding serotypes HAdV36 and HAdV26 to lay the

foundation for future inhibitor design strategies.

Structural Analysis of NgR1 Binding to the ReoV Capsid

NgR1 was determined as a novel attachment receptor for ReoV, however the distinct bin-
ding partner and mechanism are still unclear. Presumably, not the common attachment
protein o1, but the outer capsid protein 03 is the interaction partner, which would indicate
a second capsid protein to be involved in viral attachment, a novelty among known
attachment mechanisms. Therefore, the 03-containing heterohexameric capsomer 113033
and NgR1 are purified and stable complex formation is evaluated. Subsequent structural

analysis will provide a deeper understanding of ReoV attachment to the host cell.
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3. Materials & Methods

3.1 Materials

3.1.1 Chemicals

All chemicals used in this work were of analytical grade and obtained from Merck
(Darmstadt, Germany), Roth (Karlsruhe, Germany), Sigma-Aldrich (Taufkirchen, Ger-
many), Thermo Fisher Scientific (Dreireich, Germany), Cytiva (Uppsala, Sweden),
Molecular Dimensions (Sheffield, UK), New England Biolabs (Frankfurt, Germany)
or Hampton Research (Aliso Viejo, USA). All buffers were prepared using Milli-Q
water, sterile-filtered (0.22 pm), degased and stored at 4 °C. Reducing agents such as

[3-mercaptoethanol and DTT were added freshly prior to usage.

3.1.2 Bacterial Strains

The Escherichia coli (E.coli) cell strain DH5 (Thermo Fisher Scientific) was used for
plasmid amplification, strain BL21(DE3) (Novagen, Darmstadt, Germany) for protein

expression, and DH10Bac (Thermo Fisher Scientific) for bacmid generation.

MAX EfﬁciencyTM DH5x F- ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17
(rk™, mk*) phoA supE44 N thi'1 gyrA96 relAl
BL21(DE3) F- ompT hsdSg (rg— mp—) dcm gal (DE3)

MAX Efficiency™ DH10Bac  FmcrA A(mrr-hsdRMS-mcrBC) ©80lacZAM15 AlacX74
recAl araD139 A(ara, leu)7697 galU galK N rpsL
nupG/pMON14272/pMON7124

3.1.3 Cell Lines

S19 insect cells (Thermo Fisher Scientific) were used for Baculovirus production, High

Five™ insect cells and mammalian Freestyle 293-F cells (both Thermo Fisher Scientific)
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for protein expression.

3.1.4 Plasmids

Table 3) List of plasmids.

Vector Insert Feature

pPROEX Htb HAJd37FK (residues 177-365) N-terminal His6-tag, TEV cleavage site
pPROEX Htb HAJd36FK (residues 168-373) N-terminal His6-tag, TEV cleavage site
pET15b HAd26FK (residues 178-373) N-terminal His6-tag, Thrombin cleavage site
pQE-30 XA HAJdS6FK (residues 167-362) N-terminal His6-tag

pcDNA3.1+ NgR1 (residues 1-310) C-terminal His7-tag

pcDNA3.1+ NgR1 (residues 1-310) C-terminal Fc-tag

pFastBac™ Dual | ReoV T1L pl & ReoV T1L 03 simultaneous expression of both proteins

3.1.5 Buffers

HAdV37 IMAC Buffer A

HAdV37 IMAC Buffer B

HAdV37 Lysis Buffer

HAdV36 IMAC Buffer A

HAdV36 IMAC Buffer B

HAdV36 Lysis Buffer

28

30mM Tris-HCI, pH 7.4
20 mM imidazole
150 mM NaCl

30mM Tris-HCI, pH 7.4
500 mM imidazole
150 mM NaCl

HAd37 IMAC Buffer A
+ 1 mM PMSF
+ 1 mM MgCl,

30 mM Tris-HCI, pH 7.5
20 mM imidazole
150 mM NaCl

30 mM Tris-HCI, pH 7.5
500 mM imidazole
150 mM NacCl

HAd36 IMAC Buffer A
+ 1 mM PMSF
+ 1 mM MgCl,
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HAdV26 IMAC Buffer A

HAdV26 IMAC Buffer B

HAdV26 Lysis Buffer

HAdV26 SEC Buffer

HAdV56 IMAC Buffer A

HAdV56 IMAC Buffer B

HAdV56 Lysis Buffer

HAdV56 SEC Buffer

NgR1 IMAC Buffer A

NgR1 IMAC Buffer B

NgR1 Fc Buffer A

25 mM Tris-HCI, pH 7.4
20 mM imidazole
150 mM NacCl

25 mM Tris-HCI, pH 7.4
500 mM imidazole
150 mM NaCl

HAd26 IMAC Buffer A
+ 1 cOmplete™ EDTA-free protease inhibitor cocktail

25 mM Tris-HCI, pH 7.4
150 mM NaCl

30mM Tris-HCI, pH 7.4
20 mM imidazole
150 mM NaCl

30 mM Tris-HCI, pH 7.4
500 mM imidazole
150 mM NaCl

HAdS56 IMAC Buffer A
+ 1 mM PMSF
+ 1 mM MgCl,

30mM Tris-HCI, pH 7.4
150 mM NacCl

10 mM HEPES, pH 7.2
10 mM imidazole
150 mM NaCl

10 mM HEPES, pH 7.2
500 mM imidazole
150 mM NaCl

100 mM glycine, pH 8.0
150 mM NacCl
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NgR1 Fc Buffer B

NgR1 Fc Buffer C

NgR1 SEC Buffer

ul3o3; Buffer A

ulzo3; IEX Buffer A

ulzo03;3 IEX Buffer B

ul3o33 HIC Buffer

ul;o033 SEC Buffer

SPR Running Buffer

SPR Washing Buffer
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100 mM glycine, pH 2.7
150 mM NaCl

1 M Tris-HCI, pH 8.8
150 mM NaCl

10 mM HEPES, pH 7.4
150 mM NacCl

20mM TRIS, pH 8.5
2mM MgCl,
2 mM {3-mercaptoethanol

u130'33 Buffer A
+ 100 mM NaCl

ul;o03; Buffer A
+ 500 mM NaCl

ul;o3; Buffer A
+ 700 mM (NH4)2SO4

20 mM BICINE, pH 9.0
2mM MgCl,

150 mM NacCl

2 mM [3-mercaptoethanol

10mM HEPES, pH 7.4 at RT
150 mM NaCl

0.005 % TWEEN 20

50uM EDTA

10 mM HEPES, pH 7.4 at RT
150 mM NacCl

0.005 % TWEEN 20

3mM EDTA
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SPR Nickel Buffer

SPR His Regeneration Buffer

SPR Fc Regeneration Buffer

Crosslinking Buffer A

Crosslinking Buffer B

Western Blot Transfer Buffer

10 mM HEPES, pH 7.4 at RT
150 mM NaCl

0.005 % TWEEN 20

50 uM EDTA

500 uM NiSOy4

10 mM HEPES, pH 8.3 at RT
150 mM NaCl

0.005 % TWEEN 20

350 mM EDTA

10 mM glycine, pH 1.5 at RT

100 mM MES, pH 6.0 at RT
500 mM NaCl

100 mM Na,HPOs, pH 7.3 at RT
150 mM NaCl

3.025 g Tris-base
14.4 g glycine
0.2 L methanol
0.8L H,0O

3.1.6 Commercial Crystallization Screens

Crystal Screen 1-2
JBScreen Wizard 1-4
Morpheus®

PEG/Ion HT

JCSG Plus

Hampton Research

Jena Bioscience (Jena, Germany)
Molecular Dimensions

Hampton Research

Molecular Dimensions
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3.2 Methods

3.2.1 Molecular Biology
Transformation of chemically competent E. coli cells

Chemically competent DH5  cells were used for plasmid amplification and BL21(DE3)
cells for protein expression and purification.

A 50 puL aliquot of frozen cells was thawed on ice, carefully mixed with 2 uL. plasmid
(>100nguL~! plasmid concentration), and incubated on ice for 2min. After a 42°C
heat shock for 90s, the cells were cooled on ice and 900 pL antibiotic-free LB medium
was added to the cells prior to incubation at 37 °C, 750 rpm for 60 min. For DH5«x
cells, the transformation mix was plated on LB agar containing 50 uygmL~! ampicillin
and incubated at 37 °C for 16 h, before a 20 mL pre-culture was inoculated containing
50 ugmL~! ampicillin and incubated at 37 °C, 150 rpm for 16 h. For BL21(DE3) cells,
the transformation mix was directly used to inoculate the pre-culture.

For bacmid recombination, 15 ng of pFastBac™ Dual plasmid was added to DH10Bac
cells and the mixture was incubated on ice for 30 min. After a 90s heat shock at
42°C, the cells were incubated on ice for 2min, 900 uL SOC medium was added,
and the transformation mix was incubated at 37°C, 750 rpm for 6h. The mixture
was centrifuged gently (500 g for 3min), 800 uL supernatant was discarded, and the
pellet was resuspended in approximately 200 uL.. The sample was plated on LB Agar
containing 50 pgmL~! kanamycin, 7ugmL~" gentamycin, 10pugmL~" tetracycline,
20pugmL~! X-Gal, and 40 uygmL~! IPTG and then incubated at 37 °C for 48 h. White
colonies were restreaked on a fresh agar plate, incubated at 37 °C for 16h and then
a 20mL pre-culture containing 50 ugmL~! kanamycin, 7ugmL~! gentamycin, and

10 ugmL~! tetracycline was inoculated and incubated for 16 h at 37 °C, 150 rpm.

Plasmid DNA Preparation

Plasmid DNA preparation was carried out using either the PureYield™ Plasmid Miniprep
System (Promega, Walldorf, Germany), the GenElute™ Plasmid Miniprep-Kit (Sigma
Aldrich), or the GenElute™ Plasmid Maxiprep-Kit (Sigma Aldrich) according to the
manufacturer’s instructions with the following modifications: A 20mL E. coli overnight

culture was used for the Miniprep Kits and a 500 mL culture for the Maxiprep Kit. DNA
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was eluted from the column in two steps using Milli-Q H,O with 1 min pre-incubation.
The DNA concentration was determined by measuring the absorbance at a wavelength
of 260 nm using a Nanodrop ND-1000 Spectrophotometer (Peqlab).

Protein Expression in E. coli

LB medium supplemented with 50 ugmL~! ampicillin was inoculated using a BL21(DE3)
pre-culture at a ratio of 1:150 and incubated at 37 °C, 130 rpm. At an ODg( of approx-
imately 0.6 the expression was induced using 1 mM IPTG for HAdV37 and HAdV56,
0.5mM IPTG for HAdV36, and 0.2 mM IPTG for HAdV26. The expression was either
carried out for 5h at 37 °C for HAdV56 and HAdV?26, or for 16 h at 20 °C for HAdV37
and HAdV36. Cells were harvested using a Sorvall RC6 centrifuge and a Fiberlite™ F9-
4 x 1000y rotor at 7,000 rpm for 15 min. The cell pellet was resuspended in the respective
lysis buffer and lyzed on ice using a Branson Digital Sonifier 450 for two times 90 s at
40 % amplitude and an on/off pulse rate of 3 s/4 s for HAdV37, HAdV36, and HAdV56
or 1s/1sfor HAdV26. The cell lysate was cleared by centrifugation using a SS-34 rotor
at 17,000 rpm, 4 °C for 45 min and subsequently used for protein purification.

Bacmid DNA Preparation

Bacmid DNA preparation was carried out using the PureLink™ HiPure Plasmid Miniprep
Kit (Invitrogen) according to the manufacturer’s manual with the following modifica-
tions: A 20 mL overnight culture was used and after ethanol precipitation the DNA pellet

was air-dried for 30 min.

Bacmid PCR analysis

To verify successful recombination of the bacmid DNA, PCR analysis was performed
using the ExactRun High Fidelity proofreading DNA polymerase (Genaxxon) and stan-
dard pUC/M13 forward and reverse primers according to the reaction scheme in(Table 4

The resulting DNA fragments were analyzed by agarose gel electrophoresis.

Agarose Gel Electrophoresis

For gel electrophoresis a 1 % agarose gel in TAE buffer supplemented with GelRed®

(Genaxxon) was used. Samples were premixed with 6x Gel Loading Dye, purple (New
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Table 4) Pipetting scheme and PCR program for bacmid PCR.

(a) Pipetting scheme. (b) PCR program.

Bacmid DNA (100 ng) 2uL Step Temperature | Time | Cycles
pUC/M13 fwd (10 uM) 1uL Initial Denaturation 94°C 180s 1x
pUC/M13 rev (10 uM) 1uL Denaturation 94°C 45s

dNTPs (10 uM) 1 uL Annealing 55°C 45 35x
5x ExactRun Reaction Buffer 10puL Elongation 72°C 330s

ExactRun Polymerase (0.5 UpyL™!) 0.5uL Final Elongation 72°C 420 1x
H,O 34.5uL End 8°C oo

England Biolabs) and the GeneRuler 1 kb Plus DNA Ladder (Thermo Fisher Scientific)
was used as a reference. The gel electrophoresis was performed at 120 V for 45 min and

subsequently the gel was analyzed using a UV transilluminator.

SDS-PAGE

SDS-PAGE analysis was used to investigate the purity of protein samples by separating
individual protomers according to their molecular weight. A discontinuous 0.75 mm gel
consisting of a 15 % resolving gel and a 4 % stacking gel was prepared as described in
Protein samples were mixed in a 1:4 ratio with 4x Protein Sample Buffer
(see [Table 5b), boiled for Smin at 95°C and centrifuged for 2min at 16,100 rpm.
As a reference for regular SDS-PAGESs, the PageRuler™ Unstained Protein Ladder
(Thermo Fisher Scientific) was used, in case of subsequent Western Blotting analysis the
PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific) instead. For cross-
linking assays, the Spectra™ Multicolor Broad Range Protein Ladder was used. SDS-
PAGEs were performed at 250 V for 47 min and afterwards the gel was stained for at
least 15 min in InstantBlue™ (Expedeon) and destained in Milli-Q H;O overnight.

Table 5) Pipetting schemes for SDS-PAGE gels and 4x Protein Sample Buffer.
(a) Pipetting scheme for 12x SDS-PAGE gels. (b) 4x Protein Sample Buffer.

Resolving gel | Stacking gel Glycerol 20 mL
Acrylamide, 30 % 30.2mL 3.9mL 1M Tris, pH 6.8 20mL
1.5M Tris, pH 8.8 15.1mL - 10 % SDS 10 mL
1.5M Tris, pH 6.8 - 7.3 mL 0.5M EDTA, pH 8.0 1.63mL
10 % SDS 603 L 293 uL [3-mercaptoethanol 4mL
10 % APS 603 L 293 uL Bromphenol Blue 20mg
TEMED 60.3 uL 29.3uL H;0 13mL
H,O 13.8 mL 17.5mL
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Western Blotting

To verify the expression or purification of the correct protein, Western Blotting analysis
was performed. First, a PVDF membrane was cut to the size of a SDS-PAGE resolving
gel and equilibrated in methanol for 10 min, H,O for 5 min, and Transfer Buffer for
10 min. The unstained SDS-PAGE gel was equilibrated for 15 min in Transfer Buffer
and eight nitrocellulose filter papers at the size of the membrane were moistened with
Transfer Buffer. The gel and the PVDF membrane were stacked in between four
filter papers each and blotted at 20V for 1 h. The PVDF membrane was blocked by
incubation for 1h at RT in TBS (20mM Tris, pH 7.5, 150 mM NaCl) supplement
with 5 % milk powder. The primary antibody (x-NgR1 goat mAB, AF1208, R&D
Systems, Minneapolis, USA, or rabbit « T1L/T3D reovirus serum, Cocalico Biologicals,
Pennsylvania, USA) was dissolved 1:2,000 or 1:10,000, respectively, in TBS supple-
mented with 5 % milk powder and the blotted membrane was incubated rotating at 4 °C
overnight. Subsequently the membrane was washed with TBS-T (TBS supplemented
with 0.5 % TWEEN-20) three times for 10 min, 15 min, and 10 min. Afterwards it was
incubated for 1 h rotating at RT with the secondary antibody (rabbit «-goat IgG, H&L
chain specific peroxidase conjugate, Calbiochem, or -rabbit HRP conjugate, Jackson
Immuno research) dissolved in TBS supplemented with 5 % milk powder at a ratio
of 1:10,000 each. After four additional washing steps with TBS-T for 5 min, 10 min,
10 min, and 10 min, the Western Blot was evaluated using the Amersham ECL Plus
Western Blotting Detection Kit (Cytiva) according to the manufacturer’s instructions
and a BioRad ChemiDoc™ MP Imager. For this, a colorimetric image to visualize the
prestained protein ladder and a chemiluminescent image were acquired and subsequently

merged for analysis.

3.2.2 Cell Culture
Transfection of Freestyle 293-F Cells

Freestyle™ 293-F cells were cultivated in suspension in Freestyle™ 293 Expression
medium (Gibco™) at cell densities between 0.1 x 10° and 3 x 10° cells/mL on an orbital
shaker in a humidified incubator at 37 °C, 150 rpm, and 8 % CO, atmosphere. One day
prior to transfection, the cells were split to a cell density of 0.6 x 10° cells/mL and at the

day of transfection they were diluted to a cell density of 1 x 10° cells/mL if necessary.
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For transfecting 1 ug DNA per mL culture, the DNA was diluted in OptiPro™ SFM
to a final concentration of 40 uygmL ™!, mixed with an equal volume of 120 ugmL~!
polyethylenimine (PEI 25K™, Polysciences), and incubated at 37 °C for 15 min. The
transfection mix was added drop-wise to the cells and expression was carried out for 7 d.
Afterwards, the supernatant was harvested using the Fiberlite™ F9-4 x 1000y rotor at
7,000 rpm for 15 min, supplemented with one tablet of cOmplete™ EDTA-free protease

inhibitor cocktail (Roche) and immediately used for protein purification.

Transfection of Sf9 Cells

For transfection of Sf9 insect cells with bacmid DNA, the cells were cultivated adherently
in SF900-1I-SFM medium supplemented with 10 % FBS and 1 x P/S at 27 °C. Prior ro
transfection, 8 x 107 cells were seeded in one well of a 6-well plate and allowed to attach
for 15 min at RT. Afterwards, the medium was exchanged to 2.5 mL plating medium
(SF900-II-SFM + 1.5 % FBS). 8 uLL Cellfectin-I (expired for 10 years) were premixed
with 100 uL plating medium, 1 ug bacmid DNA in 100 pL plating medium was added,
and the transfection mix was incubated for 30 min at RT. Subsequently, the transfection
mix was added drop-wise onto the cells and incubated for 4h at 27 °C. Thereafter,
the medium was exchanged to 2.5 mL SF900-II-SFM supplemented with 10 % FBS
and 1 x P/S, and incubated for 72h at 27 °C. Finally, the supernatant was harvested,
centrifuged at 500 g for 5 min to remove any insect cells and the P1 baculovirus stock
was stored at 4 °C in the dark.

Amplification of Baculovirus Stocks

For amplification of the baculovirus stock, Sf9 cells were cultivated in suspension in
SF900-II-SFM with 1 x P/S. To generate a P2 viral stock, a 40 mL culture was inoculated
with 1.2 mL P1 viral stock and incubated for 4 d at 27 °C. The supernatant was harvested,
centrifuged for Smin at 500 g to remove remaining insect cells, supplemented with
0.2 % FBS to prevent degradation by proteases, and stored at 4 °C in the dark. For
amplification of the P2 viral stock to a P3 viral stock, a 500 mL culture was inoculated
with 30 mL P2 viral stock and incubated for 5 d at 27 °C. The supernatant was harvested,
centrifuged for 5 min at 1,500 g, supplemented with 0.2 % FBS and stored at 4 °C in the
dark.
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Infection of HighFive™ cells

For protein expression, HighFive™ insect cells were cultivated in suspension using
Express Five® SFM medium in a shaking incubator at 27 °C and 130 rpm. At a cell

density of 2 x 10° cells/mL, they were infected with P3 baculovirus stock according to

Equation (3.1)| targeting an MOI of 5 and assuming a viral titer of 1 x 108 pfu/ml.

number of total cells

pfu

inoculation volume|ml] = — .
titer of viral stock[£:

X MOI[p fu] (3.1)

Infected cells were supplemented with 0.1 % FBS to prevent degradation by proteases
and incubated for 96 h at 27 °C and 130 rpm. Afterwards, the supernatant was harvested
by centrifugation at 3,500 g for 10 min and either stored at —20 °C or immediately used

for protein purification.

3.2.3 Protein Biochemistry
Bioinformatics

Molecular weight, isoelectric point, and extinction coefficient predicitions were carried
out using Expasy ProtParam [209]]. Signal peptide and cleavage site prediction was
carried out using the SignalP v. 5.0 server [210]. Multiple sequence alignments were
performed with Clustal Omega [211}212] and visualized with Jalview 2 [213]].

Immobilized Metal Affinity Chromatograpy

For His-tagged proteins, immobilized metal affinity chromatography (IMAC) using pre-
packed HisTrap FF crude 5 mL columns (Cytiva) was performed. The column was pre-
equilibrated with 5 CV IMAC Buffer A by a peristaltic pump and the sample was loaded
at a flow rate of 0.5-1 mLmin~!. Using an Akta Prime system, the column was washed
afterwards with 5 CV of 5-10 % IMAC buffer B and the protein was eluted either by
step elution (20 %, 40 %, 60 %, and 100 % Buffer B) or 15 CV gradient elution up to
100 % IMAC buffer B. The UV absorption at 280 nm was observed, peak fractions were

analyzed by SDS-PAGE, and fractions containing the recombinant protein were pooled.
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Protein A Affinity Chromatography

Protein A affinity chromatography was applied for Fc-tagged NgR1 using a prepacked
HiTrap Protein A HP 1 mL column (Cytiva). The column was pre-equilibrated with 5
CV NgR1 Fc Buffer A using a peristaltic pump, and the sample was loaded at a flow rate
of 0.5-1 mLmin~ L. Using an Akta Prime system, the column was washed with 10 CV
NgR1 Fc Buffer A, and the protein was eluted with 15 CV 100 % NgR1 Fc Buffer B.
Fractions were immediately diluted 9:10 in pre-dispensed NgR1 Fc Buffer C to adjust
the pH. The UV absorption was observed at 280 nm, peak fractions were analyzed by

SDS-PAGE, and fractions containing the recombinant protein were pooled.

Ion Exchange Chromatography

As the recombinant (13033 heterohexamer does not have an affinity tag, an ion exchange
chromatography (IEX) using a HiTrap Q FF 5mL column (Cytiva) was performed as
the first purification step. First, the column was pre-equilibrated with 5 CV pl;033
IEX Buffer A and the HighFive™ insect cell supernatant was sterile filtered (0.2 um)

! overnight. Using an Akta

and loaded on the column at a flow rate of 0.3 mLmin™
Prime system, the column was washed with 150 mM NaCl in pl3033 IEX Buffer and
eluted with a 24 CV gradient from 100-550 mM NaCl. Protein-containing fractions were
analyzed by SDS-PAGE and p13033-containing fractions were pooled and concentrated
to a volume of 10 mL using an Amicon® Ultra-15 Centrifugal Filter Unit with a 100 kDa

molecular weight cutoff (MWCO).

Hydrophobic Interaction Chromatography

For further purification of pnl3033, a hydrophobic interaction chromatography (HIC)
using a HiTrap Phenyl HP 5 mL column (Cytiva) was performed. The concentrated
protein sample was supplemented with nl3033 Buffer A + 4 M (NH4),SO4 to a final
concentration of 700mM (NH,4)>,SOy4. The column was equilibrated with pl3;033 HIC

Buffer and the sample was loaded at a flow rate of 0.5mLmin~'.

The column was
washed with 4 CV of ul;o033 HIC Buffer and the protein was eluted with a 15 CV
gradient from 700-0 mM (NH4),SO4. Peak fractions were analyzed by SDS-PAGE and

fractions containing the recombinant protein were pooled.
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Affinity Tag Cleavage

To remove cleavable His-tags from recombinant HAdV37 FK and HAdV36 FK, 1 mg
TEV protease per 10 mg protein was added, supplemented with 1 mM DTT, and incubated
at 4°C overnight. The His-tag of the HAdV26 FK was removed by incubation with
Trypsin in a 1:100 trypsin to protein ratio overnight at 4 °C, supplemented with 5 mM
EDTA. Uncleaved protein and His-tagged TEV protease were removed by IMAC, where
the flowthrough containing cleaved protein was collected and further purified.

Preparative Size Exclusion Chromatography

As final purification step for all proteins, a preparative size exclusion chromatography
(SEC) was performed. The column was chosen according to the molecular weight
of the protein and was equilibrated with 1 CV of the respective SEC buffer at a flow
rate of 0.5 mLmin~' for the Superdex 75 Increase 10/300 GL column, 1 mLmin~' for
HiLoad® 16/60 columns, and 3 mLmin~! for the HiLoad® 26/60 column (see .
Protein was concentrated using Amicon® Ultra-15 Centrifugal Filter Units according to
its molecular weight, sterile filtered, and SEC was performed at the respective flow rate.
Peak fractions were analyzed by SDS-PAGE and subsequently pooled, concentrated to
the desired concentration, aliquoted, flash-frozen in liquid nitrogen, and stored at —80 °C

until further usage.

Table 6) Preparative size exclusion chromatography overview.

Protein Buffer Column

Ad37FK | Ad37 SEC Buffer HiLoad® 16/600 SD200 prep grade
Ad36 FK | Ad36 SEC Buffer HiLoad® 16/600 SD200 prep grade
Ad26 FK | Ad26 SEC Buffer HiLoad® 26/600 SD200 prep grade
Ad56 FK | Ad56 SEC Buffer HiLoad® 16/600 SD200 prep grade
NgR1-His | NgR1 SEC Buffer HiLoad® 16/600 SD75 prep grade
NgR1-fc NgR1 SEC Buffer Superdex® 75 Increase 10/300 GL
nlzo3s pnl3033 SEC Buffer HiLoad® 16/600 SD200 prep grade

Analytical Size Exclusion Chromatography

To assess the purity of the proteins in more detail, analytical SEC was performed. The
column was chosen according to the molecular weight of the protein or desired protein

complex and was pre-equilibrated with 1 CV of the respective SEC buffer at a flow rate
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of 0.055mLmin~! (columns overview see [Table 7). The proteins were sterile filtered
and 35 uL sample were applied for analytical SEC. The absorption was recorded at
wavelengths of 215 nm, 254 nm, and 280 nm.

Table 7) Analytical size exclusion chromatography overview.

Column MW range [kDa]
Superdex® 75 Increase 3.2/300 3-70
Superdex® 200 Increase 3.2/300 10-600
Superose® 6 Increase 3.2/300 5-5,000

Complex Formation Assay

For complex formation trials of NgR1 and p13033, the proteins were dialyzed either in
ul3z033 SEC buffer adapted to pH 7.4, or NgR1 SEC Buffer supplemented with 2 mM
MgCl, and 2mM [(3-mercaptoethanol using Slide-A-Lyzer™ MINI Dialysis Devices
(Thermo Fisher Scientific) with a 10 kDa MWCO at 4 °C overnight. The proteins were
mixed at different ratios of NgR1:1113033, incubated for various time ranges from 15 min
to 16h, at 4°C, RT, or 37°C and with or without the addition of 0.33mM CaCl,.
Subsequently samples were analyzed by analytical SEC.

Surface Plasmon Resonance Spectroscopy

Surface plasmon resonance spectroscopy (SPR) was performed to analyze the interaction
between NgR1 and 113033 using a Biacore X100 and a Sensor Chip NTA for immobi-
lizing His-tagged NgR1, Sensor Chip Protein A for immobilizing Fc-tagged NgR1, and
a Sensor Chip CM5 for amino coupling of p13033. Prior to SPR analysis, the proteins
were dialyzed into SPR Running Buffer using Slide-A-Lyzer™ MINI Dialysis Devices
with a 10kDa MWCO at 4 °C overnight.

All experiments were performed according to the instructions of the Biacore software.
In short, the Sensor Chip NTA was activated by SPR Nickel Buffer and various con-
centrations of ligand protein were applied to the active cell for 60 s or 180 s to identify
a suitable concentration for ligand coupling. For binding experiments, the chip was
activated with SPR Nickel buffer, ligand protein was injected to the active cell followed
by a washing step using the SPR Washing Buffer. Various concentrations of the analyte
protein were injected for 60s for association, followed by 60s dissociation time with

SPR Running Buffer. Finally, the chip was regenerated using SPR His Regeneration
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Buffer. As a negative control, cleaved HAdV37 FK or BSA were used. The signal of the
reference cell was subtracted from the active cell to exclude unspecific binding effects.
For better visualization, all samples were normalized against the baseline signal 10s
prior to sample injection.

The Sensor Chip Protein A was equilibrated with SPR Running Buffer and various
concentrations of NgR1-Fc were applied to the active cell to determine a suitable concen-
tration for ligand coupling. For subsequent binding experiments, 15 nM NgR1-Fc were
immobilized to the chip surface and various concentrations of the analyte protein were
injected for 60 s for association, followed by 60 s dissociation time with SPR Running
Buffer. Finally, the chip was regenerated using SPR Fc Regeneration Buffer. For a
negative control, cleaved HAdV36 FK was used. For analysis of the binding assay, the
signal of the reference cell was subtracted from the active cell to exclude unspecific bin-
ding effects. For better visualization, all samples were normalized against the baseline
signal 10 s prior sample injection.

For the Sensor Chip CM5 the Amine Coupling Kit (Cytiva) was used as described in
the manual and as instructed by the Biacore software for coupling of pnl;033. A final
concentration of 400 nM was immobilized on the CMS5 chip surface and both His-tagged
and Fc-tagged NgR1 were injected at a concentration range of 1.6—1,000 nM for 60s,
followed by 150s dissociation time. For analysis of the binding assay, a buffer only
run was subtracted from the sample run to exclude unspecific binding effects. For better
visualization, all samples were normalized against the baseline signal 10 s prior to sample

injection.

Pulldown Assay

The Pierce™ Protein A/G UltraLink™ Resin was used for a pulldown assay of Fc-tagged
NgR1 and p13033. The proteins were mixed in a 1:1 ratio (w/w), diluted with 5x NgR1
SEC buffer in a 1:5 ratio of buffer to proteins to a total volume of 135 pL, and incubated
at 4 °C overnight. Thereafter, 25 L. Protein A/G slurry was added and incubated for 2 h
at RT. The sample was washed nine times by adding 200 uL NgR1 SEC Buffer, mixing,
centrifuging for 2 min at 13,200 rpm, and removing the supernatant. For elution, 100 uL.
NgR1 Fc Buffer B was added, mixed, centrifuged for 2min at 13,200 rpm, and the
supernatant was collected. Finally, all washing steps as well as the final Protein A/G
slurry were analyzed by SDS-PAGE.
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For Pulldown Assays of His-tagged NgR1 and pnl3033, Ni-NTA Agarose (Qiagen)
was used analogously with the following modifications: The proteins were mixed in a
5:2 ratio (w/w) with an excess of NgR1, the sample was washed six times after adding
Ni-NTA Agarose, and the protein was subsequently eluted with NgR1 IMAC Buffer B.

Crosslinking Assay

Crosslinking assays were performed to analyze the possible formation of a complex of
NgR1 and pl13033. Dimethyl pimelimidate (DMP), dimethyl suberimidate (DMS), and
glutaraldehyde were used for coupling of primary amines. For this, pl3033 was mixed
with His-tagged NgR1 (1:1 M/M) or Fc-tagged NgR1 (1:1.7 M/M) and incubated for 2 h
at RT. The samples were diluted 1:10 and a 30-fold molar excess of either DMP or DMS
(freshly dissolved in a 1:1 (v/v) mix of nl3033 SEC Buffer and NgR1 SEC Buffer) was
added and incubated for 1h at RT. The reaction was quenched using 20 mM Tris-HCI
and the samples were analyzed by SDS-PAGE.

Glutaraldehyde crosslinking was performed analogously with the following modifi-
cations: pl3033 was mixed with His-tagged NgR1 in an 1:12 molar ratio and with Fc-
tagged NgR1 in a 1:6 molar ratio and the samples were not diluted after initial incubation
to increase the signal strength at SDS-PAGE analysis.

EDC and NHS were used to couple primary carboxyl groups of one protein to primary
amines of the opposite protein. Fc-tagged and His-tagged NgR1 were dialyzed in Cross-
linking Buffer A each and 113033 in Crosslinking Buffer B overnight at 4 °C. A 10-
fold molar excess of EDC was added to the NgR1 samples and incubated for 15 min at
RT. Subsequently, a 10-fold molar excess of NHS was added and incubated for another
15 min at RT. 20 mM [-mercaptoethanol was added to inactivate EDC and a sufficient
amount Crosslinking Buffer B was added to adjust the pH. Finally, pl3033 was added
for crosslinking and incubated for 2 h at RT. The reaction was quenched by the addition
of 33 mM Tris-HCI and the samples were analyzed by SDS-PAGE.

Deglycosylation Assay

For removal of N-linked glycans from NgR1 expressed in mammalian cell culture, a
deglycosylation assay was performed. For this, 20 ug of protein was mixed with 2.5 uL
of PNGase F (New England BioLabs) and 2puL 10x Glycobuffer. The samples were
incubated at 37 °C at 110 rpm overnight and subsequently analyzed by SDS-PAGE.
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3.2.4 X-ray Crystallography
Crystallization of HAdV37 FK

The HAdV37 FK was crystallized as described previously [164]. Briefly, purified and
sterile-filtered HAdV37 FK at a concentration of 12—-13mgmL ™! was crystallized at
20°C using hanging drop vapour diffusion in a crystallization condition containing
26-29 % (wl/v) polyethylene glycol 8,000, 50 mM zinc acetate, and 100 mM HEPES
(pH 6.9-7.2). The inhibitor compounds ME1123, ME1145, and ME1146 were dissolved
in the crystallization condition at a concentration of 20 mM, and crystals were soaked for

1.5-16 h and subsequently flash-frozen in liquid nitrogen without adding cryoprotectant.

Crystallization of HAdV36 FK

The HAdV36 FK was crystallized as described previously [214]. Briefly, purified
and sterile-filtered HAdV36 FK at a concentration of 8 mgmL~! was cocrystallized at
4 °C using hanging drop vapour diffusion in a crystallization condition containing 24—
28 % (wlv) polyethylene glycol 3,350, 180-205 mM ammonium acetate, and 100 mM
BIS-TRIS (pH 5.5), supplemented with 1-10 mM ME1123, ME1145, or ME1145, and
1:1,000 diluted seed stock from HAdV36 FK-4-0-Ac-3’SL cocrystals. Crystals were
flash-frozen in liquid nitrogen using 20 % MPD as the cryoprotectant.

Crystallization of HAdV26 FK

The HAdV26 FK was crystallized according to an existing protocol [Karolina Cupelli,
personal communication [215]]]. Purified and sterile-filtered HAdV26 FK at a concen-
tration of 1.3 mgmL~! was crystallized at 20 °C using hanging drop vapour diffusion
in a crystallization condition containing 3—6 % (w/v) polyethylene glycol 6,000 and
1.8-2.0 M NaCl. The inhibitor compounds ME0462, ME1015, ME1123, ME1145, and
ME1146 were dissolved at a concentration of 20 mM in the crystallization condition and
crystals were soaked for 1.5-4h. Crystals were flash frozen in liquid nitrogen using

22.5 % (w/v) polyethylene glycol 8,000 as the cryoprotectant.

Crystallization of HAdV56 FK

For crystallization of the HAdV56 FK, various commercial crystallization screens were

tested using the Crystal Gryphon LCP (Art Robbins Instruments) liquid handling robot
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in a sitting drop vapor diffusion setup. Protein concentrations of 12, 14, and 21 mgmL~!
were screened at 4 °C and 20 °C. Best-diffracting crystals were obtained at 21 mgmL ™!
and 4 °C in PEG/Ion HT condition 16, containing 200 mM magnesium nitrate hexahydrate
and 20 % (w/v) polyethylene glycol 3,350 at pH 5.9 after 14d. Crystals were either
directly flash-frozen in liquid nitrogen using 20 % glycerol as cryoprotectant or soaked

with 3’SL or 6’SL in reservoir solution for 4 h before freezing.

Data Processing, Refinement and Analysis

Diffraction data were collected at the Swiss Light Source (SLS), beamline X06DA
(PXIII) at a wavelength of 1 A using a Pilatus 2M detector. Indexing, integration, and
scaling were carried out using XDS [216]. The phase problem was solved by molecular
replacement using Phaser [217], implemented either in the CCP4 software suit [218] or in
PHENIX [219]]. Search models were derived using the published coordinates of HAdV37
FK (PDB ID: luxe), HAdV26 FK (6fjn), the unpublished coordinates of HAdV36
FK [Manuel Liaci, personal communication], or, for HAdV56 FK, a CHAINSAW
model of the HAdV37 FK [220]. Refinement was carried out in alternating rounds
of manual model building in COOT [221]] and restraint refinement using phenix.refine
[222], including an initial simulated annealing refinement to remove model bias, three-
fold NCS restraints (for HAdV37 FK, HAdV36 FK, and HAdV56 FK), and either TLS
refinement or, for high resolution data, anisotropic B-factor refinement [223]]. BKChem
was used to compile a SMILES code for the inhibitor molecules and atomic coordinates
and restraints were generated using phenix.elbow [224,2235]]. For HAdV26 FK data, only
one arm of the trivalent ligands was modeled, as the asymmetric unit only contains one
monomer of the trivalent FK.

To calculate an anomalous double difference electron density map for confirming the
presence of a zinc ion in the inhibitor binding site, two additional data sets at the high
remote end of the zinc absorption edge (1.2821 A) and at the low remote end (1.2848 A)
were collected of HAdV37 FK crystals soaked with ME1146 [226]]. The data were
processed using XDS with FRIEDEL’S_LAW=TRUE and the fully refined high resolution
data set as reference data set. Cad from the CCP4 software suit was used to merge the
anomalous intensity data from the high remote dataset and the low remote dataset as well
as phase information from the high resolution dataset [227]. Subsequently fft [228] was

used to calculate an anomalous double difference electron density map.

44



3.2 Methods

All figures were prepared using PyMol [229]. For surface charge analysis, the APBS
Tool2.1 plugin for PyMol was used [230]. Refinement statistics and PDB accession
codes are listed in Tables[8] ST} [S2} and [S3]

3.2.5 Cryogenic Electron Microscopy
Sample preparation and Vitrification

For preparing the sample for cryoEM analysis, purified T3D virions (prepared by Danica
Sutherland, Department of Pediatrics, University of Pittsburgh School of Medicine,
Pittsburgh, Pennsylvania, USA) were incubated with 8 mgmL~! His-tagged NgR1 in
a 1:4 (V/V) ratio or with PBS as unliganded control for 4 h at 4 °C. Quantifoil R3.5/1
copper grids were glow-discharged and 4 uL sample were applied, blotted for 3.5s at
18 °C and 90 % humidity, and plunge-frozen in liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific).

Data Collection and Processing

The specimens were imaged at 300kV on a JOEL 3200 FSC cryo-electron microscope
and a direct detector K2 summit camera (Gatan) in the NIH-funded National Center
for Macromolecular Imaging at Baylor College of Medicine, Houston, Texas, USA.
SerialEM was used to collect movie stacks at 20,000x magnification, corresponding to a
pixel size of 1.71 A [231]]. Each movie stack was fractioned in 50 subframes with a total
dose of 0.55 electrons/A”. Image alignment and beam induced motion correction was
carried out using the alignframes script from the IMOD software package [232]. For
subsequent image processing and 3D-refinement, various algorithms from EMAN2.3
were used [233,234]]. To evaluate the micrograph quality based on their power spectra,
eZ2evalimage.py was used and bad micrographs were sorted out manually. Initially, 7,182
ReoV-NgR1-complex particles and 11,046 unliganded ReoV particles were picked by
a combination of the convolutional neural network particle picker and visual particle
selection using e2boxer.py [235]. For CTF correction e2ctf.py was used, and reference-
free two-dimensional (2D) class averages were calculated using e2refine2d.py. Good
class averages, which were clearly representing a virus particle, were selected to generate
an inital three-dimensional (3D) model using e2initialmodel.py with icosahedral symme-

try restraints. The initial reconstruction was randomized to approximately 30 A and used
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as starting model for 3D refinement using e2refine_easy.py. E2evalrefine.py was used to
sort out low-quality particles for further rounds of 3D refinement. Finally, 1,648 ReoV-
NgR1-complex and 5,954 unliganded ReoV particles of high quality were selected and
the 3D reconstructions were refined to final resolutions of 8.9 A and 7.2 A, respectively,
according to the Gold Standard Resolution FSC plot of EMAN2.3 at a threshold of 0.143.

Structural Analysis

The 3D reconstructions were visualized using UCSF Chimera [236]. Atomic coordinates
for NgR1 (PDB ID: lozn) [193], 02 (1ej6) [2377]], and the 03 subunits of wl3033 (1jmu)
[72] from published crystal structures as well as for nl and A2 (7ell), and A1 (7elh) from
a cryoEM reconstruction [76] were fitted into the asymmetric unit of the virus particle
using the Fit in Map tool from Chimera. To improve the fit and reduce intermolecular
clashes, a single real space refinement run using phenix.real_space_refine including sim-
ulated annealing was performed [238]]. The ReoV map was subtracted from the ReoV-
NgR1-complex map using the vop command in UCSF Chimera to calculate a difference
density map. For calculating RMSDs, the align and rms_cur command in PyMol were

used. All figures were prepared using either PyMol or UCSF Chimera.
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4. Structural Analysis of HAdV56 FK
Binding Sites for CD46 and Sialic Acid

Contribution of others

The expression plasmid was provided and SPR and infection inhibition assays were
performed by Dr. David Persson, Lars Fringsmyr, and Prof. Dr. Niklas Arnberg,
Department of Virology, Umea University, Sweden. Katja Mindler assisted during her
lab rotation project with protein purification, crystallization, and structure refinement

under my supervision.

4.1 Results

Preliminary infection assays of the viral vector candidate HAdV56 have determined
CD46 as attachment factor [Niklas Arnberg, personal communication]. However, the
CD46 binding site on HAdV56 is unknown. Other HAdVs such as HAdV11 and
HAdV21 bind CD46 via their fiber knob domain. Therefore, the aim of this project
was to crystallize the HAdV56 FK, determine the atomic structure, and evaluate whether

the CD46 binding site is conserved over the various serotypes of HAdVs.

4.1.1 Purification of HAdV56 Fiber Knob

The pQE-30 XA expression vector (provided by Dr. David Persson) encodes for amino
acids 167-362 of the HAdV56 FK domain and an additional N’-terminal His6-tag for
affinity chromatography. The protein was expressed in BL21(DE3) E. coli cells, which
were subsequently lyzed by sonication. His-tagged HAdV56 FK was purified from the
cleared supernatant via nickel affinity chromatography (see in order to remove
most of the impurities. A final size exclusion chromatography was performed to remove
soluble aggregate.

SDS-PAGE analysis of the SEC peak fraction revealed bands for the monomer at
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Figure 8) Purification of HAdV56 FK. A: IMAC chromatogram of HAdV56 FK purification showing a single peak during gradient
elution and a single band at 24 kDa at SDS-PAGE analysis. B: The subsequent SEC chromatogram reveals a single peak, and SDS-
PAGE analysis reveals bands at 24 kDa and 65 kDa corresponding to the HAdV56 FK monomer and trimer, respectively. Additionally,
a smeary band between 30 kDa and 40 kDa is visible.

24 kDa, the trimer at approximately 65 kDa, and a smeary band between 30kDa and
40 kDa, presumably displaying an artifact of sample preparation. Analytical size exclusion
chromatography revealed a sharp, monomeric peak at an elution volume of 1.58 mL,
which corresponds to a molecular weight of 47 kDa (see A).

4.1.2 Crystallization and Structure Determination

For crystallization of HAdV56 FK, various commercial crystallization kits were screened
and resulted in crystals in PEG/Ion HT condition 16 containing 200 mM magnesium
nitrate hexahydrate and 20 % (w/v) polyethylene glycol 3,350 at pH 5.9 at 21 mgmL~!

HAdV56 FK (see B).
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Figure 9) Crystallization of HAdV56 FK. A: Analytical SEC chromatogram of
HAdV56 FK showing a single peak at an elution volume of 1.58 ml corresponding
to a molecular weight of 47 kDa. B: Crystals at 21 mgmL~! HAdV56 FK in PEG/Ion
Ht condition 16.

Data were collected to a high resolution limit of 1.38 A at the SLS beamline X06DA
(PXIII) and processed using XDS. Crystals grew in space group C 1 2 1 comprising
four HAdV56 FK trimers per asymmetric unit at a solvent content of 49.0 %. The
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phase problem was solved by molecular replacement using a HAdV37 FK model (76 %
sequence identity), which was truncated to contain only atoms that are identical for
HAdV37 and HAdVS56. Subsequently, the structure was refined using COOT and

phenix.refine (data processing and refinement statistics see [lable 8§]).

Table 8) Data processing and refinement statistics of HAdV56 FK structures.

HAdV56 FK | HAdV56 FK + 3’SL
Data processing
Space group Cl21 Cl21
Cell dimensions
a, b, c[A] 132.2,182.1, 116.8 132.4,181.9, 117.1
o, B,v[°] 90.0, 118.6,90.0 90.0, 118.5,90.0
Resolution (high resolution bin) [A] | 49.1-1.38 (1.46-1.38) | 44.9-1.75 (1.85-1.75)
Reflections overall 3,352,647 (507,196) 1,684,422 (259,199)
Reflections unique 491,039 (77,802) 244.391 (39,186)
Redundancy 6.8 (6.5) 6.9 (6.6)
Completeness [%] 98.9 (97.0) 99.7 (99.1)
I/o (I) 12.41 (1.15) 11.35 (1.29)
Rineas 8.6 (146.1) 14.9 (148.0)
CCypp 99.9 (47.9) 99.8 (51.4)
Wilson B [A”] 23.7 30.4
Refinement
No. of atoms total 20,234 19,556
protein 18,081 17,301
ligand - 148
solvent 2,153 2,107
Ryork / Reree [%] 13.4/16.7 17.3/20.9
R.m.s.d bonds [A] 0.010 0.011
R.m.s.d angles [°] 1.09 1.11
B factor overall [Az] 27.6 32.7
protein 25.7 31.5
ligand - 454
solvent 41.6 41.0
Ramachandran [%]
favored 96.21 95.38
allowed 3.79 433
outlier 0 0.09

4.1.3 Structural Analysis of the Putative CD46 Binding Site

The HAdV56 FK adopts a fold that is very similar to existing FKs, with a central [3-

sandwich at each protomer and various surface loops that define the receptor interactions

(see [subsection 1.4.1). Existing crystal structures of CD46 in complex with HAdV11
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Chapter 4 Structure of HAdV56 Fiber Knob

or HAdV21 show a noticeably conserved binding motif at the side of
the knob domain involving the HI, DG, GH, and 1J loops. To compare the sequence
conservation of crucial residues, a sequence alignment of HAdV56, the high-affinity
CD46-binders HAdV35, HAdV21, HAdV11, and the low-affinity CD46-binder HAdV7
was performed A). Interestingly, critical residues at HAdV11 (N247, R280,
N283, D284, Q305) and HAdV21 (R247, Y263, T280, N304) are also partly conserved
for HAdV35 and HAdV7, but completely missing at HAdV56. Furthermore, there are
gaps of 3-6 residues in the GH, DI, and IJ loops, while the DG loop is elongated by
two additional amino acids. In summary, the sequence alignment reveals significant
differences at the crucial loop sections.

Superposition of the HAdV56 crystal structure with species B liganded HAdV 11, un-
liganded HAdV 11, and HAdV7 FKs depicts significant structural differences

A DG GH HI 1J

HAdV56 285 NLVAYPKPTAGSKKYARDIVYGNIYLGGKPD- - -QPVTIKTTFNQ- - -ETGCEYSITFDFSWAKTYV------ NVEF 349
HAdV35 236 STTAYPFNTTTRD- -SENYIHGICYYMTSYDRSLFPLNISIMLNSRMISSNVAYAIQFEWNLNASESPES--NIATL 308
HAdV21 236 STTAYPFNTTTRD- -SENYIHGICYYMTSYDRSLVPLNISIMLNSRTISSNVAYAIQFEWNLNAKESPES--NIATL 308
HAdV11 238 STTAYPFNDNSRE - -KENYIYGTCYYTA-SDRTAFPIDISVMLNRRAINDETSYCIRITWSWNTGDAPEVQTSATTL 311
HAAV7 256 STTAYPFNVNSRE - -KENYIYGTCYYTA-SDHTAFPIDISVMLNQRALNNETSYCIRVTWSWNTGVAPEVQTSATTL 329

A A A AA AA AA A
B

CD48-D2
HAAV-DE8
HAJV-B11 unliganded

HAV-E11 liganded
wififh CDAG-DR2

Figure 10) Sequence alignment and structural superposition of the loops involved in CD46 binding at HAdV11, HAdV7 and
HAdV56. A: Sequence alignment of HAdV56, HAdV35, HAdV21, HAdV11, and HAdV7 performed with Clustal Omega [211]] and
visualized using JalView [213]. Amino acid conservation is colored in blue according to the BLOSUMG62 matrix, critical residues
for CD46 interaction are marked by red arrowheads. B: Superposition of the main interacting HI, DG, GH, and 1J loops of HAdV11
(blue) in complex with CD46-D2 (red), unliganded HAdV11 (faint blue), HAdV7 (cyan) and HAdVS56 (orange). Modified from
”Human species D adenovirus hexon capsid protein mediates cell entry through a direct interaction with CD46”, Persson et al.,
Proceedings of the National Academy of Sciences, 118(3):¢2020732118 [239].
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B). The DG loop conformation of CD46-binding FKs was observed as either retracting,
resulting in a more stable conformation (HAdV11), or protruding, which provides
slightly more flexibility (HAdV21). However, the HAdV56 DG loop is elongated by two
amino acids and as a consequence turned upwards in a way that the corresponding amino
acids are out of reach for CD46. In contrast, the remaining loops HI, GH, and 1J are
significantly shorter compared to HAdV11 and HAdV7, and are likewise not accessible
for CD46 interaction. The overall structural conformation of the relevant HAdV56 FK
loops in combination with the sequence difference of key residues makes CD46 binding

at the known binding site unlikely.

4.1.4 Structural Analysis of the Sialic Acid Binding Site

Another common attachment receptor of species D HAdVs is sialic acid. Sequence
alignment of the HAdV56 FK with known sialic acid binding HAdV serotypes 37, 36,
and 26 shows a strong conservation of distinct residues involved in binding, namely
N307, Y309, and K342 (see A). The electrostatic surface potential at the
top of the HAdV56 FK is significantly positive, similar to HAdV37, and especially the
grooves between single protomers, where sialic acid binds, are highly positively charged.
In contrast, non-sialic acid binding HAdV19 and HAdV3 FKs have a clearly negative
electrostatic surface potential at the top of the fiber knob, which prevents binding of the

alike negatively charged sialic acid.

A

HAdV56 299 --YARDIVYGNIYLGGKPDQPVTIKTTENQE- -TGCEYSITFDFSWAKTYVN-VEFETTSFTFSYIAQE----- 362

HAdV37 302 --YARDIVYGTIYLGGKPDQPAVIKTTENQE- -TGCEYSITENFSWSKTYEN-VEFETTSFTFSYIAQE- - - - - 365

HAdV36 303 VSQGKNKIVSNIYLGGEVYQPGFIVVKFENQETDANCAYSITFDFGWGKVYKDPIPYDTSSFTFSYIAQE----- 371

HAdV26 304 --YSRTKIISNVYLGALTYQPVIITIAFENQETENGCAYSITETETWQKDYSA-QQFDVTSETESYLTQENKDKD 374
A A A AA

/' T X7 /
HAdV56 HAdV37 HAdV19

Figure 11) Sequence alignment and surface charge analysis. A: Sequence alignment of HAdV56 FK with the FKs of sialic
acid-binding HAdV37, HAdV36, and HAdV26. Amino acid conservation is colored in blue according to the BLOSUMG62 matrix,
critical residues for sialic acid binding of HAdV37 are marked by red arrowheads. B: The surface charge of HAdV56 FK, HAdV37
FK, HAdV19 FK, and HAdV3 FK is displayed in a color gradient from —5kT (red) to 5SkT (blue).
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Chapter 4 Structure of HAdV56 Fiber Knob

To validate the sialic acid binding, HAdV56 FK crystals were soaked with 3’SL and
subsequently the structure was determined. Unambiguous electron density was observed
for the sialic acid moieties in two of the four fiber knob trimers within the asymmetric
unit. Some additional electron density for the neighboring galactose moieties is visible,
however modeling was only possible in two cases. The remaining two trimers in the
asymmetric unit are arranged head-to-head, and thus the binding site is not accessible
for soaking.

The binding mode of sialic acid is the same as observed for HAdV37. Three direct
polar contacts are formed by one protomer via Y309, P314, and K342 to the C3-
hydroxyl group, the N-acetyl group, and the C2-carboxyl group, respectively, and they
are essentially the same as for HAdV37 (see [Figure 12). On the opposite side of the
sugar, N307 also forms a direct polar contact to the hydroxyl group of the N-acetyl
moiety, while T310 in HAdV37 interacts via a water molecule. The water-mediated in-
teraction of S344 from the HAdV37 I 3-strand to the C7-hydroxyl is replaced by T319
from the HAdV56 H (3-strand. There are no differing contacts observed and RMSD
calculation revealed an average atomic displacement of 0.38 A of the sialic acid moiety,

hence no shift in the binding pocket.

{ \\ Neu5Ac

Figure 12) Structural superposition of sialic acid binding sites of HAdV56 and HAdV37. A+B: Amino acids of HAdV56 (A)
and HAdV37 (B) involved in binding of sialic acid (yellow) are displayed as sticks in orange and gray, respectively, water molecules
as spheres (red), and polar interactions as dashed lines (black).

52



4.2 Discussion

4.2 Discussion

4.2.1 HAAV56 FK Does Not Bind CD46

The expression and purification of the HAdV56 FK domain yielded highly pure protein,
as confirmed by analytical SEC, in sufficient quantity for a large-scale crystallization
screening. The obtained crystals comprised four trimeric knob domains per asymmetric
unit. Although two of the trimers are arranged in a way that blocks the sialic acid binding
site, the overall loop geometry is not affected by crystals contacts and thus comparable
in all four knobs.

In the published complex structures, the interaction surfaces of CD46 and the respective
knob domains complement each other very well, and subtle changes drastically affect
the binding affinity. HAdV11 has a Kp of 11 nM for binding CD46-D2 [153]. At this
interaction, R280 forms an important salt bridge by changing its orientation from the un-
liganded state upon CD46-binding [152]]. R279 is important for stacking against R280 to
stabilize this interaction. In both HAdV7 and HAdV 14, R279 is mutated to Q279 and the
Kp values drop to 35 uM and 27 uM, respectively, for CD46-D2 [240]]. While the overall
loop conformation is almost identical, this single amino acid mutation leads to a 1000-
fold loss of affinity. As the loop conformation of HAdV56 is clearly altered compared to
the CD46-binding HAdV7 and HAdV 11, an interaction at this site is unlikely.

To check whether the HAdV56 FK is actually involved in cell attachment, infection
assays using soluble protein for competition were performed (by Dr. David Persson)
[239]. Preincubation of CHO-CD46 cells with soluble HAdV35 FK inhibits infection,
thus the FK competes with HAdV56 virus for the CD46 binding site. In contrast, soluble
HAdV56 FK does not block the infection of CHO-CD46 cells. Also SPR experiments
confirmed, that soluble HAdV35 FK interacts with CD46, while HAdV56 FK does not
(see A) [239]. In summary, the structural and biological data suggest that the
HAdV56 FK is not the interaction partner for CD46-mediated attachment.

4.2.2 CD46 Interaction is Mediated by the HAdV56 Hexon

It follows that there must be another HAdV56 capsid protein that interacts with CD46
for cell attachment. Further SPR studies could identify the HAdV56 hexon to interact
with CD46 (see B) [239]]. The biological relevance of the HAdV56 hexon as

attachment receptor was additionally verified by cell-based transduction assays. Preincu-
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Figure 13) SPR Analysis and Transduction Assays Confirming CD46 Interaction With HAdV56 Hexon. A-B: SPR analysis of
the HAdV56 FK (A) and the HAdV56 hexon (B) on the immobilized CD46 ectodomain. C: HAdV56 transduction assays of A549
cells in the presence of soluble HAdV56 hexon (green), HAdV26 hexon (red), and HAdV56 FK (black) . Modified from ”Human
species D adenovirus hexon capsid protein mediates cell entry through a direct interaction with CD46”, Persson et al., Proceedings
of the National Academy of Sciences, 118(3):2020732118 [239].

bation with soluble HAdV56 hexon as well as with HAdV26 hexon inhibits infection of
A549 cells, while HAdV56 FK does not (see C). CryoEM analysis of the
HAdV56 virion in complex with CD46 revealed a potential CD46 binding site at the
center of the hexon. However, the moderate resolution did not allow to propose a detailed
interaction mechanism.

Interestingly, soluble CD46 was able to inhibit infection for a large number of species
D HAdVs, but never completely. Therefore, either the binding affinity or concentration
of soluble CD46 was insufficient. Alternatively, it is possible that the viruses are not
depending on a single receptor, but are capable of an alternative attachment pathway,
which is independent of CD46. The conserved sialic acid binding site at the FK domain
could be involved in this second pathway. New HAdV serotypes are usually emerging by
recombination of the three main structural protein encoding genomes - penton, hexon,
and fiber. In case of HAdV56 for example, this type has the the almost identical (99%)
fiber of HAAV9 [52, 241, 242]. Possibly, the ability to bind sialic acid is rather a
recombination artifact and not obligate for infection, but can still be recovered as backup
in case CD46-mediated attachment is blocked.
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4.2.3 Novelty of a Second Attachment Receptor Binding Site

While it is not uncommon for a virus to utilize different host receptors for cell attachment,
this is the first time that the HAdV hexon has been involved in this interaction, and it is
also undescribed so far among viruses that two different capsid proteins are capable of
viral attachment. Although the penton base is known to bind integrin, similar to the
ReoV A2 capsid protein, this occurs at a later stage of viral uptake and is not required for
initial attachment to the host cell.

For most other viruses, so far only a single viral protein is described for being
responsible for host cell attachment. SARS-CoV1 and SARS-CoV?2 bind the Angiotensin-
converting enzyme 2 (ACE2) via the surface spike protein [243]. Polyomaviruses bind
to oligosaccharides featuring a terminal sialic acid, either in form of gangliosides or
glycoproteins, using the major capsid protein VP1 [244]. Similarly, human influenza
viruses only use hemagglutinin to bind «2,3-linked sialic acid [245]. Rotaviruses,
which belong to the reovirus family, utilize several receptors depending on the serotype,
including sialic acid, the heat shock cognate protein hsc70 [246], and HBGAs, which are
all recognized by trypsin-cleaved subdomains of the VP4 spike protein [247, 248, [249,
250]].

However, within a virus family, the capsid protein can adapt in a species-dependent

manner to bind the preferred receptor molecule of the respective target host cell. As

described in|subsection 1.4.1} the HAdV FK binds to various host receptors depending on

the type, and there are even different binding sites for sialic acid in case of HAdV52 and
the species D HAdVs. For some viruses, especially smaller ones like polyomaviruses,
there is only a single outer capsid protein present for binding an attachment receptor.
In other cases, the protruding spike proteins of coronaviruses and reoviruses or the
hemagglutinin of influenza viruses are more accessible compared to other capsid proteins.
Although binding a receptor does not necessarily require much space or interaction area,
the probability of adapting to a new receptor is higher for exposed capsid proteins due to
a more frequent contact with the cell surface. In this respect, the discovery of a second
capsid protein, which is not protruding as prominent from the virus surface, but still
involved in viral attachment, is even more remarkably. The fact that in case of CD46,
one receptor is recognized by two different viral proteins within a highly similar group of
viruses, highlights the complexity and the need for further research on viral propagation

within humans to prepare for upcoming virus pandemics.
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S. Adapting Trivalent Sialic Acid
Inhibitors to HAdV37, HAdV36, and
HAdV26

Contribution of others

The inhibitor compounds were designed by Dr. Manuel Liaci (University of Tuebingen)
and designed and synthesized by Dr. Emil Johannson, Dr. Rémi Caraballo and Prof.
Mikael Elofsson (Department of Chemistry, Umed University, Sweden). Affinity and
infection assays were performed by Dr. David Persson, Katarina Danskog, and Prof.
Niklas Arnberg (Department of Clinical Microbiology, Umea University, Sweden). Crys-
tallization, data collection, and data processing of HAdV36 in complex with ME0462
was performed by Gregor Wiese and Dr. Manuel Liaci, and of HAdV37 and HAdV36 in
complex with ME1015 by Paul Bachmann. Patrick Worz assisted with the purification of
HAdV36 FK protein and refinement of the HAdV37-ME1123 complex structure during
his lab rotation.

5.1 Results

The first part of this project aims to further improve the established trivalent inhibitors
for HAdV37 [170]. Based on existing structural data, a new generation of molecules
was designed and synthesized. In contrast to the 2" generation inhibitor ME0462, the
spacers’s triazole ring of the novel compounds ME1123 and ME1146 is flipped (see
A and B) and directly coupled to the anomeric C2 carbon of the sialic acid
group, without intermediate oxygen atom. This results in a shorter linker between core
and sialic acid and an overall more compact structure of the compounds. The linkage
via either one or two carbons to the core amine (ME1123 and ME1146, respectively)

allows for determining the ideal distance of the sialic acid moieties from each other.
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ME1146

oH 02
|

Figure 14) 34 generation of trivalent sialic acid inhibitors. A-D: Chemical structures of ME1123 (A), ME1146 (B), ME1015
(C), and ME1145 (D). The sialic acid carbon, which is linked to the triazole group, is labeled in red, the spacer length in blue.

Additionally to HAdV37, crystal structures of HAdV36 and HAdV26 in complex with

the 3™ generation inhibitors were solved to evaluate binding of these compounds to

further HAdV serotypes.
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5.1.1 Crystallization, Data Collection, and Data Processing
5.1.1.1 Crystallization of HAdV37 FK

The HAdV37 FK was purified and crystallized as described before (see A
and and soaked for 1.5-16h with 20mM of each compound prior to data
collection at the SLS beamline X06DA (PXIII) [164]. Crystals grew in space group P 21
with one HAdV37 FK trimer per asymmetric unit and diffracted to high resolution in a
range of 1.54-2.05A. The phase problem was solved by molecular replacement using
the published coordinates of the HAdV37 FK (PDB ID /uxe). For refinement, three-fold
NCS restraints and either TLS or anisotropic B-factor refinement were applied. Data
collection and refinement statistics are summarized in [Table STl

5.1.1.2 Crystallization of HAdV36 FK

The HAdV36 FK was purified and crystallized as described previously [214]. In
summary, His-tagged HAdV36 FK (amino acids 168-373) was expressed in E. coli cells
and purified by IMAC from the cleared cell lysate. The affinity tag was removed by TEV
cleavage and subsequently a SEC for polishing and a second IMAC to remove uncleaved
protein were performed (see [Figure S3)). The protein was concentrated to approximately
8 mgmL~! and cocrystallized with 1-10 mM of each inhibitor (seeB). Crystals
grew in space group P 21 21 2 (for ME0462) or P 21 21 21 (all other ligands) containing
one HAdV36 FK trimer per asymmetric unit. Data sets were obtained to high resolution
of 1.25-2.30 A and the phase problem was solved by molecular replacement using the

coordinates of unliganded HAdV36 FK [Manuel Liaci, personal communication]. Three-

100 ym

Figure 15) Representative crystals of HAdV37-, HAdV36-, and HAdV26-inhibitor complexes. A: HAdV37 FK crystals soaked
with ME1146. B: Cocrystal of HAdV36 FK with ME1145. C: HAdV26 FK crystal soaked with ME1015.
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fold NCS restraints and either TLS or anisotropic B-factor refinement were applied for

refinement. Data collection and refinement statistics are summarized in

5.1.1.3 Crystallization of HAdV26 FK

For purification of HAdV26 FK, amino acids 178-373 with a N’-terminal His-tag were
expressed in E. coli cells and purified from cleared cell lysate by IMAC. After cleavage
of the affinity tag by trypsin overnight, uncleaved protein was removed by a second
IMAC step and a final SEC was performed for polishing (see [Figure S2)). The protein
was crystallized at 20 °C overnight, and crystals were soaked with 20 mM inhibitor for
1.5-4h (see C). Crystals grew in the cubic space group P 21 3 containing one
protomer of the HAdV26 FK in the asymmetric unit, where the FK trimer is formed
by a crystallographic three-fold axis. Data were collected to high resolution ranging
from 1.10-1.65 A. The phase problem was solved by molecular replacement using the
published coordinates of HAdV26 FK (PDB ID 6fjn), and for refinement three-fold NCS
restraints as well as anisotropic B-factor refinement were applied. Data collection and
refinement statistics are summarized in

5.1.2 Structures of C2-linked Inhibitors

Both ME1123 and ME1146 display comparable electron density in the respective FK
crystal structure despite different spacer length, hence only data for ME1123 are shown
here representatively (see for ME1146). In HAdV37 as well as HAdV26
complexes, complete electron density is observed for each ME1123 and ME1146, which
allowed modeling of the whole ligand unambiguously into the difference electron density
map. Calculation of a simulated annealing omit difference electron density map omiting
the inhibitor and atoms in 5 A proximity confirmed the ligand density (see A
and C). Interestingly, both HAdV37-ME1146 and HAdV26-ME1146 structures showed
additional electron density in a cavity at the center of the three triazole rings, which is
described in more detail in section[5.1.3

In contrast, the maps for HAdV36 displayed only partial electron density for both
ligands. While for ME1146 at least all three sialic acid moieties could be fully modeled,
the ME1123 dataset allowed only modeling of two of the sialic acids (see B).
A crystal contact at one of the sites stabilizes the C8- and C9-hydroxyl groups of the

sialic acid, resulting in a clearly better resolved glycerol chain at the C6 carbon. From
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Figure 16) Difference electron density maps and intermolecular interactions of ME1123 in complex with HAdV37, HAdV36,
and HAdV26. A-C: Simulated annealing omit difference electron density maps of HAdV37 FK (A), HAdV36 FK (B), and HAdV26
FK (C) oF ME1123 depicted as blue meshes at a level of 3 o and a radius of 1.6 A around the ligand. D—F: Intermolecular interactions
of HAdV 37 FK (D), HAdV36 FK (E), and HAdV26 FK (F) with ME1123. Water molecules are displayed as red spheres and
hydrogen bonds as black dashed lines.

the spacer and core segments of ME1123, only the triazole ring atoms could be modeled
into the electron density map. However, the distance between the triazole rings is too
large to be connected by the remaining spacer atoms of a single inhibitor molecule.

The intermolecular interactions between inhibitor and FK are similar for all three
HAdVs. Direct hydrogen bonds from one protomer are formed by a lysine, tyrosine,
and the backbone of either proline, valine or tyrosine residues to the inhibitors’ C2-
carboxyl, C4-hydroxyl, or N-acetyl groups, respectively. In HAdV37, the binding groove
is slightly wider compared to HAdV36 and HAdV 26, therefore water-mediated hydrogen
bonds via S344 to the C7-hydroxyl and via G309 as well as T310 to the N-acetyl group
are formed from the second protomer. HAdV36 forms a water-mediated hydrogen bond
via W348 to the C9-hydroxyl and a direct hydrogen bond via N313 to the N-acetyl. The
HAdV26 binding pocket is the narrowest and forms direct contacts to the sialic acid via
N348 to the C9-hydroxyl and via N312 to the N-acetyl as well as via a neighboring water
molecule to the C7-hydroxyl group.
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All of the structures share that the triazole ring is pointing upwards from the sialic
acid towards the center of the FK trimer. This results in an elevated position of the
core amine on top of the fiber knob, leading to a ”bell-like” conformation of the whole
inhibitor molecule. Unfortunately, this shape seems not suitable for HAdV36, as all
three binding sites were never fully occupied by a single inhibitor molecule of either
ME0462, ME1123, or ME1146. However, the HAdV36 FK was recently shown to bind
a rare 4-O-acetylated sialic acid variant in glycan array experiments as well as in crystal
structures [Liaci et al., unpublished manuscript]. Based on these structural data, the
new inhibitor variants ME1015 and ME1146 were designed, switching the linkage of
the triazole spacer from the C2 position of the sialic acid ring to the C4 position (see
[Figure 14)). Thereby, the native O-acetyl group of the 4-O-acetylated sialic acid variant
is replaced by the triazole ring of the spacer, while a methyl group is attached at the C2-
hydroxyl position. Crystal structures of HAdV37 FK, HAdV36 FK, and HAdV26 FK
in complex with each inhibitor were solved to evaluate the ability to bind the C4-linked

compounds.

5.1.3 Structures of C4-linked Inhibitors

Similar to the C2-linked inhibitors, the spacer length did not influence the overall binding
mode of ME1146 and ME1015 significantly, hence only data for the first are shown
representatively (see for ME1015). All three HAdV maps, including the one
for HAdV36, display complete electron density for the ligands, hence they could be
modeled unambiguously into the difference electron density maps. In contrast to the C2-
linked inhibitors, a complete, single inhibitor molecule is clearly visible in the HAdV36
structures. Simulated annealing omit difference electron density maps confirmed the
presence and conformation of the ligands in the crystal structures (see A-C).

The sialic acid moiety is bound similarly to the C2-inhibitor structures, with one
altered hydrogen bond from the FK tyrosine, which is now formed to the triazole ring
instead of the C4-hydroxyl group. Interestingly, the HAdV26-ME1145 complex is the
only exception to this: Here the triazole ring is flipped in a way that no interaction to
Y314 is possible (further details see section [5.1.5).

The switch of the spacer to the C4 position at the sialic acid ring influences the
overall conformation of the inhibitor. The triazole ring is now pointing downwards

into the center of the trimeric fiber knob interface, placing the core nitrogen slightly
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Figure 17) Difference electron density maps and intermolecular interactions of ME1145 in complex with HAdV37, HAdV36,
and HAdV26. A-C: Simulated annealing omit difference electron density maps of HAdV37 FK (A), HAdV36 FK (B), and HAdV26
FK (C) oF ME1123 depicted as blue meshes at a level of 3 o and a radius of 1.6 A around the ligand. D—F: Intermolecular interactions
of HAdV 37 FK (D), HAdV36 FK (E), and HAdV26 FK (F) with ME1145. Water molecules are displayed as red spheres and
hydrogen bonds as black dashed lines.

below the level of the sialic acid moieties. Overall, the inhibitor molecules adopt rather a
”goblet-like” conformation instead of a ”’bell”. This conformation allows the inhibitor to
occupy all three binding sites of the HAdV36 FK simultaneously. However, apart from
the hydrogen bond of the triazole ring, there were no additional interactions to the FK

enabled by this conformational switch.

5.1.4 Steric Influence of the Linker Switch

The first step in analyzing the steric influence of the linker switch is the superimposition
of the native, monovalent sialic acids in complex structures of HAdV37 (PDB ID /uxa),
HAdV36 (Manuel Liaci, personal communication), and HAdV26 (PDB ID 6qu8). This
reveals a slightly shifted position of the sialic acids in each FK (see A, left
panel). The HAdV36 FK-bound sialic acid (green) is located slightly further outside
and, additionally, pushed towards the opposite protomer compared to HAdV37 (blue).
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Figure 18) Sialic acid ring shifts at the binding site. A: Superimposition of Neu5SAc (left) and ME1145 (middle: overview; right:
close-up view) in binding pockets of HAdV37 (blue), HAdV36 (green), and HAdV26 (white). NeuSAc and ME1145 are displayed
in stick representation, HAdV26 trimer in surface representation as orientation. B: Relative shift of ME1123 (cyan) compared to
NeuSAc (white) at HAdV37 (left), HAdV36 (middle), and HAdV26 (right) indicated by arrows. C: Relative shift of ME1145
(magenta) compared to NeuSAc (white) at HAdV37 (left), HAdV36 (middle), and HAdV26 (right) indicated by arrows.

At HAdV26 (white), the carbohydrate sits slightly elevated and further inside towards
the center of the binding pocket.

A similar placement is also observed upon superimposing the inhibitors in a second
step, exemplified at the well-resolved ME1145 (see[Figure T8 A, middle and right panel).
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The inhibitor’s sialic acid group in the HAdV36 binding pocket is positioned further
outside and closer to the opposing protomer compared to HAdV37. In HAdV?26, it is still
located rather towards the center of the FK trimer, but closer to the HAdV37 inhibitor
position as in the monovalent sialic acid structures.

Finally, the relative position of the inhibitor’s sialic acid group compared to monovalent
sialic acid within each FK domain is examined for the C2-linked ME1123 and the C4-
linked ME1145 (see B and C). For ME1145, which is completely modeled in
all crystal structures, a similar up- and outward shift of the pyranose ring is evident in
all three HAdV structures. Importantly, the binding interface of the FKs is not altered
significantly, only the inhibitor molecule is displaced. In contrast, the ME1123 pyranose
ring is shifted in- and downwards only in the well resolved HAdV37 and HAdV26 crystal
structures, while the partial inhibitor molecule at HAdV36 is displaced in the contrary
direction. Noticeably, the distance of the amino acids Y315 and N313, which are closest
to the center of the FK trimer and interacting with the C4-hydroxyl and N-acetyl at the C5
position of sialic acid, is shorter at HAdV36 (4.1 A) compared to HAdV26 (4.8 A) and
HAdV37 (6.0 A)(see D-F), thus making the binding pocket narrower at this
position. Especially Y315 is more protruding and a potential obstacle, while HAdV37
and HAdV26 provide a more open and flexible binding cavity towards the center of the
FK domain. In summary, the relative position of the inhibitors’ sialic acid moieties is
clearly linked to the ability of occupying all three binding sites simultaneously with a

single molecule.

5.1.5 Zinc Chelating Ability of ME1146

The ligand binding site of the HAdV37-ME1146 crystal structure revealed additional
electron density at the center of the triazole ring arrangement, which could not be
explained by the ligand or water molecules (see A). Similar density is also
present in the HAdV26-ME1146 as well as the HAdV26-ME1145 crystal structures.
However, in these cases it is directly located on the crystallographic three-fold axis,
therefore a conclusive evaluation remains challenging. The additional electron density
at the HAdV37-ME1146 structure after ligand refinement appears well coordinated and
resembles a metal ion binding site. Since the crystallization condition of HAdV37 FK
contains 50 mM zinc acetate and all published HAdV37 crystal structures have several
zinc atoms modeled at crystal contacts [164} 167,169, 170], the additional density at the
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ME1 146 binding site was suspected to be a Zn>* ion.

To confirm this, two additional datasets at the high remote end (1.2821 A) and low
remote end (1.2848 A) of the zinc absorption edge were collected and an anomalous
double difference electron density map was calculated, displaying anomalous difference
density for zinc atoms only. Obvious peaks at a level of 8 o were observed at three crystal
contacts as well as at the proposed position in the ligand binding site (see B).
The zinc ion is coordinated trigonal bipyramidal by three nitrogen atoms of the triazole
spacers in the equatorial plane, and the core nitrogen from the top and a water molecule
from the bottom in axial positions. The distance between Zn and N or O varies between
1.86-2.32A. In the HAdV26-ME1145 crystal structure the possible coordination of
zinc or any similar metal ion leads to a flip of the triazole ring, which prevents hydrogen
bonding to Y314. However, the Zn>* binding does not influence the overall position and

orientation of the sialic acid in the FK binding sites.

Figure 19) Zinc binding of ME1146. A: Simulated Annealing omit difference electron density map depicted as blue mesh at a level
of 3 o reveals additional electron density in between spacer and core of the inhibitor molecule. B: Anomalous double difference
electron density map displayed as grey mesh at a level of 8 o around the Zinc ion (grey), which is complexed trigonal bipyramidal
by three nitrogen atoms of the triazole linkers in the equatorial plane, and by the central nitrogen of the inhibitor from the top and a
water molecule from the bottom in the axial positions.
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5.2 Discussion

5.2.1 Structural Comparison of the Inhibitor Binding Modes

In the HAdV37 complex crystal structures, the C2-linked compounds ME1123 and
ME1146 are fully resolved in the electron density map. No additional contacts were
observed compared to ME(0462, that could stabilize the binding and explain the additional
electron density. However, the altered and shortened linkage of ME1123 and ME1146
allows for less possible conformations and makes the compounds slightly more rigid.
This could explain the improved electron density at this area of the complex structure.
Furthermore, it could potentially also lead to a higher binding affinity, if the conformation
given by the spacer fits ideally into the binding pocket. After initial binding of the first
sialic acid moiety, either subsequent or simultaneous binding of the remaining groups is
facilitated. However, too much rigidity is also disadvantageous, since a certain flexibility
is required for docking of the molecule.

The "bell-like” conformation of the C2-linked compounds pulls the sialic acid groups
inwards to some extent. Therefore, some open space is required at the center of the FK.
While this is feasible for HAdV37 and HAdV26, the HAdV36 binding pocket does not
allow this. The gatekeeper tyrosine identified by Liaci et al [unpublished manuscript]
plays a crucial role here. The gate formed by Y315 and N313 is much more closed for
HAdV36 compared to HAdV37 and HAdV26. This puts more steric pressure on the
pyranose ring and blocks a movement towards the inside. Therefore, binding of a single
inhibitor molecule with all three sialic acid groups is not possible.

To circumvent the steric obstacle, the linkage of the spacer to the sialic acid was
switched from C2 to C4 at the pyranose ring. This results in a ”goblet-like”” conformation
of the whole inhibitor molecule, where the spacer is pointing downwards into the center
of the FK, which may seem counter-intuitive at first glance. But due to this conformation,
the sialic acid group is slightly shifted up- and outwards. This movement facilitates the
arrangement of the inhibitor around the gatekeeper Y315, which lies in a pocket created
by the triazole — C4 — C5 — N-acetyl branch (see C middle panel). Y315 forms
a hydrogen bond with the triazole nitrogen and a van-der-Waals contact to the N-acetyl.
This allows a stable docking of the complete inhibitor molecule at all three sialic acid

binding sites simultaneously.
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5.2.2 Biological Inhibition Efficacy Depends on HAdV Type

To evaluate the biological inhibition efficacy, infection inhibition assays using A549 cells
were performed (by Dr. David Persson and Katarina Danskog). An improved inhibition
potency was determined for the C2-linked 3™ generation inhibitors for HAdV37. Com-
pared to the 2" generation ME0462, ME1123 shows a 100-fold decreased IC50, hence a
much smaller concentration is required to achieve significant inhibition of infection (see
Figure 20). The second C2-linked 3™ generation inhibitor ME1146 achieved still better
inhibition than ME0462, but not as good as ME1123. Probably the length of the spacer
influences the affinity, although there was not a big difference observable in the crystal

structure. The inhibitor concentrations were high enough to reach full occupancy in the
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Figure 20) Biological evaluation of inhibitors using A549 cells. A: Infection of HAdV37 at different concentrations of inhibitors.
B: Infection of HAdV36 at different concentrations of inhibitors. C: Infection of HAdV26 at different concentrations of inhibitors.
D: Re-infection experiment of A549 cells using virus pretreated with ME1123. Data provided by Dr. David Persson and Katarina
Danskog.
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electron density map. In a biological context, ME1146 might be slightly too large due
to the elongated linker for ideal docking into the fiber knob pocket, hence the IC50 con-
centration is slightly worse compared to ME1123. The C4-linked compounds also show
a clear inhibitory effect, however with significantly higher IC50 concentrations, and as
such they are less effective than ME0462. Apparently, the goblet-like”” conformation is
less favorable for HAdV37 binding in general.

The total infectivity is reduced to ca. 20 % upon saturation of the inhibitor. This
indicates that sialic acid is probably the primary attachment receptor for HAdV37, but
nevertheless a minor amount of virus escapes via an alternative pathway. HAdV37 was
for example shown to bind CAR, which might aid as escape mechanism in case sialic

acid based cell attachment blocked [144]. A similar phenomenon is also observed for

HAdV56 (see[subsection 4.2.2)) and seems to be not uncommon for adenoviruses.

For HAdV36, there is almost no inhibitory effect observed for all five compounds.
Even the C4-linked compounds, which were very well resolved in the complex crystal
structures, show no significant effect up to 1 mM. There are two possible explanations
for this: (i) the affinity is too low to see an effect with the concentrations used in this
assay or (i1) sialic acid is not the main attachment receptor for HAdV36. Liaci et al. [un-
published manuscript] observed an inhibitory effect of NeuSAc only for concentrations
above 10 mM, similar to HAdV37. However, while for HAdV37 the trivalency of the
compounds led to a significantly increased affinity well below the millimolar range, this
does not seem to be the case for HAdV36. On the other hand, it cannot be excluded that
there is an alternative receptor which predominantly mediates host cell attachment. CAR
was also reported to interact with the HAdV36 FK by Liaci et al. and could thus be the
potential primary attachment receptor. More biological data will be needed to clarify the
receptor preference of HAdV36.

At HAdV26 infection inhibition assays, ME1123 reaches the lowest IC50 concentra-
tion, ahead of ME1015 and ME1146. For this serotype, the type of linkage appears
to be less important compared to the length of the spacer, since the two most potent
inhibitors both comprise the shorter linker. This is consistent with the observation that
monovalent sialic acid is closer to the center of the binding pocket for HAdV26 (8.4 A
average distance of C3 atoms) compared to HAdV36 (9.4 A) and HAAV37 (9.2 A) (see
A left panel). The only compound showing no effect up to a concentration
of ImM is ME1145. Possibly due to a combination of the goblet-like shape and the

elongated spacer, this compound is slightly too large and binds only with low affinty.
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The crystal structure was soaked with a concentration of 20 mM, which was apparently
sufficient to achieve full occupancy in the calculated electron density map.

However, the overall infectivity does not decrease below ~50 % upon saturation of the
inhibitor. This is rather different to HAdV37, where the infectivity is reduced to ~20 %.
It is quite possible that there are additional attachment receptors that mediate infection
to the A549 cells. Several different attachment receptors have been postulated in recent
studies. Baker et al. describe sialic acid as primary attachment receptor. However,
they used a pseudotyped HAdAVS vector equipped with a HAdV26 FK, therefore all
interactions by other HAdV?26 capsid proteins are excluded in this experimental setup
[163]. In the meantime, it was shown that the HAdV26 hexon contributes to viral
infection via CD46 [239]. Another study by Li et al. also confirmed the dependence
on CD46 for infecting human blood and dendritic cells by blocking CD46 on the cell
surface with antibodies [251]. Recently, Hemsath et al. confirmed that CD46 is the
predominant attachment receptor and can substitute sialic acid, but sialic acid is still
capable of providing some level of infectivity [252]. The results from a study by Nestic
et al. can be interpreted similarly [253]. A CD46 knockout by siRNA reduced infectivity
of HAdV26-FK35, which served as negative control, but it did not influence HAdV26
infectivity. This strengthens the above mentioned hypothesis, as HAdV26 could still
escape the CD46-dependent pathway by usage of sialic acid, while HAdV26-FK35 is
unable to do so. HAdV35 belongs to group B HAdVs and binds CD46 with its FK, but
probably not sialic acid [254)]. A knockout of «v(33 integrin in this study significantly
reduced infectivity of both viruses. In summary, these findings of all studies fit very
well with the role of integrins rather for cell entry than for cell attachment. CD46 is
probably the primary attachment receptor, but also sialic acid can mediate infectivity to
some extent.

In a reinfection experiment, cells were first infected by HAdVs and later an inhibitor
was added to prevent reinfection of further cells. While no effect was observed for
HAdV26 and HAdV 36, consistent with the infection inhibition assays, HAdV37 exhibited
a diminished infectivity after ME1123 treatment (see D). Therefore, inhibitor
treatment could indeed slow down viral proliferation and reduce the total number of
infected cells compared to the untreated sample. Hence, targeting the sialic acid binding

site is a valid strategy for developing antiviral agents against HAdV37.
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5.2.3 Zinc Binding

The additional electron density in the complex crystal structure of ME1146 binding to
HAdV37 FK was proven to be a Zn>* ion by a double anomalous difference electron
density map around the zinc absorption edge. Since the crystallization condition contains
zinc acetate, it is likely to be a crystallization artifact. Nevertheless, it is possible
that zinc replaced another metal ion, e.g. Cu?*, which is used as catalyst during the
synthesis and could be leftover from there. This could explain additional density in the
HAdV26-ME1145 and ME1146 complex structures. Their crystallization condition does
not contain any zinc, but the conformation of the inhibitor still resembles coordinating a
charged metal ion. However, its location directly on the crystallographic three-fold axis
make a conclusive evaluation challenging in these cases.

The zinc does not influence the positioning of the sialic acid groups compared to
the other C2-linked compound ME1123. Theoretically, it could favor a certain pre-
conformation of the compound due to the trigonal-bipyramidal metal coordination,
however the presence of zinc during infection inhibition assays did not reveal any
significant influence. Rather, the conformation of the inhibitor seems to be a prerequisite
for the binding of the metal ion and not vice versa. Potentially, ME1123 could be used to
extract copper out of solutions, using the HAdV37 FK to capture the compound-copper

complex.

In summary, the structure-guided approach resulted in a new generation of inhibitor
molecules that show increased inhibition potency against HAdV37. These inhibitors
also target another serotype, HAdV26, and show a partial inhibitory effect. Switching
the linkage to the C4 carbon enables binding to an additional third serotype, HAdV36,
which was previously not able to bind a single trivalent inhibitor molecule. The target
range of the compounds is extended and a structural foundation is established to explain
the different binding behavior. This expands the toolbox for generating other compounds,
which need not necessarily be limited to sialic acid, but could also involve other terminal
units. This proof of concept is also valuable for the design of other multivalent molecules
targeting symmetrical interfaces or other sialic acid-binding proteins. It was shown that
structural biology is a powerful approach for the development and validation of tailor-

made drug candidates.
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6. Novel Binding Mode of the Neural
Receptor NgR1 to the Reovirus Capsid

Contribution of others

The NgR1 and pl3033 expression plasmids as well as purified T3SA- reovirus were
provided by Dr. Danica Sutherland and Prof. Dr. Terence Dermody, Department
of Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania,
USA. Initial cryoEM data were collected during my two week visit at the group of
Prof. Dr. B. V. V. Prasad, Verna and Marrs McLean Department of Biochemistry and
Molecular Biology, Baylor College of Medicine, Houston, Texas, USA. Final cryoEM
data collection was carried out by Dr. Xinzhe Yu, Dr. Liya Hu, Prof. Dr. Zhao Wang and
Prof. Dr. B. V. V. Prasad. Patrick Woerz assisted during his bachelor’s thesis with protein

purification, analytics and complex formation assays under my supervision [255]].

6.1 Results

The aim of this part of the thesis is to structurally characterize NgR1-binding to ReoVs.
NgR1 is likely to bind 03, which was shown in infection assays by Konopa-Anstadt et
al. [187]]. Since 03 is part of the heterohexameric capsomer 13033, the latter was used
for binding studies and complexation assays with either His- or Fc-tagged recombinant
NgRI1.

6.1.1 Purification of NgR1
6.1.1.1 Purification of His-tagged NgR1

The NgR1-His expression plasmid encodes for the extracellular domain of NgR1 (amino
acids 1-310) and a C’-terminal His6-tag. The recombinant protein was expressed and

secreted by Freestyle™ 293F cells in suspension culture for 7d. The supernatant was
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sterile-filtered and initially purified by IMAC, resulting in already quite pure NgR1-His
(see A). SDS-PAGE analysis of NgR1-His showed two bands at 35kDa and
40 kDa, corresponding to different glycosylation states according to Barton et al. [192].
Subsequently, a SEC was performed for polishing, which revealed a sharp NgR1-His
peak in the chromatogram and removed a small soluble aggregate peak (see
B).
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Figure 21) Purification of His-tagged NgR1. A: IMAC chromatogram of NgR1-His showing three peaks overall, where the third
revealed a double band for NgR1-His at 35-40 kDa at SDS-PAGE analysis. B: SEC chromatogram of NgR1-His showing a small
aggregate peak and a single, sharp peak of monomeric NgR1-His with two overlapping bands at 35-40 kDa at SDS-PAGE analysis.

6.1.1.2 Purification of Fc-tagged NgR1

Recombinant NgR1-Fc contains a C’-terminal Fc-tag instead of a His-tag and is expressed
using similar conditions in Freestyle™ 293F cells. Initial Protein A affinity chromatog-
raphy results in already quite pure NgR1-Fc, showing a smeary band at 60—70 kDa (see
A) at SDS-PAGE analysis, which is presumably due to glycosylation, similar
as for NgR1-His. The additional high-molecular weight band at the SDS-PAGE gel
is assigned to an aggregation artifact of SDS-PAGE sample preparation. A final SEC
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Figure 22) Purification of Fc-tagged NgR1. A: Protein A chromatography chromatogram of NgR1-Fc showing a single peak as
well as a single band at 60-70 kDa at SDS-PAGE analysis. B: SEC chromatogram of NgR1-Fc showing a single peak of dimeric
NgR1-Fc and a band at 60-70 kDa at SDS-PAGE analysis.
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reveals a single peak in the chromatogram for the NgR1-Fc dimer and pure NgR1-Fc at

SDS-PAGE analysis (see B).

6.1.1.3 Glycoslation of NgR1

To further characterize the predicted glycosylation sites of NgR1, the amidase PNGase
F was used to cleave off the glycans of NgR1. The samples were subsequently analyzed
by SDS-PAGE (see [Figure 23| A). Both NgR1-Fc and NgR1-His displayed a loss of 5-10
kDa in weight after PNGase F treatment. Interestingly, the double band of NgR1-His
was still present at SDS-PAGE analysis after glycan cleavage. Therefore it is unlikely,
that varying glycosylation is responsible for the double band. Subsequent analysis of the
NgR1 sequence (UniProt ID Q9BZR6) using the SignalP v. 5.0 server [210] revealed a 26
amino acid long N-terminal signal peptide and a 40 % probability of a AAP/CP cleavage
site afterwards. This corresponds to a difference in molecular weight of 2.9 kDa, which
matches the difference of the two bands at SDS-PAGE analysis. Therefore, the two bands

probably represent cleaved and uncleaved fractions of NgR1-His.
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Figure 23) Glycosylation analysis of NgR1. A: SDS-PAGE analysis of the deglycosylation assay revealed a shift of NgR1-Fc
before (60-70 kDa) and after (60—65 kDa) PNGase F digestion and also for NgR1-His before (35—40 kDa) and after (28-32 kDa).
The double band for NgR1-His was still clearly evident after digestion. PNGase F has a molecular weight of 35 kDa and was visible
in the NgR1-Fc (+) lane. B: Sequence analysis of NgR1 revealed a N-terminal 26 amino acid signal peptide and a 40 % probability
of a cleavage site. Sequence analysis was performed with SignalP v. 5.0 [210].

6.1.2 Purification of ul3033

The viral capsomer pl3;033 was expressed recombinantly in High Five™ insect cells
using the baculovirus expression system. The pFastBac™ Dual vector contains two

separate MCS under control of polyhedrin and p10 promoters for independent expression
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of nul and 03, respectively. DH10Bac cells were used for recombination of the protein
encoding genes with the baculovirus encoding bacmid, which was confirmed by PCR
analysis, showing a band for a ~5,500 bp insertion into the bacmid (see
A). To generate an initial P1 baculovirus stock, Sf9 insect cells were transfected with
bacmid DNA. After 72 h, the cells showed clear signs of viral infection, such as enlarged
nuclei and granular, oversized cells, which were partly lyzed (see B). The
P1 baculovirus stock was harvested and amplified via a P2 stock to a high-titer P3
baculovirus stock, which was subsequently used for infection of High Five™ cells for
protein expression.

In contrast to previously described protocols [72]], the protein was secreted by the
HighFive™ cells and therefore purified from the supernatant after 96 h expression time.
As none of the two capsid proteins contains an affinity tag, an ion exchange chromatog-
raphy was performed as first step of the purification. During gradient elution with 100—
550 mM sodium chloride, continuous protein elution was observed with a peak at ap-

proximately 400 mM sodium chloride, which contained pl (double band for pl and
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Figure 24) Expression and purification of p13033. A: PCR analysis confirms insertion of recombinant DNA (~5,500 bp) into
the bacmid. B: Sf9 insect cells show signs of viral infection: swollen cells, lysis, and granular appearance. C: IEX chromatogram
of nl3033 showing continuous protein elution with one distinct peak at 65 mL during gradient elution. SDS-PAGE analysis of
the pooled peak revealed, among various impurities, a double band at 76 kDa for nl and a single band at 40 kDa for 03. D: HIC
chromatogram of 13033 showing a distinct, tailing peak containing 1, 03, and minor impurities at SDS-PAGE analysis. E: SEC
chromatogram of 13033 showing a large peak containing pure 113033, as confirmed by SDS-PAGE analysis, and a separate minor
peak containing impurities.
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wlc at 76 kDa) and 03 (40kDa) among major impurities (see C). The peak
fractions were further purified by a hydrophobic interaction chromatography, resulting
in a single, but tailing peak, containing mostly pure pl3033 and minor impurities at a
lower molecular weight (see D). These were removed by a SEC and strict
pooling of peak fractions containing only pure 113033 (see E).

6.1.3 Attempts to Obtain a NgR1 and pnl13033; Complex
6.1.3.1 Gel Filtration

Having pure NgR1 and pl;o03; in sufficient quantity and quality in hand, complex
formation trials were conducted for subsequent structural analysis. Initially, pl;033
and glycosylated NgR1-His were mixed at molar ratios of 1:3 and 1:10, incubated at
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Figure 25) Analytical SEC chromatograms of u1303; and NgR1 complex assays. A: Analytical SEC chromatogram of pnl13033
(blue) and NgR1-His (magenta) incubated at molar ratios of 1:3 (olive line) and 1:10 (olive dashes). B: Analytical SEC chromatogram
of nl303;3 (blue) and NgR1-Fc incubated at a molar ratio of 1:1 at 4 °C (olive line), at a molar ratio of 1:6 at RT (large olive dashes)
and at a molar ratio of 1:6 at 37 °C (small olive dashes). C: Analytical SEC chromatogram of p13033 (blue), NgR1-Fc (magenta),
and both incubated together at a ratio of 1:9 with additional 2 mM calcium chloride (olive). D: Analytical SEC chromatogram
of nl3033 (blue) incubated with deglycosylated NgR1-His (olive line) and deglycosylated NgR1-Fc (olive dashes). Peak elution
volumes are indicated by black arrowheads.
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4 °C for 2 h, and analyzed by analytical SEC using a SD 200 column (see A).
A peak at an elution volume of 1.17 mL corresponds to a molecular weight of 430 kDa,
which fits approximately to n13033. A second peak eluted at 1.67 mL, which matches
the NgR1-His molecular weight of 35 kDa. No additional absorbance signal indicating
complex formation was observed.

However, as (13033 is rather at the edge of the Superdex 200 resolution range (10—
700 kDa), the Superose 6 (5-5,000 kDa) was used for the following experiments. Fc-
tagged NgR1 was used to increase the molecular weight for a better separation of
complexed p13033 and uncomplexed (113033, and to evaluate the influence of the affinity
tag.

Additionally, different incubation temperatures were examined to test their influence
on complex formation. Fc-tagged NgR1 was incubated with 13033 at 4 °C and at RT,
both overnight, and at 37 °C for 2h to avoid excessive aggregation (see B).
NgR1-Fc eluted at a peak volume of 1.58 mL, corresponding to a molecular weight of
179 kDa, which is approximately a NgR1-Fc dimer. pnl3033 eluted at 1.45 mL, which
corresponds to 450 kDa. The complex sample at 4 °C did not show any additional signal
apart from a small aggregate peak at the void volume of 0.83 mL (>5,000kDa). At
RT, the aggregate peak was enlarged and a front shoulder appeared at the (13033 peak
in both samples, with and without NgR1-Fc. Although the shoulder appeared slightly
larger in the NgR1-Fc containing sample, SDS-PAGE analysis did not reveal any NgR1-
Fc in the respective fraction. Incubation at 37 °C led to significantly more aggregate and
an even larger shoulder, however no NgR1-Fc was detected at SDS-PAGE analysis of the
corresponding shoulder fraction.

The addition of 2mM calcium chloride to 113033 and NgR1-Fc, incubated at a 1:9
ratio overnight at RT, resulted in a similar, enlarged front shoulder without detectable
NgR1-Fc by SDS-PAGE analysis (see C). Also deglycosylation of NgR1-His
as well as NgR1-Fc by PNGase F did not facilitate complex formation with pnl3033
(see D). In conclusion, no putative pl3033-NgR1 complex could be detected
by gel filtration, therefore a more sensitive experiment was required to investigate the

interaction.

76



6.1 Results

6.1.3.2 Pulldown Assays

As an alternative technique, pulldown assays were performed to test, whether affinity
beads can capture a complex in solution via affinity-tagged NgR1. Protein A/G Ultra-
Link™ Resin and Ni-NTA Agarose were used for NgR1-Fc and NgR1-His, respectively.
NgR1 and pl3033 were incubated together overnight at 4°, subsequently incubated with
the respective beads, and washed several times. Afterwards, protein was eluted with the
respective elution buffer, and finally all samples including the beads were analyzed by
SDS-PAGE.

The Protein A pulldown reveals NgR1-Fc bands during all washing steps, with slightly
enhanced intensity at the elution sample and more significantly at the beads sample (see
A). Bands for nl and 03 were observed at the beads sample, additionally o3
is present in the first elution sample. However, the signal intensity for all pt13033 bands
is very low compared to NgR1-Fc signal intensity. To exclude binding of pl3033 to the
Protein A resin, a control assay using only nl3o33 was performed, and it did not show
any pl3033 binding (see [Figure S7).

The NTA pulldown shows a strong NgR1-His band at the first elution and medium
intense bands at the second elution and the beads sample. A faint band at 76 kDa
corresponding to pl is observed at the first elution and at the beads sample. 03 is
overlapping with NgR1-His at SDS-PAGE analysis, therefore an evaluation was not
possible. In summary, there are indications for a potential complex formation in solution,

however it is not stable enough for an unambiguous detection by pulldown assays.

A SN Wl W2 W3 w4 W5 W6 W7 W8 W9 El E2 beads B SN WL w2 W3 W4 W5 W6 El E2  beads
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Figure 26) Pulldown assays. A: Pulldown assay using Protein A/G UltraLink™ Resin, NgR1-Fc and pl13033. B: Pulldown assay
using Ni-NTA Agarose, NgR1-His and pl3033. pl3o03s is indicated by black arrowheads, NgR1 with magenta arrowheads. SN
= supernatant after incubation with resin; WX = washing step X; EX = elution step X; beads = Protein A/G UltraLink™ Resin or
Ni-NTA Agarose after elution.
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6.1.3.3 Crosslinking Assays

To increase the stability of a potential (t13033-NgR1 complex, crosslinking experiments
were performed. DMP, DMS, and glutaraldehyde were used to couple primary amines,
e.g. from lysines or the N’-terminus, and EDC + NHS to couple primary carboxyls,
e.g. from aspartates, glutamates, or the C’-terminus, to primary amines. All crosslinkers
were evaluated for both His-tagged and Fc-tagged NgR1 in complex with 13033 (see
[Figure 27).

DMP and DMS did not show any crosslinking effect, neither for the complex samples
nor for the individual proteins. Only bands for non-crosslinked 1 at 70 kDa and 76 kDa,
03 at 38kDa, NgR1-Fc at 70kDa, and NgR1-His at 38 kDa were observed by SDS-
PAGE analysis.

Glutaraldehyde crosslinks 13033 capsomers intermolecularly and creates several
additional bands at approximately 140kDa, and at higher molecular weight around
260 kDa. There is a faint band for NgR1-His at 70 kDa, but there are no clear additional
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M NgR1  ul;03; + NgR1l M NgR1  ul;03; + NgR1 M NgR1  pl;03; + NgR1 NgR1  pl;03; + NgR1
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Figure 27) Crosslinking assays. A: Crosslinking assays with His-tagged NgR1, nl1303;3 and the crosslinking agents DMP, DMS,
glutaraldehyde, and EDC + NHS. B: Crosslinking assays with Fc-tagged NgR1, pl13033 and the crosslinking agents DMP, DMS,
glutaraldehyde, and EDC + NHS.
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bands at the pnl3033-NgR1-His complex sample, although the pnl;033 bands appear
less intense compared to the individual nl3033 sample. Individual NgR1-Fc was also
crosslinked intermolecularly by glutaraldehyde, resulting in additional bands at 260 kDa,
but again no clear additional signal was observed at the pnl3033-NgRI1-Fc complex
sample.

Crosslinking using EDC + NHS had no effect on NgR1-His and pt13033, but results
in a high molecular weight species at NgR1-Fc (>260kDa). No additional species
was detected in the complex samples. None of the crosslinking agents was suitable to

generate clear evidence for a pt13033-NgR1 complex in solution.

6.1.3.4 Surface Plasmon Resonance Spectroscopy

Since a stable complex could not be evidenced by gel filtration, pulldown, or cross-
linking assays, SPR analysis was performed to investigate potential binding in the low
micromolar range of 13033 to NgR1. Initially, a NTA Sensor Chip was used to couple
His-tagged NgR1 and analyze the affinity to 113033, but the NTA Sensor chip showed
unspecific binding of 113033 in a concentration dependent manner, without previous
NgR1 coupling (see [Figure S8). Therefore, the NTA Sensor Chip was not suitable for
affinity measurements.

Alternatively, a Protein A Sensor Chip was tested and did not show any unspecific
binding, which could potentially disturb the experiment. Hence, 15nM NgR1-Fc were

immobilized on the chip surface and a range of 1-5,200nM pl3033 was evaluated for
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20 50 M 1,03,
— 200 M 1,03,
— 500 nM p1503;
1 — 2.000nMu1,03,
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Figure 28) SPR analysis. A: SPR analysis using a Protein A

Sensor Chip testing a concentration range of 1-5,200 nM with

NgR1-Fc immobilized on the surface. Only at 2,000 nM and
5,200 nM a small binding signal was detectable.
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binding (see [Figure 28)). All samples up to 500nM pl3033 did not show any signal
increase referring to an interaction with NgR1, only for 2,000 nM and 5,200 nM p13033
a slight increase in relative fluorescence units (RFU) was detected. In summary, high
micromolar concentrations of (13033 are required to reveal any binding by SPR analysis.
Hence, the binding affinity is not sufficient to form a stable complex of NgR1 and
tl3033 in solution, not to mention subsequent crystallization for structural studies of

the interaction.

6.1.4 CryoEM Analysis of ReoV T3D Virion in Complex with NgR1

Various attempts of nl3033-NgR1 complex formation were not successful and as a
consequence, crystallographic analysis of the interaction was not feasible. Possibly,
one 13033 capsomer is not sufficient for NgR1 binding, as the virion assembly might
alter the individual capsomer conformation on the viral surface due to intermolecular
interactions. To provide the best possible and biological environment, complete T3SA-
virions were examined for NgR1 binding by cryoEM analysis.

T3SA- virions were mixed with either PBS or 8 mgmL~' NgR1-His in a ratio of 1:4
(V/V), and incubated at 4 °C for 4 h prior to vitrification. Data were collected on a
JOEL 3200 FSC cryo-electron microscope equipped with a direct detector K2 summit
camera, using low-electron dose conditions. Movie stacks containing 50 subframes each
were collected using SerialEM at 20,000x magnification, corresponding to a pixel size
of 1.71 A (sample preparation, vitrification, and data collection described until here was
performed by Dr. Liya Hu and Dr. Xinzhe Yu).

6.1.4.1 CryoEM Data Processing

Beam-induced motion correction of the movie stacks was performed with the align-
Jframes script of the IMOD software package [232]. The micrographs of unliganded
virions appear sharper and the borders are clearer distinguishable from the background,
while the micrographs with an excess of NgR1 exhibit more background noise (see
A+B). The complexed virus particles tend to be more cohesive and clumpy,
while the unliganded reovirions are mostly singular. Particles were initially picked by
a convolutional neural network using e2boxer.py [235]. In order to train this network,
clearly identifiable particles were selected as good references, as well as empty areas for

background recognition and contaminated particles for eliminating bad particles. After
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Figure 29) CryoEM data processing. A+B: Micrographs of reovirus virions (A) or reovirus virions complexed with NgR1 (B).
The scalebar represents 100nm. C: Representative 2D power spectrum averaged for particles of one micrograph. D: Background
subtracted, rotationally averaged power spectrum (black line) and contrast transfer function (CTF) fit with adjusted defocus and
B-factor (blue line). E: 2D class averages selected for generating an initial 3D model for subsequent 3D reconstruction.

neural network particle picking, all micrographs were additionally inspected manually
to remove non-eliminated contaminations or particles that appeared clumpy and non-
singular.

CTF correction was performed using e2ctf.py. In this process, an average power
spectrum of all particles in one micrograph is calculated (see[Figure 29|C). A background-
subtracted, rotationally-averaged power spectrum is plotted against the spatial frequency,
and the defocus and B-factor parameter of the theoretical contrast transfer function are
adjusted to maximize the fit to the real power spectrum (see D).

Reference-free 2D class averages were calculated using e2refine2d.py. Classes showing
clear reoviral features such as two shells, for the core and the outer capsid (see
E), were selected to generate an initial 3D model using e2refine2d.py. For this, and
throughout all further refinement steps, icosahedral symmetry was applied. Particles
were low-pass filtered to 12 A to reduce the processing time for the first refinement
runs. The reconstruction was iteratively refined using low-pass 5A and eventually
full-resolution images. After having a sufficiently good reconstruction that allowed
unambiguous identification of 03 or NgR1 features, the particle quality was evaluated
according to the information content per resolution, and low-quality particles were
discarded to further improve the refinement. Final reconstructions of the unliganded

reovirus virion to 7.2 A and of the NgR1-liganded virion to 8.9 A were obtained (see

Figure 30| and 5T A+B).
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Figure 30) FSC of unliganded and NgR1-liganded reovirus reconstructions. A+B: The FSC estimates the average resolution of
the final reconstruction without masking (green), masked (blue) and tight-masked (black) for the unliganded (A) and NgR1-liganded
(B) ReoV reconstruction.

6.1.4.2 Molecular Docking in Asymmetric Unit

The 3D reconstruction of the reovirus virion clearly displays icosahedral five-, three-,
and two-fold rotational symmetry axes (see A left). Therefore, the asymmetric
unit (ASU) covers % of the whole capsid. The capsid surface displays unambiguous
features for pl (green) and o3 (blue), spanning most of the virion, as well as for the
outer capsid protein A2 (yellow) at the vertices. At the center of the A2 pentamer, the
N’-terminus of the o1 shaft is recognizable.

The reconstruction of the NgR1-liganded virion (Figure 31| A right) displays additional
banana-like features on the surface of the virion, matching the shape of NgR1. This
features are symmetrically arranged according to the icosahedral symmetry operators
and located on top of the viral surface, thus slightly more distant from the core (> 430 A,
colored magenta) than 03 (< 430 A, colored blue).

The atomic coordinates of the core proteins A1, 02, and of the outer capsid proteins A2,
pl and 03 were unambiguously fitted into the asymmetric unit of the virion reconstruction
(see B+C). The asymmetric unit consists of one copy of each Al, 02, and A2,
three complete copies of 113033 hexamers, and one third of a copy of another pl303;3
hexamer, which is directly located on the icosahedral three-fold axis (see 0).
The asymmetric unit of the NgR1-liganded reconstruction allowed additional fitting of
five NgR1 protomers (see D). Four of those five NgR1s are sitting in between
two o3 protomers, solely the NgR1 close to the five-fold axis contacts only a single 03.
Interestingly, the C’-termini of the sandwiched NgR1s, where the His-tag is attached, are

clustering at the small pore formed by six 03 protomers of six different pl13033s.
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side view

Figure 31) CryoEM reconstruction of unliganded and NgR1-liganded reovirus virions. A: Reconstructions of unliganded (left)
and NgR1-liganded (right) virion are colored according to distance from the core. Icosahedral five-, three-, and two-fold symmetry
axes are indicated by black symbols. B-D: Map excerpts covering the asymmetric unit of the reovirus virion from side (B) and top
view (C) and NgR1-liganded virion from top view (D) with the atomic coordinates of Al, 02 (both red), A2 (yellow), n1 (green), 03
(blue), and NgR1 (magenta) fitted into the map. Three complete 13033 heterohexamers are indicted by black triangles. N’- and
C’-termini of NgR1 are labeled. E+F: Difference density map of both reconstructions at a counter level level of 1.55 (E) or 2.0 (F).
Additional features are highlighted by black boxes. G+H: Fit of NgR1 coordinates into the difference density map at a counter level
of 1.15 from side (G) and top view (H). N’- and C’-termini are labeled and glycosylation sites are indicated by magenta arrowheads.
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6.1.4.3 NgR1 Features in Difference Density Map

To validate the presence of additional features such as NgR1 in the 3D reconstruction,
a difference density map of the unliganded ReoV reconstruction subtracted from the
NgR1-liganded ReoV reconstruction was calculated. Apart from minor unspecific blobs
in the core region, the difference map shows clear density for all proposed NgR1 binding
sites (see E). Furthermore, an additional feature directly at the two-fold axis
is observed, however the shape does not fit to a single NgR1 molecule, but rather an
averaged density of two NgR1 molecules of opposite orientations. Interestingly, upon
increasing the counter level for displaying the map, the NgR1 features at the two-fold
axis and close to the five-fold axis disappear, suggesting a weaker signal intensity (see
[Figure 31/ ).

Fitting of NgR1 into the difference density map confirmed its proposed orientation (see
G+H). Upon slightly decreasing the counter level (1.15), additional density
features appeare that perfectly fit to sugar trees at the two glycosylation sites N82 and
N179. However, the fit percentage of UCSF Chimera is only slightly better (92-95%) for
the above mentioned conformation compared to N’- and C’-termini reversed (88—-91%).

6.1.4.4 NgR1 Arrangement on ReoV Capsid

Noticeably, all NgR1 protomers are not located centrally on top of a single pl;o03;3
heterohexamer, but either in between two neighboring ones (NgR1 protomers 1-4, see
[Figure 32] A) or at the side of one (NgR1 protomer 5). The overall binding mode between
NgR1 and 03 is very similar within the NgR1 protomers of the asymmetric unit (see
D). In case of NgR1 protomer 1, the neighboring asymmetric unit provides
the second 03 for sandwiching NgR1. Although NgR1 protomer 5 is only contacted by
one 03, there is no difference in the mode of binding compared to the remaining NgR1s.
Superimposition of all five 03-NgR1-03 assemblies and subsequent RMSD calculation
using rms_cur in PyMol revealed an average RMSD of 1.1 A of all NgR1s, and 2.5 A or
2.7 A for o3 at the concave or convex interfaces, respectively. These values far below

the resolution of the reconstruction.
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Figure 32) NgR1 binding mode and interaction with 03. A: Surface representation of A2 (yellow), nl (green), 03 (blue), and
NgR1 (magenta, labeled from 1-5) proteins covering the asymmetric unit. B+C: NgR1 (magenta) bridges two 03 protomers from
different pl13033 heterohexamers (white, A and B) from side view (B) and top view (C). The surface of 03 within 5 A of NgR1
is colored in magenta. N’- and C’-termini are labeled. D: Binding mode comparison of all five NgR1s and respective 03s. The
corresponding 3D reconstruction is displayed at a counter level of 1.0 as white meshes. NgR1 protomer 1 is flanked by one 03 from
the neighboring asymmetric unit. NgR1 protomer 5 is located at the five-fold axis and is lacking the second 03. E+F: Small, convex
interface (E) and large, concave interface (F) of NgR1 and 03. NgR1 residues are colored magenta (crucial for infection) or grey (not
crucial for infection), the central L208 in yellow.
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6.1.4.5 Binding Interfaces of NgR1 and 03

A closer view on the binding interface reveals, that NgR1 is lying flat on the capsid
surface in a trench between the two 03 molecules, but without any contact to pl (see
B). The convex interface (left side from top view, see C) is much
smaller and mainly close to LRR domains 4 and 5. At a distance within 5A of 03,
there are either charged (E144) or polar (Q143, Q167) amino acids (see E)
for potential interactions with NgR1. The concave interface (right side from top view,
see C) is much larger and extends over LRR domains 5-8. The center of this
interface is a cavity, formed by the small L.208, that is surrounded by many large, either
positively charged or aromatic amino acids (magenta residues, see F). Surface
charge analysis revealed a highly positive electrostatic potential at this binding interface,
while NgR1 has a highly negative electrostatic potential at the opposite area. Overall,

this interface provides numerous possibilities for interacting with 3.

6.2 Discussion

6.2.1 Protein Purification and Analysis

The original aim of this project was to crystallize a complex of NgR1 and pl;033 for
structural studies. The purification of recombinant NgR1-His was straightforward and
yielded high amounts of protein. A deglycosylation assay excluded that the double band
at SDS-PAGE analysis is due to glycosylation as proposed by Barton et al. [192]. Instead,
a signal peptide cleavage site was detected, and since it is an autocleavage site, it explains
why a certain fraction is cleaved while another is not. Furthermore, the cleaved fraction
seems to increase over time, as the lower band became more intense compared to the
higher-molecular weight band after 1 d at RT. For further analysis, a prolyl-endopeptidase
experiment could be performed, which should enable complete cleavage of the signal
peptide. Similar to His-tagged NgR1, Fc-tagged NgR1 is probably also partially cleaved,
but due to the increased molecular weight of 60 kDa without glycosylation, a difference
of 3kDa is barely visible at SDS-PAGE analysis.

The yield in purifying (13033 could be significantly improved compared to previously
published protocols by switching to HighFive insect cells [72]. One major difference

is that the protein complex was secreted into the suspension medium, which might be
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related either to the switch of cell line or to the prolonged expression time, where a large
amount of cells was already lyzed to release new baculovirus particles. The addition
of a small amount of FBS during expression has stabilized the recombinant protein by
preventing degradation from insect cell proteases. Due to the lack of an affinity tag,
13033 was still largely contaminated after initial IEX, but throughout HIC and SEC the
protein purity could be significantly improved to a sufficient quality for complexation

assays.

6.2.2 Challenges at Protein-based Complex Formation

Various approaches have been used to study complex formation of 113033 and NgR1.
To detect a shift in retention volume, gel filtration requires a quite stable complex in
solution, therefore it is less sensitive. Varying conditions regarding protein ratio, affinity
tag, temperature, incubation time, and the addition of calcium did not reveal any sign of
complex formation that could have been confirmed by SDS-PAGE analysis, apart from
aggregation. Also crosslinking has special requirements on proximity and accessibility
of chemical groups that are suitable for the respective crosslinking agents. Apparently,
these were not met, therefore there was no evidence for complex formation obtained.
Both pulldown assays and SPR analysis revealed very weak interaction of pl;033
with NgR1, however SPR is much more sensitive and easier to interpret. In each case,
the far smaller NgR1 was stationary immobilized to either affinity beads or a Sensor
Chip, and thus less mobile, which might facilitate a slightly more stable interaction
with the heterohexamer. However, binding of Fc-tagged NgR1 itself to the Protein
A/G Ultralink™ Resin was not entirely stable, as it was continuously released during
the washing steps. Nevertheless, there were clear (113033 bands visible during elution,
although unspecific binding could not absolutely be excluded, despite the control assay,
due to the low sensitivity of SDS-PAGE analysis. Silver staining is much more sensitive
and could be applied for future assays to detect weaker bands at SDS-PAGE analysis.
SPR analysis is, in contrast to the previously discussed methods, not relying on a long-
term stable complex, but can also detect a temporary interaction of two proteins. This
makes negative controls absolutely necessary, as shown for His-tagged NgR1. During
this SPR assay, unspecific binding of pl13033 to the NTA Sensor Chip was observed.
There is a large patch of several histidines on the surface of 03, which could have caused

this interaction. Therefore, the NTA Sensor Chip was not suitable for interaction studies.
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The Protein A Sensor Chip instead did not exhibit any unspecific binding of 13033, but
showed a weak signal for pt13033 binding to NgR1. The binding event occurred however
only at the micromolar concentration range of pl3o033, which indicates a low affinity.
This is consistent with the previous results of the complexation assays and explains why
less sensitive methods could not detect any interaction.

Overall, a stable complex could not be obtained with purified NgR1 and pl3;033
only. Presumably, the affinity between a single heterohexamer and NgR1 is only in
the millimolar range, making a complex in solution not stable enough to be detected.
Therefore, crystallization of this complex was not feasible. However, complete virions
are capable of infecting cells using solely NgR1 as attachment receptor protein. Possibly
the environment at the capsid surface is required for NgR1 binding. To provide this
environment, reovirus virions with and without NgR1 were analyzed by cryoEM, which

is advantageous for such large protein complexes compared to crystallography.

6.2.3 CryoEM Data Processing and Refinement

For single particle cryoEM analysis of a reovirus virion liganded with NgR1, the latter
was added in excess to achieve complete binding, despite the low affinity observed for
the soluble recombinant proteins. However, this also resulted in a increased background
noise level of the micrographs due to unbound NgR1. This can hardly be removed on
a micrograph level as NgR1 is too small to be identified individually. Via dialysis or
gel filtration prior to sample vitrification, excessive NgR1 could be removed. But it
is questionable whether NgR1 is bound tightly enough to stay at the virus surface in
absence of soluble NgR1 in solution. In addition, the virus particles appeared to be
more cohesive and clumpy compared to the unliganded reovirus particles, for which
several reasons are conceivable. On the one hand, the high background level made a
clear separation of individual particles by visual inspection more difficult, which could
have contributed to the clumpy appearance. On the other hand, NgR1 could have tended
to interact with each other at high concentrations, for example via their histidine tag. This
could have induced a non-covalent crosslinking or mild aggregation of virus particles that
have bound NgR1. Finally, ligand binding could also have triggered internal processing
of the reovirus particle leading to conformational changes of o1, as in the transition from
virion to ISVP [71} 73], and subsequent particle association.

For this reason, far less NgR1-liganded virions were picked at the beginning of
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the single particle analysis compared to the unliganded data, although many more
micrographs were recorded. Also the particle quality, i.e. the theoretical maximum
resolution of the individual micrographs, was on average significantly lower, probably
also due to the higher background noise level. As a consequence, more particles were
discarded in the course of the refinement, and the final resolution is lower (8.9 A) com-
pared to the ReoV virion solely (7.2 A).

Although the number of particles is low for cryoEM standards, a reasonable resolution
was obtained due to the icosahedral symmetry of the viral capsid, which could be applied
for the 3D reconstruction. The asymmetric unit of the icosahedral capsid is only % of the
whole virion, therefore the information content of a single virus particle is much higher
than for a regular protein. The final reconstructions allowed for unambiguous docking
of the ReoV capsid proteins Al, 02, A2, ul, and 03 into the asymmetric unit. The
N’-terminus of the o1 tail is visible at lower density thresholds, however the remaining
larger part of o1 could not be resolved. One reason therefore is the tight mask that was
applied on the virus capsid during the reconstruction, which excludes the major part of
ol in favor of significantly reduced background noise. Additionally, the application of
icosahedral symmetry for the reconstruction is disadvantageous for the reconstruction of
o1 due to the five-fold-to-three-fold mismatch with the A2 pentamer. In that case, local
asymmetric reconstruction would be necessary to better resolve ol as shown by Pan et al.
[76]. However, this is not explicitly relevant for the aim of this project and was therefore

not performed.

6.2.4 Structural Analysis of the 3D Reconstructions

Overall, the 3D reconstruction agrees well with existing low [256], intermediate [257]],
and high resolution [258, [76] ReoV reconstructions. Due to the close contact of the
pnl3033 heterohexamers at the capsid surface, a large 03 surface pattern is formed,
enabling several possibilities for NgR1 to interact with one or more 03s. Interestingly,
the surface is not completely closed, but three cavities are formed on every icosahedral
face by six nl3033 heterohexamers each, generating another different environment for
potential NgR1 binding.

In each asymmetric unit, five NgR1 protomers were unambiguously docked into the
3D reconstruction. Additionally, there is a map feature directly at the two-fold symmetry

axis that looks like an average of two NgR1 protomers in contrary orientation. At this
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position, the capsid environment enables two possible, symmetry-related binding sites,
each slightly shifted against the other. Due to steric hindrance, only one can be occupied
at a time. Assuming a statistical 50 % occupancy for each, the application of icosahedral
symmetry results in an average density feature of both binding possibilities, which does
however not allow for modeling any of them. In summary, this results in 330 possible
NgR1 binding sites on the virus surface.

RMSD analysis of the five modeled binding sites reveals a highly similar binding
mode with respect to the resolution of the reconstruction. No obvious differences in
positioning of either NgR1 or both neighboring 03 molecules is observed, indicating
a specific binding mechanism. The only difference is that NgR1 protomer 5, which is
located close to the five-fold axis, is only interacting with one 03 protomer. It is therefore
less tightly attached to the virus capsid and shows a lower feature intensity compared
to the embedded NgR1s. Maybe a slight steric influence of ol helps stabilizing the
NgR1-binding at this position, although only one interaction partner is present. Also
the unmodeled NgR1 feature at the two-fold axis shows a lower signal compared to the
others, as explained above. But since this NgR1 is also complexed by two 03 protomers,
a similar affinity compared to the other four modeled NgR1s is expected. In general, the
interaction with two different 03 protomers might be stabilized additionally by a loose
contact to a third 03 the N-terminus of NgR1, which is not directly interacting with
NgR1, but at least in close proximity. However, the resolution of the reconstruction was
not sufficient to make a precise assessment on this third potential contact.

Overall, the binding mode indicates a low affinity of 03 to NgR1. This explains, why
all interaction assays with single proteins instead of a complete virus did show no (gel
filtration, crosslinking assay) or only a very weak interaction (pulldown assay, SPR). In
both, pulldown and SPR assays, one interaction partner is coupled to either beads or a
Sensor Chip and thus less mobile, which could facilitate binding at low affinities and
give at least some signal at these assays. In solution, both proteins were too mobile to

stay in complex at such a low affinity.

6.2.5 Concave and Convex NgR1 Binding Interfaces

A look at the two binding interfaces shows that the convex interface is much smaller in
comparison to the concave interface (156 A® versus 821 A” contact area with a distance
of less than 3.9 A between NgR1 and 03, calculated with PyMol). There are a few
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Figure 33) Surface charge analysis of concave interface. A: Concave binding interface of 03 (blue cartoon) and NgR1 (surface
colored according to electrostatic potential) B: Close-up View of (A). C: Close-up view on o3 (surface colored according to
electrostatic potential) and NgR1 (magenta cartoon). Electrostatic surface potential colored from —6 kT (red) to 6 kT (blue).

charged or polar residues at the convex interface, which could serve as an interaction
partner. However, due to its small size it may well be that this interface only helps
to facilitate and direct the docking of NgR1 or stabilize NgR1 in the binding groove.
On the other hand, the concave interface is quite large with an overall positive surface
charge of NgR1 and a significant negative charge of 03 (see [Figure 33). Both, the
resolution and the size of the interaction area do not allow for identifying individual
amino acids that contribute to binding. However, the small and hydrophobic L208 is
remarkably sticking out (by not sticking out) in between a broad patch of large, either
aromatic or charged amino acids. It rather forms a small cavity in between the bulky
residues, which could serve as anchoring point for NgR1 docking onto 03. Mutating
L208 to an arginine resulted in an almost complete loss of infectivity, while NgR1 was
still detectable by antibodies on the cell surface, hence the folding is not significantly
affected by the mutation [Dr. Danica Sutherland, personal communication].

To further characterize the interaction interface and identify potentially essential
amino acids, a mutagenesis study was performed (by Dr. Danica Sutherland and Olivia
Welsh). Two panels of amino acids, either in close proximity (< 5 A) or slightly further
distant (5-7.5 A) from the proximate 03 protomer were assigned, with L208 being the
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center of the concave interface. Reversed-charge mutants showed a complete loss of
infectivity, despite cell surface expression, for seven additional amino acids that are either
directly adjacent or in close proximity to L208: Y160, Q162, F184, R189, Q211, A235,
and R256 (see [Figure 34). All other mutants at this interface, which showed little to
no effect on infectivity, are more distant from L208 and at the border of the concave
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Figure 34) NgR1 mutagenesis studies. A: Surface expression, B: ReoV binding, or
C: ReoV infectivity of mock- or NgR1-transfected CHO cells. The NgR1 mutants are
grouped by close proximity (< 5 A from 03, magenta) or peripheral (5-7.5 A from o3,
light blue). CAR was used as negative control. Error bars indicate SEM. Data provided
by Dr. Danica Sutherland.
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interface proposed by the cryoEM reconstruction. Diverse amino acid types are present
in this panel of crucial residues: Positively charged arginines, polar glutamines and
also an aromatic and a hydrophobic amino acid each. The interaction seems not solely
dependent on a specifically charged or polarized site. The large number and diversity of
amino acids indicates that the overall conformation and arrangement is more important
than single interactions.

Interestingly, from all mutants at the convex interface, only R119, which is located in
the periphery of this interface, resulted in a loss of infectivity, while all other amino
acid mutations did not influence the infectivity. This effect could be caused by the
reversed charge of the glutamic acid compared to arginine, that affects the neighboring
residues of the convex interface. Alternatively, it is plausible that the actual interface is
slightly shifted compared to the proposed interface due to the intermediate resolution of
the reconstruction.

The C’-to-N’-terminal orientation of NgR1 is unambiguously visible in the final 3D
reconstruction and it is also reasonable in a biological context. The glycosylation sites,
which were also displayed in the existing crystal structures, are pointing away from the
virus capsid and are hence not contributing to viral binding. At the opposing orientation,
the carbohydrates would point into the viral capsid, clashing with 03. Hence, binding of
NgR1 would not be feasible in first place. This is also in line with mutagenesis studies
of the NgR1 glycosylation sites N82 and N179, which showed that the post-translational
modification is dispensable for viral binding and infection [Danica Sutherland, personal
communication]. Therefore, any induced fit mechanism or interaction of the glycans
with the viral capsid are unlikely.

Interestingly, this orientation leads to an accumulation of the C-terminal histidine
tags of the recombinant protein at cavities formed by six pl13033 heterohexamers. As
there is an unmodeled density feature at this position, this could be explained by several
interacting histidine tags. In a biological context, full-length NgR1 has a long, unfolded
region of more than 100 amino acids at the C’-terminus, which acts as a linker to the
GPI-anchor. The length of the linker is probably very important to enable NgR1 binding.
Since o1 is protruding from the viral surface, 03 is not able to directly reach the host
cell surface. The linker bridges this distance and allows for the unusual binding mode
of NgR1, which is lying flat on the viral surface. This increase of interaction surface
counteracts the low overall affinity. Furthermore, NgR1 molecules tend to accumulate

to two or more in lipid raft regions at the cell surface [259, 260, 261]]. The proposed

93



Chapter 6 NgR1 bridges reovirus capsid

binding mode would allow a whole patch of NgR1s to simultaneously bind to the viral
surface. Despite the low affinity of a single NgR 1, the multivalent binding interactions of
a patch of NgR1s would increase the binding strength significantly. It is however unlikely
that NgR1 protomer 5 is contributing considerably to the attachment, as it would, in
addition to the lower affinity, also block binding of the integrin to A2, which is required
for subsequent cell entry. Overall, the structural data suggest that NgR1 mediated cell
attachment is rather facilitated by high-avidity binding of numerous NgR1s instead of
high-affinity binding.

In summary, the first structural data on reovirus attachment via the outer capsid
protein 03 are presented here. NgRI is binding in a cleft of two 03 protomers on
the viral surface. This binding site is highly redundant on the capsid and enables
multivalent binding of several NgR1s at the same time. This overcomes the presumably
low affinity of this interaction, which is indicated by unsuccessful complexation trials
using recombinant, soluble proteins. CryoEM analysis at intermediate resolution allowed
narrowing down the potential interaction area, and mutagenesis studies confirmed several
important NgR1 residues involved in binding. These data shed more light on reoviral host
cell attachment on a structural basis. This study expands the knowledge on the reovirus
receptor portfolio, it helps to better elucidate the viral path through the human body
during an infection and can contribute to the development of reoviral vectors for medical

applications.
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7. Conclusion

All three projects have made significant findings, either at a very early stage of virological
research by identifying basic attachment mechanisms, or at a rather advanced stage by
optimizing viral inhibition strategies.

Starting from established antiviral inhibitors against HAdV37, binding of a new
generation of compounds to serotype HAdV26 was shown by X-ray crystallographic
analysis. A structure-guided approach further enabled adaption to a third serotype,
HAdV36. This highlights the importance of characterizing pathogen-host interactions by
structural biology approaches and shows the potential benefits. Exploiting structural data
of one type of attachment site is a valid starting point for designing antiviral drugs. Vi-
sualization at atomic level allows for specific adjustments to the respective target, which
may not be limited to HAdVs, but any other virus or pathogen with a symmetric receptor
binding site. This strategy enables the design, development, and validation of high-
affinity inhibitory compounds.

Furthermore, the old concept of a singular type of receptor or attachment site per virus
is invalidated. HAdV56 was shown to bind CD46 not via established interaction sites for
other HAdV serotypes, but through a novel binding site at an even different capsid protein
that has not been shown to be involved in viral attachment so far. This raises the question,
whether the attachment mechanism via the hexon has developed recently in new HAdV
strains or whether it is the primordial, but so far undiscovered mechanism, from which
binding sites at the much more exposed FK have evolved? Also the conserved sialic
acid binding site does not seem to be required for HAdV56 infectivity. Is this site a
recombination artifact from the ancestor virus or can it still be used as a backup escape
mechanism, similar to HAdV26, in case CD46-binding is not possible?

Similarly, a JAM-A and sialic acid-independent cell attachment pathway for ReoV's
has been structurally characterized in this thesis. It also involves a different capsid
protein, namely 03, and a unique binding mode of NgR1 embedded in between two
o3 interaction sites. It is of particular interest to find out how this attachment mechanism
has evolved, whether the different ReoV types also exhibit different binding affinities
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for NgR1 and how this ability to attach to neuronal cells affects the preferred infection
routes.

It seems unusual that a numerously presented, but hardly accessible capsomer is
involved in such a initial step of viral proliferation. A reasonable conclusion would
be, that attachment via the major capsid protein relies on multivalent, simultaneous bin-
ding of several host cell receptor molecules, probably with low affinity. In that case,
the attachment receptor would naturally occur in clusters on the host cell surface or
in a highly oligomerized fashion, comparable to integrin clustering for HAdVs prior
cell entry. This way the virus could be directed either to a certain type of cells, that
is presenting a sufficient amount of receptor molecules, or to a certain area of the cell
surface. Future research will have to address this to gain a better understanding of the
complex field of virology.

Both novel attachment strategies raise questions that could address many other viruses,
too: why have viruses evolved to exploiting different entry routes? Was the primary
attachment site not available anymore and viruses needed an alternative pathway to
escape? It could also be caused by two precursor virus strains with differing attachment
modes that have recombined to a superior type retaining both. Furthermore, it is
interesting to find out when, and in which order, the recombination or mutation has
happened. For HAdVs, recombination of the major capsid proteins is an established
source of novel serotypes. Therefore, it is not unlikely that a novel type combines
potential attachment pathways of the two precursor HAdVs. But for ReoV only a small
number of serotypes is known that do not recombine frequently. Either a cross-species
recombination has occurred or the precursor is not existing anymore. Further research
will be necessary to tackle these questions.

Overall, the results of this thesis have generated further evidence for the similarity
of adenoviruses and reoviruses. Both are the first viruses reported to make use of a
second capsid protein for an independent cell attachment and entry mechanism. In
combination with the novel findings on structure-guided inhibitor design, this thesis
provides a valuable addition to the still emerging field of viral and, even more important,

antiviral research.
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Figure S1) Purification of HAdV37. A: IMAC chromatogram of HAdV37 FK purification showing two peaks at 200 mM and
300 mM imidiazole, respectively, that reveal a single band at 24 kDa at SDS-PAGE analysis. B: SEC chromatogram of HAdV37 FK
purification showing a single peak and SDS-PAGE reveals a single, pure band at 20 kDa after cleavage of the His-tag.
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Figure S2) Purification of HAdV26. A: IMAC chromatogram of HAdV26 FK purification showing a single peak, which is analyzed
by SDS-PAGE before (peak) and after cleavage (digest) of the His-tag, revealing bands for the HAdV26 monomer (24 kDa before
cleavage, 21 kDa afterwards) and the trimer (approx. 60kDa). B: SEC chromatogram of HAdV26 FK purification showing a sharp
peak and similar bands at the SDS-PAGE analysis for the monomeric and trimeric state of HAdV26.
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Figure S3) Purification of HAdV36. A: IMAC chromatogram of HAdV36 FK purification showing a single peak, which is analyzed
by SDS-PAGE before (peak) and after cleavage (digest) of the His-tag, revealing bands for the HAdV36 monomer (26 kDa before
cleavage, 23 kDa afterwards) and minor impurities. B: SEC chromatogram of HAdV36 FK purification showing a small, high
molecular weight peak, corresponding to the 75 kDa impurity of the IMAC and a larger second peak, which corresponds to HAdV36
as confirmed by SDS-PAGE analysis.
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Figure S4) Simulated annealing omit difference electron density maps of ME0462 (red), ME1123 (cyan), ME1146 (orange),
ME1015 (green), and ME1145 (magenta) in complex with each HAdV37 (A), HAdV36 (B), and HAdV26 (C). Simulated
Annealing omit difference electron density maps depicted as blue meshes at a level of 3 ¢ and a radius of 1.6 A around the ligand.
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Table S1) Data processing and refinement statistics of HAdV37-inhibitor structures.

HAdV37 FK +ME1123 | HAdV37 FK +ME1146 | HAdV37 FK +ME1015 | HAdV37 FK +ME1145
Data Processing
Space Group P1211 P1211 P1211 P1211
Cell Dimensions
a,b,c 60.4, 69.5,74.5 60.9, 69.5, 74.4 60.0, 69.0, 74.3 61.0, 69.5,74.4
o« B,y 90.0, 94.7, 90.0 90.0, 94.3,90.0 90.0, 94.3, 90.0 90.0, 94.5, 90.0
Resolution bin (last bin) [A] 45.50-2.05 (2.17-2.05) 48.79-1.56 (1.65-1.56) 48.34-1.54 (1.60-1.54) 45.77-1.60 (1.69-1.60)
Reflections overall 262,443 421,078 603,719 408,778
Reflections unique 38413 (6112) 85149 (14056) 87986 (89030) 81172 (13052)
Redundancy 6.8 (6.8) 49 (5.1) 6.9 (7.0) 5.0(5.0)
Completeness [%] 99.8 (98.9) 97.0 (99.5) 98.8 (97.6) 99.8 (99.4)
Vo [1] 16.61 (1.31) 15.33 (1.20) 10.70 (1.93) 15.1 (1.18)
Rineas 9.1 (156.2) 6.7 (135.9) 10.1 (85.0) 6.3 (130.5)
CCip 99.9 (61.8) 99.9 (51.5) 99.6 (84.4) 99.9 (52.7)
Wilson B [A”] 49.7 295 29.9 32
Refinement
No. of atoms total 4,272 4,984 4,888 5,027
protein 4,052 4,383 4,336 4,476
ligand 79 82 82 85
solvent 141 519 470 466
Ruwork / Reree [%] 19.0/22.3 19.6/21.5 13.6/17.3 14.3/18.9
r.m.s.d bond [A] 0.01 0.011 0.008 0.01
r.m.s.d angle [°] 1.04 1.19 1.18 1.23
B factor overall [Az] 58.85 30.28 30.1 32.1
protein 59.23 29.25 28.7 30.6
ligand 50.14 29.97 31.2 42.6
solvent 52.6 39 43.4 43.8
Ramachandran [%]
favored 94.9 96.7 96.47 96.52
allowed 5.1 3.11 3.53 3.48
outlier 0 0.18 0 0
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Table S2) Data processing and refinement statistics of HAdV36-inhibitor structures.

HAdV36 FK +ME0462 | HAdV36 FK +ME1123 | HAdV36 FK +ME1146 | HAdV36 FK +ME1015 | HAdV36 FK +ME1145
Data Processing
Space Group P21212 P212121 P212121 P 212121 P212121
Cell Dimensions
a,b,c 99.5, 88.6, 58.7 55.4,100.5, 102.5 55.3,100.4, 102.5 59.6, 102.0, 111.2 59.2,100.6, 111.0
B,y 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution bin (last bin) [A]

48.92-1.25 (1.34-1.25)

37.61-1.80 (1.84-1.80)

48.66-2.30 (2.35-2.30)

48.82-1.32 (1.39-1.32)

48.58-1.50 (1.53-1.50)

Reflections overall

921,509

837,022

419,095

2,043,334

1,598,589

Reflections unique 143686 (22806) 53644 (3942) 26020 (1859) 158917 (25460) 106794 (7674)
Redundancy 6.4 (6.1) 15.6 (8.4) 16.1 (16.1) 12.8 (11.4) 15.0 (12.2)
Completeness [%] 99.8 (98.9) 100.0 (99.8) 99.9 (99.3) 100.0 (99.9) 99.7 (97.8)
Vo [1] 15.91 (1.42) 14.75 (0.99) 9.78 (1.34) 14.68 (1.69) 21.12 (1.65)
Rumneas 6.0 (129.6) 14.1 (212.5) 26.7 (239.7) 9.1 (125.9) 8.0 (176.2)
CCip 99.9 (61.6) 99.9 (47.0) 99.7 (59.0) 99.9 (73.2) 100.0 (60.4)
Wilson B [Az] 19.6 34.7 49.1 22.7 26.5
Refinement

No. of atoms total 5,068 4,559 4,353 5,469 5,152
protein 4,486 4,258 4,217 4,469 4,488
ligand 60 50 75 164 85

solvent 522 251 61 836 579

Rwork / Reree [%] 14.3/17.3 17.2/20.4 19.2/23.9 13.2/15.5 13.2/17.1
r.m.s.d bond [A] 0.01 0.011 0.004 0.011 0.013
r.m.s.d angle [°] 1.24 1.14 0.73 1.5 1.43

B factor overall [Az] 21.8 36.8 52.8 23.5 26.8

protein 20 36.2 52.6 20.5 24.8

ligand 29.2 53.2 73.3 16.7 25

solvent 36.4 43.6 47.6 40.6 42.7
Ramachandran [%]

favored 96.89 96.99 91.07 97.77 97.09
allowed 3.11 3.01 2.8 2.23 291

outlier 0 0 0.19 0 0
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Table S3) Data processing and refinement statistics of HAdV26-inhibitor structures.

HAdV26 FK +ME0462 | HAdV26 FK +ME1123 | HAdV26 FK +ME1146 | HAdV26 FK +ME1015 | HAdV26 FK +ME1145
Data Processing
Space Group P213 P213 P213 P213 P213
Cell Dimensions
a,b,c 86.1, 86.1, 86.1 85.9,85.9,859 85.9,85.9,859 85.8,85.8,85.8 86.0, 86.0, 86.0
a, B,y 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90,0 90.0, 90.0, 90,0

Resolution bin (last bin) [A]

43.07-1.65 (1.74-1.65)

49.60-1.21 (1.27-1.21)

42.95-1.40 (1.48-1.40)

49.53-1.10 (1.16-1.10)

43.01-1.19 (1.25-1.19)

Reflections overall

589,451

1,688,846

999,408

2,169,451

1,487,984

Reflections unique 23026 (4135) 64427 (10131) 41737 (6663) 85116 (13630) 68468 (10979)
Redundancy 25.6 (25.9) 26.1 (25.3) 239 (21.5) 25.5(22.4) 21.7 (21.4)
Completeness [%] 89.2 (100.0) 100.0 (100.0) 99.9 (99.5) 100.0 (99.9) 99.9 (99.9)
Vo [1] 16.81 (2.25) 20.87 (2.20) 17.93 (2.07) 15.81 (1.37) 21.85(1.71)
Rueas 19.2 (159.3) 9.8 (151.9) 19.5 (202.9) 14.5 (227.8) 7.9 (192.8)
CCip 99.8 (77.5) 100.0 (73.4) 99.9 (71.9) 99.9 (58.4) 100.0 (64.9)
Wilson B [A”] 21 18.1 21.6 14.6 19.2
Refinement

No. of atoms total 1,509 1,668 1,584 1,750 1,594
protein 1,345 1,423 1,356 1,475 1,420
ligand 30 27 28 28 29

solvent 134 218 200 247 145

Ruwork / Riree [%] 19.5/23.2 14.4/16.4 13.9/16.7 14.5/15.4 15.3/16.8
r.m.s.d bond [A] 0.011 0.011 0.01 0.015 0.009
r.m.s.d angle [°] 1.14 1.35 1.27 1.56 1.26

B factor overall [Az] 22.7 232 21 21.2 23.6
protein 21.8 20.6 18.7 17.8 21.9

ligand 24.7 13.19 19.8 20.6 23.8
solvent 30.8 414 37 414 39.6
Ramachandran [%]

favored 95.06 93.94 93.87 92.93 95.32
allowed 4.94 6.06 6.13 7.07 4.68

outlier 0 0 0 0 0
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Figure S5) Difference electron density maps and intermolecular interactions of ME1146 in complex with HAdV37 (A,D),
HAdV36 (B,E), and HAdV26 (C,F). A-C: Simulated annealing omit difference electron density maps depicted as blue meshes at
a level of 3 o and a radius of 1.6 A around the ligand. D-F: Water molecules are displayed as red spheres, hydrogen bonds as black
dashed lines.
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Figure S6) Difference electron density maps and intermolecular interactions of ME1015 in complex with HAdV37 (A,D),
HAdV36 (B,E), and HAdV26 (C,F). A-C: Simulated annealing omit difference electron density maps depicted as blue meshes at
a level of 3 o and a radius of 1.6 A around the ligand. D-F: Water molecules are displayed as red spheres, hydrogen bonds as black

dashed lines.
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Figure S7) Pulldown assay negative control. Pulldown assay
using Protein A beads without NgR1-Fc reveals no bands at the
expected molecular weight for pl3o3; (black arrowheads) or
NgR1-Fc (magenta arrowheads) at SDS-PAGE analysis.
supernatant after incubation; WX = washing step X; EX = elution

SN w1l w2 w3 w4

-
-

TS Yt m

g

.

W5

weé

w7

ws

w9

El

E2

Y314

beads

step X; beads = Protein A/G UltraLink™ Resin after elution.

SN =

N348

T319

'
0
'
'
.

\rkmz
|

127



Appendix

1,000 _. uliod NgRTimmobilzed eeeee
— BSAnoligandimmbolizied —___oe==m"T
== ul03; noligandimmobilized __we=""
800 o
A,
éé }(/ \\\
600 - .
o .)” \\\
Z
400 - ‘\\\\
200 - =
0 ; : . .
50 100 150 200

Time after injection [s]

— 100M 1503
—- 1000M 1035
= 10000M p1503;

100 150 200

Time after injection [s]

Figure S8) SPR analysis using NTA Sensor Chip. A: (113033 binds to the NTA Sensor Chip with NgR1-His immobilized (large
dashes, 60 s contact time) and without NgR1-His immobilized (small dashes, 180 s contact time), while BSA does not bind to the
NTA Sensor chip only (black line, 180 s contact time). B: An increasing concentration of 13033 results in a signal increase using
the NTA Sensor Chip without NgR1-His ligand coupling.
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