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Abstract

Polyomaviruses are non-enveloped, double-stranded DNA viruses that have been
found to infect mammals, birds and fish. The first two discovered human
polyomaviruses, JC polyomavirus (JCPyV) and BK polyomavirus (BKPyV), are
closely related, and the majority of the population is seropositive for these viruses.
While they generally cause an asymptomatic, persistent infection in healthy
individuals, they can trigger severe diseases in immunocompromised patients. In the
case of JCPyV, viral reactivation results in infection of astrocytes and
oligodendrocytes in the central nervous system. This in turn leads to the fatal disease
Progressive Multifocal Leukoencephalopathy (PML), which is characterized by the
demyelination of these cells. For BKPyV, infection can lead to polyomavirus-
associated nephropathy (PVAN) and hemorrhagic cystitis in renal transplant patients.
About 10% of kidney transplant patients suffer a graft loss thereafter. So far, there is
no efficient cure other than the reconstitution of the immune system for either
disease.

The icosahedral polyomavirus capsid is comprised of 72 pentamers of the major
capsid protein VP1. Each VP1 pentamer is typically associated with one copy of a
minor capsid protein, VP2 or VP3. The structure of a VP1 monomer is characterized
by a jelly-roll fold consisting of a conserved B-barrel core and highly divergent loops
connecting the p-strands. Thus, the loops confer receptor specificity and
polyomaviruses have been shown to rely on sialylated carbohydrate receptors for
host cell attachment. For JCPyV, it has been shown that the engagement of
lactoseries tetrasaccharide ¢ (LSTc) is required for the attachment of JCPyV to host
cells. More recently, the adipocyte plasma membrane-associated protein APMAP
was identified as putative receptor for JCPyV. Little is known about this type Il
transmembrane protein, and its extracellular region, which is responsible for binding
to JCPyV, was investigated in the course of this work. Secondary structure prediction
of the extracellular region indicated the presence of a six-bladed B-propeller, with
each blade containing a twisted four-stranded antiparallel B-sheet. This prediction is
supported by CD spectroscopic analysis of purified protein. The work performed in
this project provides a platform for future studies about the structure of APMAP, its
function and its molecular interactions with JCPyV VP1.

Since there is still no efficient cure for diseases caused by JCPyV nor BKPyV, an
important goal is to develop strategies to interfere with virus receptor binding or to
block viral assembly. One possibility for preventing virus receptor interactions or viral
assembly is the design of small molecule compounds that can act as viral attachment
or assembly inhibitors. This was one project investigated in this work. Fragment-
based drug discovery was conducted in order to find small molecule fragments that
were analyzed in crystal soaking experiments with JCPyV VP1. Two compounds
were shown to bind to JCPyV VP1, both of which display the same binding site. The
binding site is located on the inside of the VP1 pentamer and does partially overlap
with the VP2 binding site. Based on the identified compounds, molecular modeling
studies were performed to find new compounds displaying a higher affinity towards
JCPyV VP1. Since none of these compounds was shown to bind, another approach
was pursued. Based on the sequence of JCPyV VP2, peptides that were
hypothesized to bind to JCPyV VP1 with high affinity were designed and crystallized



with JCPyV VP1. Although difference omit maps were observed in multiple data sets,
assignment to any peptide structure was not possible and binding of these peptides
to JCPyV VP1 could thus not be confirmed.

In a third project, JCPyV VP1 protein in complex with single-chain variable fragments
of the cross-neutralizing, monoclonal antibody 29B1 was structurally analyzed. The
crystal structure revealed the antibody epitope and shed light onto the neutralization
escape of characteristic PML mutants. Furthermore, comparison with the complex
structure of BKPyV VP1 allowed for the detection of subtle differences in binding of
29B1 between JCPyV VP1 and BKPyV VP1. Together with the analysis of previously
solved crystal structures of JCPyV VP1 — antibody fragment complexes, the different
binding profiles of these antibodies to JCPyV VP1 variants could be explained. This
knowledge could provide a platform for a rational design of vaccines and therapeutic
antibodies.



Zusammenfassung

Polyomaviren zadhlen zu den nicht-umhtllten, Doppelstrang-DNA Viren, die
Saugetiere, Vogel und Fische infizieren konnen. Die zuerst entdeckten menschlichen
Polyomaviren, JC Polyomavirus (JCPyV) und BK Polyomavirus (BKPyV) sind eng
miteinander verwandt und die Mehrzahl der weltweiten Bevolkerung ist seropositiv fur
diese Viren. Wahrend sie generell eine asymptomatische, persistierende Infektion in
gesunden Individuen hervorrufen, so konnen sie zu ernsten Erkrankungen in
immunkompromittierten Patienten fihren. Im Falle von JCPyV resultiert die virale
Reaktivierung zur Infektion von Astrozyten und Oligodentrozyten im zentralen
Nervensystem. Dies wiederum fuhrt zur meist tddlich verlaufenden Krankheit
Progressive Multifokale Leukoenzephalopathie, die sich durch die Demyelinisierung
dieser Zelltypen auszeichnet. Fir BKPyV kann eine Infektion bei
Nierentransplantationspatienten zu Polyomavirus-assoziierter Nephropathie (PVAN)
und hamorrhagischer Zystitis fuhren. Hierdurch erleiden etwa 10% aller
Nierentransplantationspatienten eine Abstof3ung und Verlust des Spenderorgans.
Bislang gibt es keine andere effiziente Heilungsstrategie als die Wiederherstellung
des Immunsystems.

Das ikosahedrale Polyomavirus-Kapsid setzt sich aus 72 Kopien der Haupt-

Kapsidproteins VP1-Pentamere zusammen. Diese VP1-Pentamere sind in der Regel
mit einer Kopie eines Neben-Kapsidproteins, entweder VP2 oder VP3, assoziiert. Die
VP1-Struktur weist eine typische jelly-roll*-Faltung mit einer konservierten -barrel
Kernstruktur und stark divergierenden Loopregionen auf. Diese Loopregionen
vermitteln die Rezeptorspezifitat, wahrend Polyomaviren nachweislich auf sialylierte
Kohlenhydratrezeptoren zur Bindung an die Wirtszelle angewiesen sind.
Fur JCPyV hat sich gezeigt, dass das Vorhandensein des Lactoseries
Tetrasaccharides ¢ (LSTc) fur die Bindung von JCPyV an Wirtszellen erforderlich ist.
Vor kurzem wurde das Adipozytenplasmembran assoziierte Protein APMAP als
mutmaRlicher Rezeptor fir JCPyV identifiziert. Uber dieses Transmembranprotein
vom Typ Il ist wenig bekannt und der extrazellulare Teil, der fur die Bindung an
JCPyV verantwortlich ist, wurde im Rahmen dieser Arbeit untersucht. Die
Sekundarstrukturvorhersage ergab einen sechsblattrigen [B-Propeller, wobei jede
Propellerschaufel ein in sich verdrehtes vierstrdngiges antiparalleles [-Faltblatt
enthielt. Diese Vorhersage konnte durch die Analyse von CD-Spektren des
gereinigten Proteins bestétigt werden. Die in diesem Projekt durchgefiihrten Arbeiten
bieten die Grundlage fir zukinftige Studien Uber die Proteinstruktur, -funktion und
maogliche Interaktionen mit JCPyV VP1.

Da es fur die von JCPyV und BKPyV hervorgerufenen Krankheiten nach wie
vor keine wirksame Therapie gibt, ist es ein Ziel, geeignete Mittel zu finden, um die
Bindung des Virus an den Rezeptor zu unterbinden oder die virale
Zusammensetzung zu blockieren. Eine Méglichkeit, die Wechselwirkungen zwischen
Virus und Rezeptor zu inhibieren oder den viralen Aufbau zu verhindern, stellt das
Design von niedermolekularen Verbindungen dar, die als Inhibitoren fungieren
konnen. Dieses Projektwurde im Rahmen dieser Arbeit untersucht. Dabei wurde das
Prinzip der fragmentbasierten Wirkstoffentdeckung angewendet, um kleine
Molekulfragmente zu finden, die in Soaking-Experimenten mit JCPyV VP1-Kristallen
analysiert wurden. Es konnte gezeigt werden, dass zwei Verbindungen an JCPyV
VP1 binden, wobei beide die gleiche Bindungsstelle aufweisen. Die Bindungsstelle
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befindet sich dabei innerhalb des VP1-Pentamers und Uberlappt teilweise mit der
VP2-Bindungsstelle. Basierend auf den identifizierten Verbindungen wurden
Molecular Modeling Studien durchgefiihrt, um neue Verbindungen mit einer héheren
Affinitat zu JCPyV VP1 zu finden. Da keine dieser Compounds nachweislich bindet,
wurde ein anderer Ansatz verfolgt. Basierend auf der Sequenz von JCPyV VP2
wurden Peptide entwickelt, die mit hoher Affinitat an JCPyV VP1 binden sollten. Die
in der Proteinkristallstruktur beobachtete Differenzelektronendichte konnte keiner
Peptidsequenz zugeordnet werden und eine Bindung der Peptide an JCPyV VP1
konnte somit nicht bestatigt werden.

In dieser Arbeit wurde das JCPyV VP1-Protein im Komplex mit singlechain-
variablen Fragmenten des kreuzneutralisierenden, monoklonalen Antikorpers 29B1
strukturell analysiert. Durch die Strukturaufklarung wurde das Antikorperepitop
bestimmt und erklart, wie charakteristische PML-Mutanten der
Antikdrperneutralisation entgehen koénnen. Der Vergleich mit der BKPyV VP1
Komplexstruktur deckte subtile Unterschiede im Bindungsmuster von 29B1 an JCPyV
VP1 und BKPyV VP1 auf. Zusammen mit der Analyse von zuvor gelosten
Kristallstrukturen von JCPyV VP1 - Antikérperfragmentkomplexen konnten die
unterschiedlichen Bindungsprofile dieser Antikorper zu verschiedenen JCPyV VP1-
Varianten erortert werden. Dieses Wissen kann dazu genutzt werden, Impfstoffe und
therapeutische Antikorper zu entwickeln.

Contributions of Others

All of the experiments described in this thesis were performed by me, with exceptions
clearly indicated in the text.
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1. Introduction

1.1Polyomaviruses

Polyomaviruses constitute the family of Polyomaviridae. They were first described in
1953 by Ludwig Gross (Gross 1953) and their name is derived from the Greek words
poly-, meaning many, and -oma, which means tumor. Murine polyomavirus (MPyV)
and simian vacuolating virus (SV40) were the first polyomaviruses to be discovered
(Stewart, Eddy, and Borgese 1958; Sweet and Hilleman 1960), and they still serve as
model systems for studying eukaryotic molecular biology. MPyV causes tumor
formation when inoculated in mice.an these were the first organisms found to be
carrying polyomaviruses. Since then, polyomaviruses have been found to infect birds,
fish and mammals. Currently, there are 13 human polyomaviruses. So far, a total
number of 77 polyomaviruses are known, and they belong to four genera,
Alphapolyomavirus, Betapolyomavirus, Gammapolyomavirus and Deltapolyomavirus.
Five species could not be assigned to any genus (ICTV Report Polyomaviridae).

Four of the 13 known human polyomaviruses were shown to cause disease (Gardner
et al. 1971; Padgett et al. 1971; Allander et al. 2007; Gaynor et al. 2007; van der
Meijden et al. 2010). The first two of these, JC polyomavirus (JCPyV) and BK
polyomavirus (BKPyV), were characterized in 1971 and received their name from the
initials from the patients they were isolated from (Gardner et al. 1971; Padgett et al.
1971). For almost 40 years, JCPyV and BKPyV were the only known human
polyomaviruses, but with technological advancements in the last two decades, genetic
screening and high-throughput sequencing techniques led to the discovery of several
new polyomaviruses. This includes Trichodysplasia spinulosa-associated
polyomavirus (TSPyV), which was discovered in a rare skin condition (van der Meijden
et al. 2010) and Merkel Cell polyomavirus (MCPyV), which is associated with Merkel
Cell Carcinoma (MCC), a rare, but aggressive form of skin cancer. MCPyV is the first
polyomavirus that is known to cause cancer in humans (Feng et al. 2008). Between
1955 and 1963, a prominent member of the polyomavirus family, Simian Virus (SV40),
came into focus due to the contamination of poliovirus vaccines. Almost one hundred
million people in the US have been inadvertently exposed to SV40 through vaccination
with contaminated vaccines (Shah and Nathanson 1976). SV40 shows transforming
abilities in cell culture and has oncogenic potential in small animal models such as
hamsters. Concerns about the oncogenic potential and SV40 induced tumors in
humans arose, but could not be confirmed (Shah 2007). The potential oncogenicity
has reinforced the interest in polyomaviruses and their role in diseases and cancer
(Dalianis and Hirsch 2013; De Gascun and Carr 2013; Moens, Van Ghelue, and
Ehlers 2014). Seroprevalence studies have shown that polyomaviruses infect a large
proportion of the population worldwide. The seroprevalence increases typically during
childhood, indicating that primary exposure occurs in early stages of life (Kean et al.
2009).

Polyomaviruses are nonenveloped viruses and comprising a small, circular, double-
stranded DNA genome of about 5,000 bp. The genome is packed into an icosahedral
capsid, which is about 40 - 45 nm in diameter. The typical polyomavirus genome
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codes for five to nine proteins, whereas two transcriptional regions are defined, the
early and late regions, depending on transcription onset during the infection. Early
during infection, the nonstructural proteins large tumor antigen (LTAg) and small tumor
antigen (STAg) are expressed, which are responsible for the promotion of viral
replication and the transforming properties of polyomaviruses. The three capsid
proteins, VP1, VP2 and VP3, are considered late proteins because expression starts
after the replication of viral DNA. Some polyomaviruses produce additional early and
late proteins with VP4 encoded by simian virus 40 (SV40) being one example for an
additional late protein. Unlike VP1, VP2 and VP3, VP4 is not a component of the virus
particle, but a regulatory protein involved in egress (Ehlers and Moens 2014).
Polyomaviruses show high homology to one another. In particular, JCPyV and BKPyV
show a sequence identity between the VP1 proteins of 87%. The work presented in
this thesis focuses on JCPyV and the closely related BKPyV. Studies about JCPyV
receptors and inhibitors could also be translated to the highly similar BKPyV, as seen
for cross-neutralizing antibodies (Jelcic et al. 2015).

1.1.1 Epidemiology and Pathogenesis

JCPyV

About 50 to 80% of the human population are seropositive for JCPyV (Kean et al.
2009; Egli et al. 2009; Knowles et al. 2003). The virus causes a persistent,
asymptomatic infection in the kidney, bone marrow and B-lymphocytes of healthy
individuals and remains latent in an archetypal form that is incapable of successfully
infecting glial cells (Major et al. 1990; Monaco et al. 1996; Dubois et al. 1997;
Chapagain and Nerurkar 2010; Monaco et al. 1998). JCPyV likely infects via the upper
respiratory tract by close interpersonal contact and might spread by the hematogenous
route (Ferenczy et al. 2012). Virus transmission can also occur, albeit rarely, by semen
or organ transplantation, or urine-to-oral and by vertical transplacental and perinatal
transmission (Bofill-Mas and Girones 2001; Bellizzi, Anzivino, Rodio, Cioccolo, et al.
2013; Boldorini et al. 2011). The virus sheds in the urine of healthy individuals (Yogo
et al. 1990) and the detection of JCPyV in stool samples and in urban sewage
worldwide may have implications on the transmission through contaminated water and
by a fecal-oral route (Hamza et al. 2009; McQuaig et al. 2009; Ahmed et al. 2010;
Bofill-Mas et al. 2003). Infection is usually asymptomatic in healthy individuals.
However, under conditions of immune modulation or immunosuppression, JCPyV can
become reactivated and spread to the central nervous system (CNS) (Dubois et al.
1997; Ferrante et al. 1995; Gorelik et al. 2011). Here it infects astrocytes and
oligodendrocytes (Du Pasquier et al. 2003; Koralnik et al. 2005; Wuthrich et al. 2009).
B-lymphocytes have been proposed to be the main carrier for JCPyV and thus
enabling the virus to disseminate from and/or towards the brain via the blood-brain
barrier (BBB) (Tornatore et al. 1992; Chapagain and Nerurkar 2010; Van Loy et al.
2015). Glial cells and especially oligodendrocytes are crucial for myelination in the
CNS. JCPyV infection of oligodendrocytes results in their cytolytic destruction.

JCPyV is the causative agent of Progressive Multifocal Leukoencephalopathy (PML), a
fatal, demyelinating disease involving progressive damage to brain white matter. PML
has been mainly associated with patients with Human Immunodeficiency
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Virus/Acquired Immune Deficiency Syndrome (HIV/AIDS) and patients undergoing
prolonged immunomodulating treatments for immune-mediated diseases such as
multiple sclerosis (MS) (Tan and Koralnik 2010; Bellizzi, Anzivino, Rodio, Palamara, et
al. 2013; Diotti et al. 2013). Natalizumab was the first immunomodulating therapy of
MS patients that was linked to PML (Berger 2017; Gorelik et al. 2010). Other
immunomodulatory drugs like fingolimod, rituximab and dimethyl fumarate (DMF) have
also been linked to the development of PML (Vargas and Tyor 2017; Carson et al.
2009). In the CNS, JCPyV leads to infection of glial cells, astrocytes and
oligodendrocytes causing severe demyelination and thus PML (Silverman and
Rubinstein 1965; Zurhein and Chou 1965; Major et al. 1985; Major et al. 1992; Kondo
et al. 2014). PML is characterized by a fast progression, and is fatal within months if
left untreated (Khanna et al. 2009). There is no efficient treatment against PML so far,
other than the reconstitution of the immune system (Pavlovic et al. 2015; Tan et al.
2011; Vermersch et al. 2011; Prosperini et al. 2016). The immune system
reconstitution can lead to the development of immune reconstitution inflammatory
syndrome (IRIS), which is characterized by T and B cells infiltrating the brain and
causing prominent inflammation of the infected tissue. This inflammation leads to
elimination of the virus, but often the consequences are acute neurological
deterioration and additional brain damage and might even result in death due to tissue
swelling (Tan et al. 2011; Aly et al. 2011; Metz et al. 2012). How JCPyV exactly enters
the CNS is currently unknown, however, it could be transferred as free virus or carried
by B-cells (Chapagain and Nerurkar 2010). There are several routes of entry for B-
cells into the CNS, which could also apply to JCPyV. It could be transferred directly to
glial cells from B-cells that have entered the CNS parenchyma or indirectly enter via
the blood-brain barrier (BBB), blood-meningeal barrier (BMB) or blood-CSF barrier
(BCSFB).

BKPyV

BKPyV was isolated from the urine sample of a renal transplant patient and was
named after the initials of said patient (Gardner et al. 1971). About 75% of the
population are seropositive for BKPyV (Knowles 2006). Like JCPyV, BKPyV also
establishes a lifelong, asymptomatic infection in the epithelial cells of the urinary tract.
However, in immunocompromised patients the virus can replicate to pathogenic levels.
BKPyV infections can lead to polyomavirus-associated nephropathy (PVAN) and
hemorrhagic cystitis in renal transplant patients (Bennett, Broekema, and Imperiale
2012; Rinaldo, Tylden, and Sharma 2013). Seemingly, the virus in the donor kidney
can hijack and replicate to pathogenic levels in transplant recipients who lack antibody
responses against the virus in the graft (Pastrana et al. 2012; Scadden et al. 2017;
Schmitt et al. 2014; Schwarz et al. 2016; Solis et al. 2018). About 10% of kidney
transplant patients are affected by PVAN, which occurs early after transplant, likely
when immunosuppression is at its peak (Hirsch et al. 2005). In kidney transplant
patients, the virus initially replicates in the distal tubular cell, leading to necrosis and
inflammation initiation (Lamarche et al. 2016). Recent studies furthermore suggest that
BKPyV might also play a causal role in cancers of the urinary tract, especially in
kidney transplant patients. These individuals show an increased risk of developing



bladder and kidney cancer (Frasca et al. 2015; Tillou and Doerfler 2014; Gupta et al.
2018).

1.1.2 Structure and Organization of the Polyomavirus Capsid

Major Capsid Protein VP1

The polyomavirus capsid has a diameter of approximately 45 to 50 nm, and the major
component is the major viral protein VP1. Five VP1 monomers are assembled around
a fivefold symmetry axis to form a VP1 pentamer, and the virion is comprised of 72
copies, which are centered on the vertices of a T=7dextro (T=7d) icosahedral lattice.
Capsomer interactions mainly involve the VP1 carboxy-terminus invading a
neighboring pentamer, and then are further stabilized by calcium ions and disulfide
bonds between the pentamers (Ishizu et al. 2001). Every VP1 pentamer interacts with
a single copy of either VP2 or VP3 on its inner cavity (Liddington et al. 1991; Stehle
and Harrison 1996; Chen, Stehle, and Harrison 1998). This interaction is predicted to
occur in one of five symmetry-related orientations, and binding is mediated by the
common C-terminal 105 residues of VP2/VP3 in this location (Griffith et al. 1992,
Chen, Stehle, and Harrison 1998). Yet, only 20 amino acids were resolved and these
residues are proposed to insert in a hairpin-like manner into the VP1 cavity (Chen,
Stehle, and Harrison 1998). The tertiary structure of the major capsid protein VP1
features an N-terminal arm, a jelly-roll B-sandwich core and a long C-terminal
extension (Liddington et al. 1991). Polyomavirus VP1 in its monomeric form is formed
by two antiparallel B-sheets. These are comprised of strands B, |, D and G (BIDG-
sheet) and a second one formed by strands C, H, E and F (CHEF-sheet). These two
B-sheets form a jelly-roll fold, a motif that frequently can be found in virus capsid
proteins (Stehle et al. 1994; Stehle and Harrison 1996; Liddington et al. 1991).
Polyomavirus VP1 structures show characteristic extended and structurally variable
surface loops that protrude from the otherwise conserved B-strand core. The strands
B, I, D, G2 and C, H, E, F are connected via these loops, hence these loops are
named e.g. BC-, DE-, HI- and EF-loops (Liddington et al. 1991; Stehle and Harrison
1997; Neu et al. 2008; Neu et al. 2010; Neu, Bauer, and Stehle 2011; Neu, Khan, et al.
2013; Neu, Allen, et al. 2013; Khan et al. 2014). The BC-loop is further divided into two
regions, BC1l- and BC2-loop, which protrude from the top of VP1 into different
directions. The G-strand is similarly divided into two parts, G1 and G2, where G1, the
N-terminal region, of one monomer contributes to the CHEF-sheet of the clockwise
neighbor. The G2-part contributes to the BIDG sheet.
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Figure 1. lllustration of the characteristic jelly-roll fold and the structure of SV40 VP1. (A) Schematic illustration
of the B-sheets of VP1. The two sheet-structures BIDG and CHEFG are highlighted in darker green and loops
between strands are shown as lines. (B) One monomer of the VP1 pentamer is shown in green and neighboring
VP1 monomers in grey (PDB code 1SVA). The conserved B-sheets are connected via the protruding surface loops,
BC-, DE--, HI- and EF-loops. The BC loop is subdivided into a BC1- and a BC2-part, facing different directions. In
the contextual role of the virion, the incoming C-terminal arm, contributed by a neighboring pentamer, is shown
in blue.

Contrary to the other loops, the EF-loop protrudes from the bottom of the VP1
pentamer and includes a small three-stranded B-sheet (termed E’”’, E’ and E”) on the
side of the pentamer (Stehle and Harrison 1996). Monomers are identical throughout
the capsid and neighboring monomers within the pentameric unit form extensive
interfaces comprising about 2,200 to 2,800 A2 (Protein Interfaces, surfaces and
assemblies service PISA at the European Bioinformatics Institute,
http://www.ebi.ac.uk/pdbe/prot_int/pistart.html; (Krissinel and Henrick 2007)). The C-
terminal arm of VP1 emerges from the base of the monomer and interacts with VP1
from a neighboring pentamer, thus tying together the pentamers within the capsid
(Liddington et al. 1991; Stehle and Harrison 1996). In the fully assembled virion, most
pentamers contact each other primarily through the C-terminal arms. Each pentamer
receives five invading C-terminal arms, one from each of five other pentamers, and
donates five C-terminal arms to the surrounding pentamers. The exchange pattern
among different pentamers determines the surface lattice.




Figure 2: Capsid organization of Polyomaviruses. (A) Full SV40 virion (PDB code 1sva). The figure was obtained
from VIPERdb (http://viperdb.scripps.edu) (Carrillo-Tripp et al. 2009). (B) Architecture of the virion shell with the
pentamer arrangement on the T=7d icosahedral lattice. Strict pentamers are shown in gray and local pentamers
are colored. (C) Interpentamer contacts in the virion. The three different kind of axes (approximate 3-fold axis,
approximate 2-fold axis, strict 2-fold axis) are indicated between the corresponding pentamers. Figure panels B
and C are adapted from (Stehle et al. 1996).

Polyomaviruses exhibit a rather unexpected capsid organization, with featuring
pentamers instead of hexamers in hexavalent positions of the icosahedral capsid.
Based on the location in the capsid, two different classes of pentamer can be
distinguished: Twelve pentamers lie on the twelve 5-fold rotation axes of the
icosahedron, whereas each pentamer is surrounded by five other pentamers, the
remaining sixty pentamers do not lie on global symmetry axes and they are
surrounded by six other pentamers (Figure 2). The particular orientations of the 5- and
6-coordinated pentamers lead to just three kinds of interpentamer contacts: an
approximate 3-fold axis relating subunits labelled a, a’ and a”; an approximate 2-fold
axis relating those labelled $ and B’; and a strict icosahedral 2-fold axis relating those
labelled y (Liddington et al. 1991; Rayment et al. 1982; Salunke, Caspar, and Garcea
1986). The y-monomers are the only ones that do not exhibit an a-helical segment at
the C-terminus. Two helices mediate contacts between monomers $ and [’, three
helices the contacts between a, a’ and a”, and contacts between y-monomers are
mediated by flexible non-helical structures (Figure 2). The C-terminal end can either
be flexible or form a short antiparallel terminal 3-ribbon composed of strands K and L
(KL B-ribbon). However, for all pentamers, the invading C-terminal arm of a
neighboring pentamer contributes to strand J, which is clamped in place by the -
strand A of the N-terminal arm resulting in a six-stranded B-sheet (AJBIDG2) (Figure
1) (Stehle and Harrison 1996).

Capsomer interactions are further stabilized by disulfide bonds and divalent ions.
Whereas the CD-loop can adopt various conformations, a conserved cysteine residue
can be found at the tip of the CD-loop. (Stehle et al. 1996; Stehle and Harrison 1996).
In SV40, cysteine C104 from the a-subunit contacts VP1 monomers o’ and a” from 6-
fold coordinated pentamers to form disulfide bonds with equivalent cysteines.
Similarly, this disulfide bridging can be observed for cysteine residues of the CD-loops
of the B and B’ monomers. Furthermore, inter-pentamer bridges might be formed by
cysteines C9 in the C-terminal arms (Stehle et al. 1996; Jao et al. 1999). In MPyV, CD-
loop residue C114 is involved in a disulfide bridge with C19 in the N-terminal arm of
the counterclockwise VP1 monomer, thus retaining the N-terminal clamp (Stehle and
Harrison 1996). Assembly of MPyV VP1 pentamers has been shown to be facilitated
by calcium ions (Salunke, Caspar, and Garcea 1986, 1989). In the assembled SV40
capsid, two calcium ion binding sites were identified (Stehle and Harrison 1996). The
ions bridge the invading C-terminal arm of one pentamer with core residues of the
accepting pentamer (Liddington et al. 1991; Stehle et al. 1996). Hence, Ca?*
potentially serves as a trigger at the pentamer interface and the addition or depletion
of Ca? facilitates capsid assembly or disassembly, respectively (Salunke, Caspar, and
Garcea 1986; Kawano et al. 2009). Among different polyomaviruses, both calcium
binding sites and cysteine residues are highly conserved. This implies that capsid



assembly, disassembly and stabilization in vivo underlie similar principles (Stehle et al.
1996; Stehle and Harrison 1996; Schelhaas et al. 2007; Walczak and Tsai 2011).
Hence, treatment with reducing and Ca?*-chelating agents such as EDTA results in the
disassembly of SV40, MPyV and other polyomaviruses in vitro (Brady, Winston, and
Consigli 1977; Kosukegawa et al. 1996; Ishizu et al. 2001).

Minor Capsid Proteins VP2/VP3

VP1 pentamers are generally associated with one molecule of either VP2 or VP3,
which overlap in sequence, although the presence and role of the minor capsid
proteins can vary among different species (Barouch and Harrison 1994; Gasparovic,
Gee, and Atwood 2006; Kawano et al. 2006; Schowalter and Buck 2013). In the
absence of these minor capsid proteins, VP1 can self-assemble into virus-like particles
with similar structural properties to native virions (Kosukegawa et al. 1996; Gillock et
al. 1997). VP2 and VP3 share a common C-terminal sequence with VP2 exhibiting
additional residues at its N-terminus. Binding studies have shown that VP1 interacts
tightly with VP2/VP3, and that a sequence near the common C-terminus of VP2/VP3 is
sufficient for complex formation (Barouch and Harrison 1994). The crystal complex
structure of MPyV VP1 with the common C-terminal segment of VP2 (residues 214-
318) shows that it binds VP1 mainly through hydrophobic interactions. Yet, salt bridges
as well as hydrogen bonds at two positions at the internal region of VP1 are as well
involved in interactions within the complex (Chen, Stehle, and Harrison 1998).
However, only residues 269-296 are resolved in the electron density map and make
contact with three monomers within the pentamer. Sequence alignment of VP2 from
different polyomaviruses showed that the only long stretch of highly conserved amino
acids is from residues 266-302, containing the region visible in the crystal structure
(Chen, Stehle, and Harrison 1998).

VP2 r

Figure 3: Structure of the VP1 —-VP2 complex of MPyV. (A) Open view, displaying VP2 (blue) in its binding site
surrounded by three MPyV VP1 monomers shown in grey (PDB code 1CN3). The remaining two monomers are
not shown. (B) Interactions between VP1 and VP2 are shown with dashed black lines. Residues of interest are
highlighted as sticks.



Previous work on SV40 found that VP3 was dispensable but VP2 was necessary for
infection (Cole et al. 1977; Gharakhanian, Munoz, and Mayorca 2003). In contrast,
MPyV devoid of VP2 or VP3 were reported to be noninfectious (Mannova et al. 2002).
Similarly, for JCPyV both minor proteins are needed for proper propagation of the virus
(Gasparovic, Gee, and Atwood 2006). VP2 has been shown to be modified by a
myristylation moiety, a co-translational addition of fatty acid, at its N-terminus (Streuli
and Griffin 1987; Resh 1999). This myristylation site is important for infection likely due
to its interaction with host cell membranes (Krauzewicz et al. 1990; Sahli et al. 1993).
During viral infection, VP1 regulates the membrane localization of minor capsid
proteins and both VP2 and VP3 post-translationally integrate into ER membranes in
the absence of VP1 (Daniels, Rusan, Wadsworth, et al. 2006; Burkert et al. 2014). The
efficient transportation of viral DNA into cells is facilitated by VP2 and VP3. Both SV40
and BK minor capsid proteins contain a C-terminal nuclear localization signal (NLS).
Mutations of basic residues in this region have been shown to decrease nuclear entry
during host cell infection (Nakanishi et al. 2002a; Nakanishi, Itoh, et al. 2007a;
Nakanishi, Li, et al. 2007; Bennett et al. 2015a).

In general, the N-terminus of VP2 is more flexible and not as tightly folded as the
common C-terminal part of VP2 and VP3, which is responsible for VP1 binding. It has
been found that the N-terminal region of VP2 is sensitive to gentle proteolysis (Chen,
Stehle, and Harrison 1998). During infection, this part of VP2 would be able to emerge
more easily from the inside of the virion and propagate a structural rearrangement.
The exact mechanism of the exposure of minor capsid proteins during infection still
needs to be further elucidated.

1.2Virus Glycan Receptors

Interactions between viruses and receptors play a major role in viral host range, tissue
tropism and viral pathogenesis. Attachment to one or multiple receptors by viruses is
critical to overcome the plasma membrane barrier and to enter the host cell to
eventually utilize the host cell machinery. Viral attachment proteins recently were
described as “keys” able to unlock the host cells by interacting with the “lock”, the
receptor, on the cell surface; interactions that are vital for viruses to successfully enter
the host cell (Maginnis 2018). Viruses often rely on particular classes of molecules in
order to drive these mechanisms. These can include sialic acid containing
carbohydrates, glycosaminoglycans (GAGSs) or histo-blood group antigens (HBGAS)
(Figure 4).
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Figure 4: Gchan types that can function as viral receptors. (A) Biosynthesis of human ABH and Lewis HBGAs of
type 1 and type 2. The types are defined by the glycosidic linkage of the precursor (type 1 is 1,3 and type 2 is
B1,4 linked). Each step of the synthesis is catalyzed by a specific glycosyltransferase. FUT1 and FUT2 gene
products control the same reaction. FUT1 is expressed in erythrocytes and FUT2 in secretory tissues giving rise to
its glycosidic product in saliva and mucosal secretions. Sequential addition of monosaccharides to the precursor
results in secretor-HBGAs in the presence and to non-secretor Lewis types in absence of FUT2 in secretions. FUT3
is primarily expressed in the epithelial cells of gastrointestinal tissue and adds a fucose to the precursor or H-type
antigens. Enzyme A or enzyme B adds GalNAc or galactose via al,3 linkages to H-type antigens, respectively,
resulting in A and B type HBGAs. As an example, H type 1 is shown in a structural representation. (B) Sialic acid
variants. Sialic acids terminate N- and O-glycans as well as glycolipids. The two common types of linkages, the
a2,6- and a2,3- linkage, are shown with the most prominent sialic acid in humans, N-acetylneuraminic acid, and
galactose in a structural and schematic representation. The glycosidic linkage is highlighted in red. (C) In general,
glycosaminoglycans are composed of repeating identical disaccharide units of N-acetylated or N-sulfated amino
sugar linked to uronic acid or galactose. These units form long, unbranched GAG chains connected to a core
protein. Depicted is chondroitin sulfate, a sulfated glycosaminoglycan consisting of repeating N-
acetylgalactosamine and glucuronic acid units (adapted from (Dietrich, Harprecht, and Stehle 2017)).

Common viral receptors, including for polyomaviruses, are sialylated glycans, which
are ubiquitously expressed in higher vertebrates (Stroh and Stehle 2014). Sialic acids,
the terminal monosaccharide units on glycan chains of N- and O-linked glycoproteins
and glycolipids and are usually part of the recognition site to which viruses attach
(Varki and Varki 2007; Wasik, Barnard, and Parrish 2016). Interactions between a viral
attachment protein and its glycan receptor primarily involve the sialic acid itself, which
is bound with a relatively small contact area in a solvent-exposed region of the protein.
Consistently, the binding affinities are typically very low, with dissociation constants in
the millimolar range (Neu et al. 2008; Burmeister et al. 2004; Stehle and Harrison
1996; Sauter et al. 1989). In most cases, though, low affinity is overcome by high
avidity. Sialic acids consist of a nine-carbon backbone, but show great diversity in their
types and linkages and are among the most diverse sugars found on glycan chains of
mammalian cell surfaces. The most common modifications can be found at the 4, 5, 7,
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8 and 9 positions and involve acetylations, methylations and sulfatations. These
different modifications and linkages determine specificity and evolution of viruses has
selected for specific interactions with different glycan types. Different modifications
occur specifically in eukaryotes, archaea or bacteria and play an important role in the
tropism of the virus at the level of host, tissue as well as differentiated cell types (Gee
et al. 2006; Wasik, Barnard, and Parrish 2016).

The primary sialic acid forms are determined by modifications at the 5-carbon position,
such as N-acetylneuraminic acid (Neu5Ac) or N-glycolylneuraminic acid (Neu5Gc)
(Varki and Schauer 2009). Neu5Ac is the most abundant sialic acid in humans and
features a carboxylate group at C2, an N-acetyl group at the C5 position and a glycerol
chain at position C6. Neu5Gc, which only differs by a single oxygen atom at the C5
position from Neu5Ac, cannot be synthesized in humans due to a mutation causing
irreversible inactivation of the gene encoding for cytidine monophosphate-N-acetyl
neuraminic acid hydroxylase (CMAH), which hydroxylates Neu5Ac (Chou et al. 1998;
Irie and Suzuki 1998; Varki 2001). The loss of Neu5Gc and the accumulation of its
precursor NeuS5Ac has several implications for humans, including a change in
pathogen regimes. Pathogens binding Neu5Gc are no longer able to infect humans, in
turn, those binding Neu5Ac would have a special preference for human cells due to
the great increase in its density (Varki 2009). Neu5Gc can be incorporated from
exogenous sources, the richest sources being red meat and dairy products, and it can
even be found in human carcinomas and fetal tissues (Tangvoranuntakul et al. 2003,
Varki and Varki 2007; Samraj et al. 2015). Furthermore, all humans have significant
levels of circulating antibodies against Neu5Gc (Tangvoranuntakul et al. 2003;
Nguyen, Tangvoranuntakul, and Varki 2005; Padler-Karavani et al. 2008; Zhu and
Hurst 2002).
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Figure 5: Structures of Neu5Ac and Neu5Gc. (A) Neu5Ac, which features an N-acetyl group at position C5, is the
most abundant sialic acid variant in humans. (B) Neu5Gc, which only differs by an N-glycolyl chain instead of an
N-acetyl chain from Neu5Ac, is not synthesized in humans due to a mutation of the CMAH gene. Neu5Gc is
commonly found in monkeys and other vertebrates. Common functional groups of sialic acids are the
carboxylate group, glycerol and N-acetyl or N-glycolyl, respectively, but also acetylations, methylations and
sulfatations at positions C4, C5, C7, C8 and C9 of the 9-carbon backbone (Angata and Varki, 2002).
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Additional variations in sialic acid forms can be found in glycoconjugates such as N- or
O-linked proteins and glycolipids, where sialic acids can be linked via a2,3 and a2,6-
linkage to either galactose (Gal) or to N-acetylglucosamine. Additionally, sialic acids
can be linked to one another via a2,8 and a2,9-linkages (Muhlenhoff, Eckhardt, and
Gerardy-Schahn 1998; Varki and Schauer 2009). Gangliosides, a particular type of
glycolipids, are classified into four asialo-, a-, b- and c-series gangliosides, based on
the number and complexity of their sialic acid branching patterns (Schnaar, Suzuki,
and Stanley 2009). They are abundantly expressed in all human tissues and body
fluids with varying expression patterns among different types of cells. During brain
development, expression levels and patterns change drastically. The predominant
gangliosides in embryonic brains are GM3 and GD3, whereas in the adult brain
expression levels of these two gangliosides are downregulated and simultaneously,
expression levels of GM1, GD1a, GD1b and GT1b are upregulated (Ngamukote et al.
2007; Yu et al. 1988) (Ngamukote et al., 2007). Gangliosides are primarily, but not
exclusively, localized in the outer leaflet of plasma membranes. Gangliosides present
on the cell surface are involved in cell-cell recognition and adhesion and
signaltransduction with cell surface microdomains, such as caveolae (Anderson 1998;
Yu et al. 2011). Furthermore, they play an important role in the modulation of
intracellular and intracellular calcium homeostasis (Ledeen and Wu 2008). One
important factor dictating the host tropism and pathogenicity of different viruses are
varying expression patterns of glycan receptors and pseudo-receptors among different
tissues.

1.2.1 Polyomavirus Sialic Acid Glycan Receptors

Polyomaviruses rely on carbohydrates as receptors for primary cell attachment and
entry. The ability of different polyomaviruses to infect different hosts is determined by
discrimination between different sialic acid residues. Although capsids of
polyomaviruses all have a very similar structure, they all rely on different receptors
(Table 1) (Gee et al. 2006; Liu, Hope, and Atwood 1998; Yan et al. 1996).

Table 1: Cellular components associated with polyomavirus entry.

Polyomavirus | Structural studies Glycan receptors or glycan Co-receptors
receptor motifs
JCPyV LSTc (Neu et al. e LSTc (Neu etal. 2010) 5-HT2R
2010) e GM2, GM1 (Leonid Gorelik, (Elphick et al.
Consortium for Functional 2004; Assetta

Glycomics [CFG], available online etal. 2013)
at
hhtp://www.functionalglycomics.

org)
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e GD1a,GD2, GD1b, GT1b (Gorelik
et al. 2011)
e GMS3, GD2,GD3, GD1a, GD1b,
GT1b, GQ1lb (Komagome et al.
2002)
BKPyV GD3 (Neu, Allen, et e GT1b, GD1b (Low et al. 2006) -
al. 2013) e GD3,GD2, GD1b, GT1b (Neu et
GT1b (Hurdiss et al., 2013a)
al. 2018)
SV40 GML1 (Neu et al. e GM1 (Neuetal. 2008; Tsaietal. MHCclass 1
2008) 2003; Campanero-Rhodes et al. (Atwood and
2007) Norkin 1989)
Axl (Drayman
et al. 2013)
a2B1 integrin
(Stergiou et al.
2013)
MPyV 3’'SL (Stehle et al. e GD1a, GT1b (Tsai et al. 2003) a4B1 integrin
1994) (Caruso et al.
DSLNT (Stehle and 2003)
Harrison 1996)

Receptors for SV40, MPyV

SV40 binds to the MHC class | molecule at the plasma membrane, confirmed by
antibodies to MHC class | antibodies, which slightly reduce SV40 infection (Breau,
Atwood, and Norkin 1992; Atwood and Norkin 1989). Yet, the MHC molecule is not
endocytosed with the virus, signifying the requirement for a specific receptor for
transport to the ER and infection of the cells (Anderson, Chen, and Norkin 1998).
SV40 was shown to bind to the glycolipid receptor ganglioside GM1 on the cell surface
(Tsai et al. 2003; Campanero-Rhodes et al. 2007; Ewers et al. 2010) before
internalization and trafficking to the endolysosomes (Engel et al. 2011). Both the
GalB1-3GalNAc and Neu5Ac branches directly contact the major capsid protein VP1
and thus provide binding activity (Neu et al. 2008). In simians, which are the natural
host for SV40, GM1 contains a terminal Neu5Gc at the equivalent position like Neu5Ac
in humans (Varki 2001). Both GM1 variants can serve as receptors for SV40, although
Neu5Gc significantly increases binding (Campanero-Rhodes et al. 2007). GM1 is
bound in shallow solvent-exposed portions at the outer surface of the pentamer. This
binding pocket is formed by the loops connecting B-strands B and C (BC-loop), D and
E (DE-loop) and H and | (HI-loop). These loops show high sequence variability among
polyomaviruses, contrasting the otherwise conserved VP1 core structure. This results
in high receptor specificity by mediating different contacts to receptors (Neu et al.
2008).

Like SV40, MPyV also binds to ganglioside receptors (Tsai et al. 2003) and both
polyomaviruses utilize similar binding locations on the outer surface of VP1. In contrast
to SV40, MPyV recognizes GD1a and GT1b as receptors. These gangliosides carry
either two (GD1a) or three (GT1b) Neu5Ac residues, which are distributed over two
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branches. The part recognized by MPyV VP1 is limited to a terminal Neu5Ac-a2,3-Gal
linked structure (Neu et al. 2008; Tsai et al. 2003; Stehle et al. 1994; Stehle and
Harrison 1996, 1997; Cahan, Singh, and Paulson 1983). This moiety is also present
on the shorter arm of GM1, nevertheless it is too close to the ceramide to be
recognized as a receptor by MPyV (Tsai et al. 2003). Nevertheless, MPyV features a
high ligand binding promiscuity due the ubiquitous minimal Neu5Ac-a2,3-Gal motif.
This has been shown for three closely related prototype strains, which feature high
differences in pathogenicity and spread when transfected in new-born virus-free mice
(Buch et al. 2015). The three MPyV strains RA, PTA and LID all bind to the
established receptors GD1a and GT1b and additionally, with even higher potency, to
ganglioside GT1la. However, single changes in the amino acid composition of the viral
capsid promote subtle differences in binding affinity resulting in the discrepancy in
pathogenicity among different MPyV strains (Buch et al. 2015; Tsai et al. 2003; You et
al. 2015).
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Figure 6: Glycan binding site of JCPyV, BKPyV, MPyV and SV40. (A) JCPyV-LSTc (PDB code: 3NXD), (B) BKPyV-GD3
glycan (PDB code: 4MJO0), (C) MPyV-GT1a glycan (PDB code: 5CPW) and (D) SV40-GM1 glycan (PDB code: 3BWR)
complex structures are shown with VP1 in grey surface and cartoon presentation. Loop regions lining the glycan
binding site are labeled and glycan are shown in stick presentation with oxygen in red and nitrogens in blue.
Schematic presentations of the glycans used in the crystallographic studies are indicated below the structural
figures.

Receptors for JCPyV

The cellular host range, which is limited to cells in the kidney, B lymphocytes of the
bone marrow and oligodentrocytes and astrocytes in the CNS, is indicative of a more
restricted receptor usage for JCPyV than for the more promiscuous polyomaviruses
SV40 and MPyV (Gee et al. 2006). Experimental studies with viruses pre-treated with
ganglioside GT1b inhibited infection of glial cells indicating that JCPyV can bind
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glycolipids and glycoproteins containing sialic acids (Komagome et al. 2002; Gee et al.
2006). Gangliosides may play a role in initial attachment of the virus, act as a second
messenger or inhibit the primary receptor (LIloyd and Furukawa 1998; Gee et al. 2006).
JCPyV requires the serotonin receptor 5HT2a as the proteinaceous component to
infect and enter cells (Elphick et al. 2004). 5SHT2aR contains five N-linked glycosylation
sites on the extracellular N-terminus, which are not required for successful JCPyV
infection (Maginnis et al. 2010). In line with recent results, it has been shown that
glycosylation of 5HT2aR is important for receptor expression (Dutton et al. 2008; Monk
et al. 2004; Quirk et al. 2004). In prior studies it was also shown that JCPyV infection
of glial cells was inhibited by an N-linked glycosylation inhibitor, but not by an O-linked
glycosylation inhibitor, indicating that N-linked glycoprotein with terminal a2,6-linked
sialic acid is utilized as receptor by JCPyV (Liu, Wei, and Atwood 1998). Biochemical
binding analyses demonstrated that JCPyV virus-like particles (VLPs) comprised of
VP1 bind to glycoproteins and glycolipids with oligosaccharides containing a2,3-, a2,6-
or a2,8-linked sialic acid (Dugan, Gasparovic, and Atwood 2008). VLPs of the
laboratory prototype strain Mad-1 bind to oligosaccharides containing a2,3-, a2,6- or
a2,8-linked sialic acid including gangliosides GM3, GD2, GD3, GD1b, GT1b and GQ1b
with only weak binding to GDla as shown by a virus-overlay-blotting-assay
(Komagome et al. 2002). VLPs of with VP1s of genotype 3 strain WT3 bind to
gangliosides containing a2,3- or a2,8-linked sialic acids, including asialo-GM1, GD1a,
GD1b, GD2, GTla and GT1lb (Gorelik et al. 2011). WT3 VLPs additionally bind to
gangliosides GM1 and GM2 as confirmed by glycan array (Leonid Gorelik, Consortium
for Functional Glycomics [CFG], available online at
hhtp://www.functionalglycomics.org, according to CFG policy). While Mad-1 VLPs
were able to bind to several a2,3-, a2,6- or a2,8-sialic acid-containing structures, the
highest affinity was observed for a2,6-sialic acid expressed on lactoseries
tetrasaccharide ¢ (LSTc), a linear pentasaccharide expressing a terminal a2,6-sialic
acid on glycoproteins and glycolipids (Xu et al. 2009). In glycan array studies, JCPyV
VP1 pentamers bound specifically to a2,6-linked sialic acid linked LSTc (Neu et al.
2010). Mad-1 strain VLPs also specifically bind only to LSTc in glycan array studies,
indicating that VLPs with 72 copies of VP1 retain the specificity to LSTc and
additionally gain avidity (data from CFG). LSTc binds on top of the JCPyV VP1
pentamer, whereas the binding site is formed by residues from the BC-, DE- and HI-
loops from one monomer and residues from the BC-loop of the clockwise neighboring
monomeric unit (Neu et al. 2010). This mode of binding has already been observed for
receptor binding of other polyomaviruses, such as MPyV and SV40. LSTc has a linear
sequence of NeuNAc-a2,6-Gal-B-1,4-GIcNAc-B1,3-Gal--1,4-Glc and binds to JCPyV
VP1 in a specific L-shaped conformation (Breg et al. 1989; Neu et al. 2010). The mode
of engagement by JCPyV occurs by a single, terminal sialic acid, which is connected
to the remaining oligosaccharide chains via an a2,6-linkage. Both the specific L-
shaped conformation and sialic acid contacts are required for attachment of JCPyV
(Neu et al. 2010).

a2,6-linked sialic acid was shown to be highly distributed on B lymphocytes in tonsils
and the spleen, as well as on oligodendrocytes and astrocytes, cell types that have
been shown to be susceptible for JCPyV infection (Padgett et al. 1971; Monaco et al.
1996; Monaco et al. 1998; Eash et al. 2004). The receptor is also expressed in the
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lungs and in the kidneys, which may be indicative of the route of transmission and site
of persistence in the viral lifecycle (Bofill-Mas et al. 2003; Bofill-Mas and Girones 2003;
Monaco et al. 1998; Eash et al. 2004). However, JCPyV infection of neuronal cells
might occur by binding to other sialic acid structures, by utilization of an alternate
receptor or by a unique entry mechanism such as cell-to-cell spread (Eash et al.
2004).

Whereas the non-pathogenic archetype JCPyV strain, which persistently infects the
kidneys and can be found in the urine of healthy subjects, binds to the
pentasaccharide LSTc (Neu et al. 2010; Stroh et al. 2015), JCPyV strains found in the
serum, cerebrospinal fluid and brains of PML patients often contain mutations in
residues lining the LSTc-binding pocket on the apical surface of VP1 (Gorelik et al.
2011; Reid et al. 2011; Sunyaev et al. 2009). These so called PML-type strains contain
polymorphic changes in the non-coding control region (NCCR) and thereby convert the
virus to the neuropathogenic form (Ferenczy et al. 2012; Frisque 1983; Krebs,
McAvoy, and Kumar 1995; Sock et al. 1996). In addition to NCCR rearrangements, 89-
90% of viral isolates from the blood and cerebral spinal fluid (CSF) of PML patients
exhibit mutations in the JCPyV VP1. The most common mutations are L54F, S266F
and S268F/Y (Zheng et al. 2005; Delbue et al. 2009; Sunyaev et al. 2009; Gorelik et
al. 2011; Reid et al. 2011). Most of these characteristic PML mutations render the virus
incapable of binding LSTc or other sialylated glycans, indicating these strains are
under positive selection during the development of PML (Gorelik et al. 2011; Maginnis
et al. 2013; Ray et al. 2015; Sunyaev et al. 2009). This prediction is in line with results
obtained from a human glial cell-engrafted chimeric mouse model of PML (Kondo et al.
2014). In this mouse model, infection with a native, wild-type JCPyV strain leads to
PML-like pathology and, even more importantly, disease progression is characterized
by the appearance of viral strains with VP1 mutations lining the LSTc-binding pocket,
including some of the characteristic mutations observed in the brains of PML patients
(Kondo et al. 2014). Mice challenged with JCPyV carrying either of the two most
common PML mutations (VP1 L55F or S269F) showed robust infection of engrafted
human oligodendrocytes, astrocytes and glial progenitor cells in vivo and infection
occurred at an equivalent or higher frequency compared to wild-type virus. PML-
mutant JCPyV strains remain fully infectious in a range of brain cells, although
receptor binding is abrogated. Crystallographic studies of JCPyV VP1 pentamers with
these mutations do no longer bind to LSTc oligosaccharide, as these mutations block
the receptor binding site on the VP1 pentamer (Maginnis et al. 2013). Mutations in
these VP1 apical surface loops may allow polyomaviruses to escape from antibody-
mediated neutralization (Ray et al. 2015; Pastrana et al. 2013).
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Figure 7: JCPyV VP1 glycan binding. (A) Schematic presentation of the a2,6-linked Neu5Ac glycan
LSTc and its characteristic L-shaped conformation. (B) Top view of the JCPyV VP1 pentamer in
complex with LSTc (PDB code 3NXD). The pentamer is shown in cartoon presentation with one
monomer highlighted in pink. LSTc is shown in green stick presentation. (C) Close-up view of the LSTc
binding site. JCPyV VPL1 is shown in cartoon presentation with the neighboring monomer in a darker
grey. The binding site is formed by the variable surface loops connecting the B-strands of the jelly-roll
core. One of the characteristic PML-associated mutations, S266F, is shown in sticks. The introduction of
the rather bulky residue in the receptor binding site would cause sterical clashes.

Receptors for BKPyV

BKPyV binds to a2,3-linked sialic acid, and it has been shown that gangliosides GD1b
and GT1b are utilized for attachment and infectious entry into renal proximal tubular
epithelial cells. However, in functional cell-based and structural studies it was
demonstrated that the common a2,8-disialic acid motif on gangliosides is recognized
as primary epitope for binding of BKPyV. BKPyV infection efficiency has been shown
to be increased by b-series gangliosides GD3, GD2, GD1b and GT1lb (O'Hara et al.
2014; Neu, Allen, et al. 2013). The increased affinity towards these more complex b-
series gangliosides only partially dictate receptor usage. Another factor, which
counteracts low binding affinity, is a greater receptor abundance on host cells resulting
in higher avidity (Neu, Allen, et al. 2013). BKPyV probably engages a mixture of
gangliosides on the cell surface for attachment and entry. The virus persistently
resides in the kidney and here cells are particularly rich in more simple gangliosides,
such as GM3 and GD3 (Shayman and Radin 1991). The relative abundance of
gangliosides differs not only between the kidney and the brain, there is also significant
variation between expression levels of different tissues in the adult kidney (Holthofer,
Reivinen, and Miettinen 1994; Yu, Nakatani, and Yanagisawa 2009). BKPyV latency
and reactivation might be influenced by developmental and drug-induced changes in
ganglioside distribution (Neu, Allen, et al. 2013). Recently, structural studies of BKPyV
gave rise to speculations that BKPyV interacts with glycosaminoglycans (GAGS)
(Hurdiss et al. 2018). Structural evidence is missing so far; however, one possibility is
that GAGs bind to the pore of the VP1 pentamer, where they also would be in close
proximity to the minor capsid proteins VP2 and VP3. The lack of VP2 and VP3 in
pseudoviruses renders them less efficient in transducing a range of different cell types
(Schowalter and Buck 2013).

Similarly as for JCPyV, BKPyV also features neutralization-escape mutations in the
major capsid protein VP1, which can alter the spectrum of sialylated glycans the virus
engages for infection (Peretti et al. 2018). BKPyV strain IV, which is associated with
post-transplant nephropathy (BKVN), has been shown to establish dominant
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mutations, one common mutation being E73Q, in the major capsid protein VP1. These
mutations render the virus partially resistant to the patient’'s immune response and
potentially trigger altered tissue tropism and pathogenicity similarly to VP1 mutations in
JCPyV (Peretti et al. 2018; Jelcic et al. 2015; Geoghegan et al. 2017).

1.2.2 APMAP — A Putative JCPyV Receptor

The adipocyte plasma membrane-associated protein APMAP was identified as
putative receptor for JCPyV in pull-down assays (Atwood group, unpublished results).
APMAP, or C200rf3 derived from the gene location on open reading frame 3 encoded
at human chromosome 20 (Deloukas et al. 2001; Albrektsen et al. 2001), represents a
member of the lactonohydraolase super family. Protein expression of APMAP was
demonstrated in the liver, glomerular and tubular structures of the kidney, as well as
endothelial cells and arterial wall. The transcript coding for 416 amino acids is
ubiquitously found in adult as well as in embryonic tissues, whereas in adult tissues
the highest expression is found in the liver, placenta and the heart (llhan et al. 2008).
APMAP has been shown to interact with extracellular collagen cross-linking matrix
protein oxidase-like 1 and 3, indicating its role as a novel regulator of extracellular
matrix components (Albrektsen et al. 2001; Bogner-Strauss et al. 2010). The protein
was shown to play an important role in the adipose differentiation process and
expression is highly upregulated during adipogenic differentiation of various murine
and human cell lines (Bogner-Strauss et al. 2010). Studies showed that APMAP
expression was significantly decreased in omental adipose tissue from gestational
diabetes mellitus (GDM) patients. The protein plays an important role in insulin
resistance in GDM as was shown by the down-regulation of APMAP in 3T3-L1
adipocytes, which resulted in the activation of the inflammatory NFkB pathway and an
impaired insulin signaling pathway in those adipocytes (Ma et al. 2016).

Additionally, APMAP is an endogenous inhibitor of amyloid-beta (AB), a major
pathological hallmark of Alzheimer’s disease, production in the brain. This function is
mediated by the ability to bind both amyloid precursor protein (APP) and y-secretase
and by controlling the levels and the stability of APP-C-terminal fragments (APP-
CTFs). APMAP impairs the formation of AB by co-localizing at least partially with y-
secretase and its substrate APP (Mosser et al. 2015). In mice, APMAP knockdown in
both neuronal and glial cells increased AB levels in the hippocampus by 20-55%.
According to a molecular hypothesis, APMAP would promote the transport of APP-
CTFs from the endosomes to the lysosomes with the consequence being their
degradation, thus reducing both APP-CTFs and AR levels. The delivery of APP-CTFs
can be carried out via the endosomal-lysosomal pathway (heterophagy) or the
authophagic pathway causing the degradation of the AP precursor proteins; thus,
depletion of APMAP would lead to impaired degradation with the consequence of
increased APP-CTFs and A levels (Mosser et al. 2015).

APMAP encodes a 416 amino acid single-pass type-Il glycosylated membrane protein
that is implicated in the regulation of white adipocyte tissue differentiation. The protein
exhibits a small N-terminal anchor (residues 1-40) and a predicted six-bladed (-
propeller extracellular domain (residues 62-415), which displays a potential hydrolase
activity and is involved in calcium binding (Bogner-Strauss et al. 2010). The protein

17



possesses two amino acid modifications with an N-acetylserine at position 2 and a
phosphothreonine at position 16. Furthermore, position 160 and 196 feature two
predicted glycosylation sites. The Asnl196 glycosylation is exclusively present in
humans (Albrektsen et al. 2001; Bogner-Strauss et al. 2010).

The human-specific glycosylation site together with the involvement in the endosomal-
lysosomal pathway raise the possibility of APMAP being a potential receptor for
JCPyV.

1.3The Life Cycle of Polyomaviruses

The attachment of the virus particle to the host cell initiates the polyomavirus life cycle.
This interaction induces virus internalization, followed by intracellular trafficking via
early, maturating and late endosomes to the endoplasmatic reticulum lumen for initial
uncoating and to the nucleus for viral gene expression and replication of the viral
genome, and finally ends with the assembly and release of progeny virions (Figure 8).
Vital for viral transcription and replication is the delivery of DNA into the nucleus. One
major obstacle for viruses is to overcome the membrane barrier from the outside of the
cell or an endocytic compartment in the cytosol. Enveloped viruses employ
membrane-fusion in order to target their genome into the cell. Nonenveloped viruses,
such as polyomaviruses have to engage other mechanisms to overcome this obstacle.
Penetration of the membrane barrier often is accomplished by a series of
conformational changes of the viral particle. In many cases, these changes are
facilitated with the help of cellular factors. Polyomaviruses use caveolae-, lipid-raft and
clathrin-mediated pathways for cell entry (Eash, Querbes, and Atwood 2004; Gilbert
and Benjamin 2000; Gilbert, Goldberg, and Benjamin 2003; Moriyama and Sorokin
2008; Pelkmans and Helenius 2002).

18



Clathrin-dependent Caveolae/lipid raft-dependent
. BKPYV

. . Ganglioside

Glycan/LSTc

Rab5

Early
%Pas e/ endosome

Rab5
Caveolin-1+ vesicle/,

Rab7
Rab9
late endosome ‘ Maturing endosome

ERAD pathway Wade transport

SELIL

Microtubule
trafficking

Uncoating

e

O L— Replication —= Assembly

Figure 8: Schematic representation of polyomavirus infectious entry pathways. BKPyV, SV40 and MPyV enter
cells via a caveolae-/lipid raft-dependent pathways, JCPyV utilize clathrin-dependent endocytosis.
Polyomaviruses traffic to the ER for partial uncoating and then to the nucleus for replication and virus progeny.

1.3.1 Cell Entry of SV40, MPyV and BKPyV

SV40, MPyV and BKPyV enter cells via caveolae- and lipid raft-dependent
endocytosis (Gilbert and Benjamin 2000; Eash, Querbes, and Atwood 2004; Gilbert
and Benjamin 2004). Caveolae are lipid-raft-rich, flask-shaped, 50 — 100 nm
invaginations present in the plasma membranes that are stabilized by VIP-21 or
caveolins and contain mainly cholesterol and sphingolipids (Rothberg et al. 1992).
Internalization of viruses is mediated by multivalent binding of the virus particle to
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ganglioside receptors present on the outer leaflet of the plasma membrane, which
induces a curvature of the membrane. This produces a tight-fitting invagination
containing one virion (Tsai et al. 2003; Low et al. 2006; Ewers et al. 2010). In the case
of SV40 and numerous other polyomaviruses, trafficking to the ER directly results from
ganglioside binding and cholesterol-dependent endocytosis (Qian et al. 2009).
Gangliosides do not only play an important role in cell surface binding, but also in the
intracellular trafficking of polyomaviruses. The virus most likely stays attached to the
gangliosides from the plasma membrane all the way to the ER as indicated by the
isolation of gangliosides from ER fractions (Tsai et al. 2003).

Upon host cell attachment, polyomaviruses bind to more than one ganglioside due to
the low affinity of an individual binding site in order to establish stable binding
(Szklarczyk et al. 2013). Additionally, virus particles may recruit even more
gangliosides during transport to the endolysosomes, clustering multiple molecules of
gangliosides on the viral capsid during the transport process (Qian et al. 2009). This
clustering might help in targeting the viral particle to the ER as has been shown for
pentameric toxins such as cholera toxin (Wolf et al. 2008). Transport to the ER is a
vital step for viral infection as blocking ER-resident factors such as ERp29 drastically
decreases infection (Magnuson et al. 2005; Gilbert et al. 2006). In the following steps
of the infectious entry, polyomavirus particles are transferred to maturing endosomes,
late endosomes and endolysosomes via microtubules and microfilaments (Gilbert and
Benjamin 2004; Eash and Atwood 2005; Qian et al. 2009; Zila et al. 2014).

Initially, studies suggested that SV40 and MPyV enter cells in so-called caveosomes,
CAV1-rich, pH-neutral intracellular organelles (Pelkmans, Kartenbeck, and Helenius
2001). CAV1 belongs to the family of integral membrane protein and is a key
component of caveolae (Williams et al. 2004). Recently, studies no longer considered
caveosomes as independent organelles but rather modified late endosomes or
endolysosomes in which forms of CAV1 accumulate after overexpression or after
interference with caveolaer assembly (Hayer et al. 2010; Engel et al. 2011).
Polyomaviruses colocalize with several endosomal Rab proteins, such as Rab5, which
belong to a family of small GTPases and regulate membrane trafficking through
effector protein recruitment (Querbes et al. 2006; Qian et al. 2009; Engel et al. 2011).
Rab5 plays a role in formation, transport and fusion of vesicles to early endosomes,
whereas Rab7 and Rab9 are markers of late endosomes. Internalized SV40 and
MPyV viral particles have been found in Rab5-, Rab7-, as well as Rab9-positive
endosomes. Furthermore, these viruses associate with the lysosomal-associated
protein 1 (LAMP1), a marker of the endolysosomes (Engel et al. 2011; Qian et al.
2009). Conformational changes in the polyomavirus capsid are pH-dependent and
acidification of endosomes and lysosomes is induced by the vacuolar ATPase (v-
ATPase) (Qian et al. 2009; Engel et al. 2011). The following retrograde trafficking to
the ER is vital for polyomavirus infection. Most extracellular ligands were found to be
recycled at the plasma membrane after endocytosis rather than being transported to
the ER (Querbes et al. 2006; Nelson et al. 2012).

After trafficking to the ER, the viral particle engages host-cell chaperones and protein
disulfide isomerases (PDI) resulting in destabilization of the viral capsid. ERp29,
ERp57, ERp72, the canonical PDIs and possibly ERdj5 catalyze the disruption of
disulfide bonds, which stabilize the viral capsid. This results in partial exposure of VP2
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and VP3 (Magnuson et al. 2005; Rainey-Barger, Mkrtchian, and Tsai 2007; Schelhaas
et al. 2007; Nelson et al. 2012; Inoue et al. 2015). Polyomaviruses thus hijack a
machinery in the ER that is normally responsible for the identification of misfolded
proteins and for retro-translocation of these proteins through the ER membrane
(Schelhaas et al. 2007; Lilley et al. 2006). Different polyomaviruses engage unique
compositions of PDI proteins, which might result from differences in the disulfide
network of the capsid (Gilbert et al. 2006; Walczak and Tsai 2011). The exposure of
the hydrophobic and myristylated amino-terminal sequence of VP2 anchors the virus
to the ER membrane possibly by insertion of a hydrophobic VP2 segment into the ER
membrane. Hsp70 family member BiP in concert with the J-domain of the DNAJB11
are recruited to the newly-generated hydrophobic viral particle, which is prone to
aggregation (Rainey-Barger, Mkrtchian, and Tsai 2007; Geiger et al. 2011; Goodwin et
al. 2011; Dupzyk and Tsai 2018). Both BiP and DNAJB11 patrticipate in ER-associated
degradation (ERAD), a quality control process that removes misfolded proteins from
the ER into the cytoplasm, where proteosomal degradation occurs (Goodwin et al.
2011; Gilbert et al. 2006; Vembar and Brodsky 2008; Lilley et al. 2006). BKPyV,
SV40 and MPyV have been shown to interact with ERAD pathway after localization to
the ER, which results in retrotranslocation of the virus to the cytoplasm (Inoue et al.
2015; Jiang et al. 2009; Lilley et al. 2006; Schelhaas et al. 2007). Members of the
ERAD pathway such as Derlin-1 (Schelhaas et al. 2007), Derlin-2 (Lilley et al. 2006),
SEL1 (Schelhaas et al. 2007), RMA1 and BAP29/BAP31 (Geiger et al. 2011) regulate
the retrotranslocation to the cytoplasm. Furthermore, the cytosolic chaperone SGTA
(small glutamine-rich tetratricopeptide repeat-containing protein a) is critical for
transport of the virus from the ER membrane into the cytosol. SGTA associates with a
chaperone complex of the J-proteins DnaJB14 (B14) and DnaJB12 (B12) at the ER
membrane and is therefore positioned to act at the site of membrane penetration.
During membrane penetration SGTA is released from the B14-B12 complex, which is
reorganized into discrete foci in the ER membrane. These foci might act as ER exit
sites for the virus (Goodwin et al. 2011; Walczak and Tsai 2011).

Nuclear translocation of polyomaviruses occurs through the nuclear pore complex
(NPC). The transport depends on the interaction of the nuclear localization signal
(NLS) of VP1 and minor capsid proteins VP2 and VP3 with cellular importins, namely
importin a and importin 8 (Qu et al. 2004; Nakanishi et al. 2002b; Nakanishi, Itoh, et al.
2007b). More recently it has been shown that nuclear entry of SV40 mainly depends
on the interaction of the NLS of minor capsid proteins with importins rather than
interaction with the NLS of VP1 which is bound to the viral minichromosome (Bennett
et al. 2015b). Entry of the nucleoplasm might also be possible directly from the ER by
crossing the inner nuclear membrane by deformation (Butin-Israeli et al. 2011). Further
downstream in the viral replication cycle, capsid proteins are produced in the
cytoplasm and transported into the nucleus, where they accumulate in nuclear domain
10 (ND10) bodies for assembly into virions (Ishov and Maul 1996; Shishido-Hara et al.
2004). ND10 bodies, or also promyelocytic leukemia (PML) protein nuclear bodies are
heterogeneous nuclear scaffolds, which are suggested to be sites of polyomavirus
replication. These tubular structures with “budding” events at the end, which were
termed “polyomavirus assembly factories”, represent assembly sites of progeny
virions, although the loss of the PML protein itself seems not critical for this process

21



(Erickson et al. 2012). VP1 pentamers presumably polymerize into tubes around the
viral chromatin or the chromatin later traverse into until eventually icosahedral particles
bud off at the end. How the viral genome is identified and bound by the VP1 subunits
remains unknown (Oppenheim et al. 1992; Dalyot-Herman et al. 1996; Carbone et al.
2004; Erickson et al. 2012). After assembly, agnoprotein together with VP2 and VP3
are mainly responsible for the necrosis resulting from polyomavirus infection by
enhancing membrane permeability, which is required for the release of progeny virions
(Suzuki et al. 2010; Daniels, Rusan, Wilbuer, et al. 2006). Agnoprotein itself is a
regulatory protein required for efficient proliferation of the virus.

Noteworthy are the striking similarities between the polyomavirus trafficking to the ER
and the ER targeting of pentameric bacterial toxins, such as cholera toxin or shiga
toxin, which have been extensively studied (Ewers and Helenius 2011; Johannes and
Popoff 2008; Johannes and Wunder 2011; Tsai and Qian 2010). These toxins traffic to
the ER by attaching to gangliosides and relying on cholesterol-dependent endocytosis
similar to MPyV, SV40 and BKPyV and other polyomaviruses. Furthermore, these
toxins can also induce membrane curvature (Ewers et al. 2010; Romer et al. 2007),
implying the orientation of oligosaccharide binding sites and their distance to one
another on the pentamers promotes membrane invaginations. One major difference in
the ER trafficking of polyomaviruses and bacterial toxins is that polyomaviruses are
usually not found in the trans-Golgi network or the Golgi complex. This has also been
observed for JCPyV, albeit with its different receptor usage (Engel et al. 2011; Nelson
et al. 2012).

1.3.2 Cell Entry of JCPyV

Unlike for SV40, BKPyV and MPyV, infectious cell entry of JCPyV proceeds by
clathrin-dependent endocytosis. This indicates that the endocytic pathway taken by
different polyomaviruses is dictated by the engagement of the respective cell surface
and entry receptor. JCPyV selectively binds to the oligosaccharide lactoseries
tetrasaccharide ¢ (LSTc) to attach to host cells and initiate infection (Neu et al. 2010).
After viral attachment, entry is facilitated by the engagement of 5-hydroxytryptamine
(5-HT)2 family of serotonine receptors via clathrin-dependent endocytosis (Elphick et
al. 2004; Maginnis, Nelson, and Atwood 2015). 5-HT2Rs are transmembrane-
spanning G protein-coupled receptors that are widely expressed on a variety of cell
types, including brain cells such as glial cells and kidney cells, correlating with
infection sites of JCPyV (Bonhaus et al. 1995). The expression of 5-HT2Rs on cells is
not sufficient to drive JCPyV infection, conversely overexpression of these receptors
does not affect the viral attachment to LSTc (Assetta et al. 2013). Serotonin inhibitors,
such as chlorpromazine, clozapine or ketanserin reduce JCPyV infection in glial cells
(Elphick et al. 2004; O'Hara and Atwood 2008), the same effect has been shown for 5-
HT2AR and 5-HT2CR antibodies. Consistently, overexpression of 5-HT2Rs in poorly
permissive cell lines enhances JCPyV infection (Elphick et al. 2004; Maginnis et al.
2010).

Recently it was shown that B-arrestin plays a major role in JCPyV internalization.
Arrestins, a small protein family important for the regulation of signal transduction of G
protein-coupled receptors, interact with 5-HT2AR and direct the receptor to the
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clathrin-coated pit with the assistance of proteins including clathrin and adaptor protein
2 (AP2) (Gray and Roth 2001; DeWire et al. 2007; Smith et al. 2016). Inhibition of -
arrestin drastically reduced JCPyV internalization and infection (Mayberry et al. 2019).
JCPyV infection is also reduced in glial cells and the kidney cell line HEK293 by the
drug chlorpromazine, an inhibitor of clathrin-dependent endocytosis and antagonist of
5-HT2Rs, further indicating that viral entry is mediated clathrin-dependent uptake
(Pho, Ashok, and Atwood 2000; Assetta et al. 2013; Maginnis, Nelson, and Atwood
2015).

Following receptor engagement on the cell surface, JCPyV is internalized by clathrin-
dependent endocytosis involving 5-HT2Rs, [B-arrestin and epidermal growth factor
pathway substrate clone 15 (Eps-15), a clathrin adaptor protein (Pho, Ashok, and
Atwood 2000; Querbes et al. 2004; Assetta et al. 2013; Mayberry et al. 2019). In the
endocytic system, JCPyV co-localizes with Rab5 as soon as 15 min post-infection and
2 hours post-infection with Cav-1 (Querbes et al. 2006). Rab7, which plays an
important role in endosomal maturation, co-localizes with several polyomaviruses such
as SV40 and BKPyV, but has not been found to co-localize with JCPyV. This indicates
that JCPyV does neither enter maturing endosomes nor endolysosomes (Querbes et
al. 2006; Qian et al. 2009; Qian and Tsai 2010; Engel et al. 2011). It remains unclear
whether the association between JCPyV and Cav-1 occurs in distinct endosomal
compartments or in Cav-1-positive late endosomes (Querbes et al. 2006; Nelson et al.
2012). Recycling endosomes probably do not play a role in JCPyV infection, as
deficiency of Rabl1l has no effect on infectivity. Unlike other polyomaviruses, which
engage ganglioside receptors for attachment and entry, differences in endosomal
accumulation most likely occur due to different receptor usage of JCPyV.
Nevertheless, large parts of intracellular pathways of JCPyV resemble those of other
polyomaviruses. Although JCPyV rapidly accumulates in endosomes, ER
accumulation of JCPyV virions occurs after 6 hours post-infection, comparable to the
transport kinetics of SV40 (Schelhaas et al. 2007; Nelson et al. 2012). In the ER,
JCPyV undergoes conformational changes induced by local proteins such as PDI,
ERp57 and ERp72, which leads to the exposure of VP2. Mutations in the pore of the
VP1 pentamer prevent the exposure of VP2 and hence inhibit infection (Nelson et al.
2015). The capsid size is only slightly changed upon ER entry and the size of viral
particles ranges from 35 to 45 nm in diameter as has been shown for SV40 infection
(Dupzyk and Tsai 2016). JCPyV particles can enter the nucleus after exiting the ER
and gaining access to the cytosol. Notably, during no time at the entry process does
JCPyV co-localize with the Golgi unlike seen for bacterial toxins like cholera toxin
(Nelson et al. 2012). Golgi localization can be influenced by several factors: the
different receptor usage for JCPyV, which binds to the receptor motif LSTc rather than
GML1 for cholera toxin. Another factor might be avidity, which is much lower for single
pentameric units than for complete virus particles. The higher avidity interaction of
virus particle and receptor might lead to direct ER trafficking. Another reason for direct
ER trafficking might be the sheer size of virions compared to cholera toxin (Nelson et
al. 2012).
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1.4 Antiviral Strategies

1.4.1 Antibodies

With polyomavirus infections being ubiquitous in the population worldwide, there is
also a high prevalence of antibodies against the different species (Knowles 2006; Stolt
et al. 2003; Barbanti-Brodano et al. 2006). Especially JCPyV and BKPyV infect the
majority of the population, yet only few people will develop diseases arising from these
polyomavirus infections, which will only arise in the presence of an compromised
immune system (Diotti et al. 2013). For JCPyV, the occurrence of PML was very rare
before the era of HIV and the application of immunomodulatory therapies for diseases
like MS, suggesting that infection is well controlled by the immune system in healthy
individuals.

Antibodies against both JCPyV and BKPyV are present in about 80% of the population
with almost no region worldwide being free of anti-PyV antibodies (Brown, Tsai, and
Gajdusek 1975; Hamilton, Gravell, and Major 2000; Hariharan et al. 2005; Knowles et
al. 2003; Randhawa et al. 2006).

For children and newborns though, JCPyV antibody seroprevalence data are limited,
with values ranging from 11 to 16% between 1 and 3 years of age (Chang et al. 2002;
Stolt et al. 2003; Sroller et al. 2014). It was shown that the amount of JCPyV-specific
IgG increased until the third month of life and then decreased until the sixth month.
This might be explained by the fact that infants lose maternal antibodies during their
first months of life and may become susceptible to primary JCPyV infection occurring
between within the first three and six months of life. Following, there is a constant
stimulus for antibody production against viral antigens since JCPyV establishes a
lifelong infection of the host. By the age of ten, almost 65 - 90% of the children have
acquired antibodies against JCPyV and about 90% of adults are seropositive for
JCPyV antibodies (Knowles 2006).

The spreading infection of JCPyV and development of PML might be blocked in the
critical time window opening after viral reactivation, which results in the transition of
virus from the kidney to the CNS. After the virus enters the CNS, three events must
occur in order to develop PML, the host immune system must be compromised, the
viral NCCR must undergo changes allowing for increasing viral transcription and
replication and DNA binding factors that bind to recombined NCCR sequence motif
need to be present or upregulated in infected hematopoietic cells, B cells or glial cells
(Diotti et al. 2013). The viral transition from the kidney to the CNS could be used for
intervening with the spreading infection. Usually, this is accomplished by the constant
presence of serum antibodies, which are sustained by persistent production from long-
lived plasma cells and recurring immune activation of memory B-cells (Lindner et al.
2019). A minority of healthy JCPyV-seropositive subjects are deficient in serum
antibodies capable of neutralizing JCPyV carrying characteristic PML mutations. Some
individuals might show an unusually low diversity of plasma cells secreting effectively
neutralizing antibodies, so that single point mutations in VP1 allow for virus
neutralization escape.

Whether a humoral response is protective against PML strongly depends on the
presence of JCPyV VP1 mutations, which are frequently found in addition to prototype
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Mad-1 sequences in the CNS of PML patients (Gorelik et al. 2011; Reid et al. 2011).
The characteristic PML mutations L54F, S266F and S268F might influence antibody
responses and cause ‘antibody recognition holes’, which play an essential role in PML.
These recognition holes are characteristics for PML patients, who fail to produce
antibodies recognizing their ‘own’ mutant (Ray et al. 2015). Specific antibodies against
JCPyV hence are vital in controlling JCPyV infection and presumably also in clearing
the virus from the brain after PML onset. Impairment of T cell-mediated immunity in the
CNS would probably lead to increased fitness of the virus, so antibody-mediated
neutralization serves as last line of defense against neuropathic JCPyV replication.
Virus-neutralizing antibodies are characterized by their capability to inhibit virus
infectivity by direct binding to the antigen in vitro. They can block viral infection either
by interfering with attachment of the virus to the host cell or by preventing post-
attachment events that would lead to successful infection. These antibodies typically
bind to exposed surfaces on viral capsids with high affinity.

In a recent study, a panel of JCPyV VP1-specific, neutralizing monoclonal antibodies
(mAbs) has been isolated directly from donors, including patients who successfully
recovered from PML or PML-IRIS, respectively (Jelcic et al. 2015). These mAbs
showed high specificity and affinity towards JCPyV, neutralized JCPyV infection in
vitro and additionally exhibited cross-reactivity against the most common PML
mutations. Noteworthy is that some of these mAbs were also able to bind to the
closely related BKPyV. Some of these mAbs were structurally characterized to gain
insights into the underlying mechanisms of mAb binding and neutralization of JCPyV
and BKPyV. These antibodies exhibit varying affinities towards JCPyV, but also in their
cross-reactive capacities towards characteristic PML-mutations.

NAT-PML-IRIS mAbs
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Figure 9: Binding profiles of isolated human monoclonal antibodies to JCPyV VP1 variants. Heat
map of binding capacities of mAb towards JCPyV variants like JCPyV Mad-1 or WT3, as well as
towards characteristic PML-mutations. Indication of neutralizing capacity and cross-reactivity towards
BKPyV. Figure taken from Jelcic et al., 2015. Reprinted with permission from AAAS. Antibodies selected
for JCPyV complex formation and crystallization are highlighted with green circles.

For structural studies of JCPyV VP1-antibody complexes, the antibodies were either
produced as antibody fragment-antigen binding (Fabs) or single-chain fragments
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(scFvs). Both antibody fragments can be obtained from whole antibodies. Antibody
molecules consist of three equal-sized parts, which are loosely connected by a flexible
tether and display an overall Y-shape. The most common type of serum antibodies in
humans with about 75% is Immunoglobulin G (IgG). IgG antibodies are composed of
four peptide chains with a total molecular weight of 150 kDa. They consist of two
different kinds of polypeptide chain, the heavy chain of approximately 50 kDa and the
light chain of approximately 25 kDa. Each IgG molecule is comprised of two heavy and
two light chains, whereas the heavy chains are linked to one another via disulfide
bonds. Furthermore, each heavy chain is linked to a light chain via another disulfide
bond. The two heavy and light chains are identical, hence each antibody molecule
harbors two identical antigen-binding sites (Figure 10). The antibody structure features
three equal-sized parts, which are connected by a flexible hinge region. The trunk of
the Y-shaped structure is composed of the carboxy-terminal halves of the heavy
chains. The association of a light chain with the amino terminal half of a heavy chain
make up each arm of the Y-shaped structure. Limited proteolysis with papain can
cleave the antibody into three fragments. The fragments containing the antigen-
binding activity are called Fragment antigen binding, Fab fragments, whereas each
Fab fragment consists of the complete light chains together with the Vi and Cul
domain of the heavy chains. Genetic engineering allows the construction of another
antibody fragment, which consists of only the variable domains of heavy and light
chain, which are joined by a flexible linker. This construct is called single-chain

Fragment variable, or short scFv.

Fab

linker

SRS

disulfide
bonds

—— M Fc
Fab
Immunoglobulin G (IgG) antibody fragments

Figure 10: Schematic representation of an antibody (I1gG) and antibody fragments (Fabs, scFvs). The most
prominent member of antibodies is immunoglobulin G (IgG). The structure of an IgG antibody consists of two
heavy chains (H) and two light chains (L). The two antibody halves are held together via disulfide bonds in the
hinge region. The antibody fragment-antigen binding (Fab) can be obtained via proteolytic cleavage at the hinge
region. Each heavy and light chain consists of a variable domain (Fv), Vi and Vi, which are colored in dark and
light cyan, respectively, and a constant domain (Cul — Cu3 and Ci) shown in dark and light grey, respectively. The
multiple heavy-chain constant regions are numbered starting from the N-terminal end of the carboxy-terminus.
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The variable regions of the heavy and light chains can be fused together in two different orientations via linker to
form single-chain variable fragments (scFvs).

Antibodies 98D3 and 27C2 were produced as Fabs in order to set up JCPyV-antibody
complexes and determine their crystal structure. Antibody 27C11 was purified as scFv
for structural characterization by x-ray crystallography. The first two antibodies were
purified and characterized by Dr. Luisa Stroh, 27C11 by Felix Nagel and Dr. Luisa
Stroh.

JCPyV VP1-Fab as well as scFv complexes consist of five copies of antibody
fragments bound to a single JCPyV VP1 pentamer, signifying that each VP1 monomer
is involved in identical interactions with the antibody fragments. All antibody binding
sites cluster on top of the JCPyV VP1 pentamer overlapping with the LSTc binding
site, albeit relying on different individual interactions. The binding interface covered by
the antibodies ranges from 707 (98D3) to 981 A2 (27C11) and covers two neighboring
VP1 monomers for all three studied antibodies (Figure 11).

Figure 11: Overview of JCPyV VP1 antibody complexes. Surface representation of JCPyV VP1 pentamers with
one monomer highlighted in pink. (A) JCPyV VP1 bound to antibody fragment 98D3 shown in cartoon
representation, (B) bound to antibody fragment 27C2 and (C) antibody fragment 27C11. Darker and lighter colors
represent heavy (Vh) and light chain Vi of the respective antibody (98D3: green, 27C2: blue, 27C11: orange).
Constant chains of Fabs 98D3 and 27C2 (panel A and B) are not shown for better visualization. The bottom panels
depict side views of the same structures.
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1.4.2 Fragment-based Drug Discovery

Fragment-based drug discovery (FBDD) has been a powerful tool for discovering drug
leads since the last two decades. A combination of random screening and structure-
based rational drug design is applied, whereas the most common used
characterization approaches in FBDD include NMR, x-ray crystallography and surface
plasmon resonance (Hartshorn et al. 2005). In order to identify drug-like starting points
for inhibitor design, small compounds are tested in a fragment screen. The affinity of
these fragments is usually quite low with affinities in the mM range; nevertheless,
fragment affinity can be enhanced in later steps. In analogy of Lipinski’s ‘rule of five’
(Lipinski et al. 2001; Lipinski 2004), compounds now are supposed to apply to the ‘rule
of three’ (molecular weight < 300 Da, cLogP value (clogP, a measure of lipophilicity) <
3, the number of hydrogen donors and acceptors < 3 and the number of rotatable
bonds < 3). Furthermore, the solubility in water should be increased in order to screen
at higher compound concentrations. Several approaches can be undertaken for a
fragment screen; one early experimental approach being the co-crystallization of the
target protein with organic solvents. These solvents explore hydrophobic pockets of
the protein, which are often targeted by drug-like molecules (Ringe 1995). Later on,
screening was performed with fragments ranging from 150 to 300 Da in size due to
their low complexity and increased binding likelihood. Fragment-based NMR screening
almost completely replaced this method due to its low false positive rate and high
sensitivity (Edfeldt, Folmer, and Breeze 2011; Hajduk, Huth, and Fesik 2005). In
ligand-observed NMR, fragments are screened against a target protein and changes in
NMR observables such as chemical shift, line width and signal intensity are monitored
upon binding. Fluorine-labeled fragments were shown to be useful due to the low
abundance of fluorine in biological samples, which prevents the perturbation by
background resonances. Furthermore, the fluorine spin is highly sensitive to changes
in the chemical environment and hence, can easily be detected.

Fragment-based screening experiments were performed using '°F and transverse
relaxation time (T2)-fitered NMR methods in collaboration with Dr. Christoph
Rademacher (Max Planck Institute of Colloids and Interfaces, Potsdam). Both
methods are 1D ligand-based approaches, which rely on the chemical shift changes of
the 19F nucleus upon altering local chemical environments (Jordan et al. 2012; Chen et
al. 2013; Dalvit, Fagerness, et al. 2003; Dalvit, Ardini, et al. 2003). All compounds
selected for screening with JCPyV VP1 from the library consisting of about 300 low
molecular weight compounds contained a monofluoro or trifluoromethyl group for the
heteronuclear *°F detection. In case of a positive binding to JCPyV VP1, a shift of the
characteristic compound peak can be observed in the 1D NMR spectrum compared to
the compound spectrum obtained without JCPyV VP1. In total, both NMR methods
resulted in 40 double positive hits, which were subjected to crystal soaking
experiments with JCPyV Mad-1 VP1 crystals. Ten compounds were already tested in
preliminary work done by Dr. Luisa Stréh (Figure 12).
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Figure 12: Fragments used for crystal soaking experiments (Part 1). Depicted are 10 out of 40 double-positive
hits identified by 19F and T2-filtered NMR spectroscopy. The screening experiments were performed and
analyzed by Dr. Christoph Rademacher and Jonas Aretz (Max Planck Institute of Colloids and Interfaces,
Potsdam). The figure was prepared using ChemDraw 18.0 (PerkinElmer, Inc.).

Out of the tested compounds, one was shown to bind to JCPyV VP1. The compound
9E08 was shown to bind towards the inner side of the pentamer, with one compound
binding to each VP1 monomer. The binding site is located next to B-strands E, F and
the ccw G1 strand of the core CHEFG sheet.

G1 (ccw) F
Figure 13: Binding details of compound 9E08 to JCPyV VP1. (A) View from the bottom of the JCPyV
pentamer along the five-fold axis. One VP1 monomer is highlighted in pink. Each VP1 monomer binding
site is occupied with compound 9E08. (B) The simulated annealed omit electron density map is
contoured it at a o level of 2.5 with a distance of 2A around the ligand 9E08. (C) B-sheets E, F and the
ccw G1 form the binding site for 9E08. The compound 9E08 is shown in stick representation, with
carbons in green, nitrogens in blue and fluor in light blue (Figure prepared by Luisa Stréh).
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2. Objectives

The focus of this thesis was the structural investigation of the JCPyV VP1 protein in
complex with potential inhibitors, namely molecular fragments and neutralizing
antibodies, and a putative JCPyV receptor, APMAP. JCPyV VP1 is responsible for
binding to host cell-receptors. The protein harbors exquisite glycan receptor specificity
and represents the target of the neutralizing antibody response.

Interactions between JCPyV VP1 and its cellular receptor LSTc are well studied,
whereas only limited information is available about the putative JCPyV receptor
APMAP. To date, little is known about neutralizing antibodies against JCPyV, in
particular their mode of VP1 engagement and how they inhibit JCPyV infection. So far,
no efficient cure is available for pathogenic JCPyV infection and the development of
small molecule inhibitors against JCPyV VP1 would help in the advancement of potent
drugs.

At the beginning of this study, high resolution structures were available for JCPyV VP1
alone as well as in complex with three neutralizing antibodies. However, structural
information was missing for cross-neutralizing antibodies. The major objectives of this
thesis were to:

= Establish a purification protocol for the cross-neutralizing antibodies 29B1 and 72F7

= |dentify the epitope of antibodies 29B1 and 72F7

= Define the interactions of these antibodies with JCPyV VP1 as well as BKPyV VP1 on a
structural basis to gain insights on the basis of neutralization

= Examine how JCPyV VP1 variants escape neutralizing antibody neutralization

= |dentify potent small molecule inhibitors against JCPyV VP1

= Define the interactions of these compounds on a structural basis in order to develop new
compounds with higher binding affinities

= Establish a purification protocol for the putative JCPyV receptor APMAP to allow for the
structural analysis of this protein and to enable the characterization of JCPyV-APMAP
complexes.
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3. Materials and Methods

3.1Chemicals

All chemicals used in this work were of analytical reagent grade and obtained from
Roth (Karlsruhe, Germany), Sigma-Aldrich (Deisendorf, Germany), Merck (Darmstadt,
Germany), GE Healthcare (Uppsala, Sweden), Molecular Dimensions (Newmarket,
UK) and Hampton Research (Aliso Viejo, USA).

3.2Bacterial Strains

The Escherichia coli (E. coli) strain XL 10 gold (Stratagene, USA) was used for
amplifying plasmid DNA. Proteins were produced in E. coli BL21 (DE3) (Novagen,
Darmstadt, Germany), SHuffle T7 Express (New England Biolabs, Inc., USA), Arctic
Express (DE3) (Agilent Technologies, USA) and LEMO21 (DE3) (New England
Biolabs, Inc., USA).

Table 2. E. coli strains.

E. coli strain

Genotypes

XL 10 gold

BL21 (DE3)

Arctic Express (DE3)

LEMO21 (DE3)

endAl ginV44 recAl thi-1 gyrA96 relAl lac Hte A(mcrA)183
A(mcrCB-hsdSMR-mrr)173  tetR F'[proAB lacl"ZAM15
Tnl10(Tet? Amy CmR)]

F~ ompT gal dcm lon hsdSg(rs"ms~) A(DE3 [lacl lacUV5-T7p07
ind1 sam7 nin5]) [malB*]k-12(AS)

F~ ompT hsdS(rB- mB~) decm*TetrgalA\(DE3) endA Hte [cpnl0
cpn60 Gentr]

fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS/ pLemo(CamR)
A DE3 = A sBamHIlo AEcoRI-B int::(lacl::PlacUV5::T7 genel)
i21 Aninb

3.3Plasmids

Table 3.

Plasmid Resistance Specifications Origin

pET-15b Amp T7 promotor, N-terminal Hiss-tag, thrombin Novagen,
cleavage site, MCS Germany

pET-28a Kan T7 promotor, N-terminal Hise-tag, thrombin Novagen,
cleavage site, MCS Germany

pPET-52b Amp T7 promotor, C-terminal Strep-tag Il, HRV 3C Novagen,
cleavage site, C-terminal Hisio-tag, thrombin Germany
cleavage site, MCS
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3.4Commercial Crystallization Screens

Table 4. Commercial crystallization screens.

Screen | Company

Crystal Screens |, Il Hampton Research, Aliso Viejo, USA

Wizard I, II, lll, IV Emerald BioSystems, Bainbridge Island, USA
JCSG Molecular Dimensions, Suffolk, UK

PEGIlon Hampton Research, Aliso Viejo, USA

3.5Molecular Biology

3.5.1 Glycerol Stocks

E. coli culture glycerol stocks were prepared by mixing 500 uL of a bacterial overnight
culture with 500 pL sterile filtered glycerol solution (50% v/v). The solutions were flash
frozen in liquid nitrogen and stored at -80 °C.

3.5.2 Purification of Plasmid DNA

Plasmid DNA from E. coli cultures was isolated using the commercial miniprep kit
(Promega, Mannheim, Germany) following the manufacturer's protocol. The final
concentration of the purified DNA was determined with a Nanodrop using the
absorbance at 260 nm (Nanodrop ND-1000, Thermo Fisher Scientific, Waltham, USA).

3.5.3 Transformation of Competent Bacteria Cells

Plasmid DNA was transformed into bacterial cells by adding 100 ng plasmid DNA to
50 pL competent bacteria cells and incubating the mixture for 20 min on ice.
Afterwards, cells were heat-shocked at 42°C for 15 s followed by a 5 min incubation on
ice. After addition of 950 puL of SOC medium, cells were grown at 37°C (30°C for E.
coli SHuffle) at 450 rpm for 1 h. 100 pL of the cell suspension were spread on LB-Agar
plates containing the corresponding antibiotic.

LB medium LB-Agar medium SOC medium
1% (w/v) tryptone 1% (w/v) tryptone 2% (w/v) tryptone
0.5% (wlv) yeast 0.5% (wiv) yeast 0.5% (wiv) yeast
extract extract extract
1% (w/v) NaCl 1% (w/v) NaCl 10 mM NacCl
6% Agar 2.5 mM KCI
10 mM MgCl;
10 mM MgSOs

20 mM glucose

3.6Microbiology Methods
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3.6.1 Cultivation of E. coli

For setting up overnight cultures, 10 — 20 mL of LB medium supplemented with the
corresponding antibiotic were inoculated with either bacteria from glycerol stocks, a
single bacteria colony from bacterial selection plates or 500 pL transfection solution.
Cultures were incubated at 37°C (30°C for E. coli SHuffle) overnight and subsequently
used to inoculate 100 mL LB medium for test expression experiments and 1 - 4 L of LB
medium for recombinant protein production (ratio 1:100). LB medium was
supplemented with the corresponding antibiotic. Bacteria were grown to an ODsoo of
0.6 — 0.8, before expression of target genes was induced with 0.4 — 0.8 mM IPTG.
Bacteria grew 4 h — overnight after induction at 20°C and 110 rpm before they were
harvested.

3.6.2 Cell Harvesting

Cells were harvested by centrifugation at 9200 g for 15 min at 4°C. Cell pellets were
flash frozen in liquid nitrogen and stored at -80°C.

3.7Protein Biochemistry

3.7.1 Discontinuous SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate protein samples according to their molecular weight
in an electrical field and to analyze protein purity. SDS-PAGE gels consisting of a
separating gel with 12% SDS and a stacking gel with a 4% SDS content were cast.
Samples were prepared by mixing with 4x SDS-sample buffer, heating them to 95°C
for 2 — 5 min with a final centrifugation step at 14000 g for 2 min (Eppendorf
centrifuge). Electrophoresis was set for 70 min at 150 V. Gels were stained in
InstantBlue Protein Stain (Expedeon, Heidelberg, Germany) for up to 24 h on an
orbital shaker.

Table 5. Composition of gels for SDS-PAGE.

4x SDS gels 4% stacking gel 12% separating gel

H20 (mL) 6.1 5
1.5 M Tris pH 6.8 (mL) 2.5

1.5 M Tris pH 8.8 (mL) 3.75
10% (w/v) SDS (uL) 100 150
30% Acrylamide-bisacrylamide 14 6
(mL)

TEMED (uL) 10 7.5
10% (w/v) APS (uL) 100 150

Table 6. Composition of SDS sample buffer (4x).

4x SDS Sample Buffer |

20 mL 1 M Tris pH 6.8 |

33



10 mL 10% SDS

1.63 mL 0.5 M EDTA pH 8.0
4 mL B-mercaptoethanol
20 mg bromophenol blue

3.7.2 Expression Test

Overnight cultures were added to 100 mL LB medium containing the respective
antibiotics in a ratio of 1:10. Cells were grown to an ODeoo of 0.6 — 0.8 at 37°C (30°C
for E. coli Shuffle) before expression of target genes was induced with 0.2 — 1 mM
IPTG. After induction, 1 mL samples were taken after 1h, 2h, 4h and overnight. The
ODsoo was determined before samples were centrifuged at 16,870 g for 5 min
(Eppendorf centrifuge). The supernatant was discarded, and pellets were resuspended
in a 1:1 ratio of lysis buffer 12 (Table 7) and sample loading buffer with respect to the
determined ODsoo value (ODeoo of 1.0 equals 100 pL total resuspension volume).
Samples were analyzed by SDS-PAGE.

3.7.3 Buffer Screening

For resuspension of 2 g of cell pellet (wet weight), 15 mL buffer Anis were used. The
solution was divided into 1 mL aliquots and centrifuged at 16,870 g for 10 min at 4°C
(Eppendorf centrifuge). The supernatants were discarded, and pellets were
resuspended in 1 mL of lysis test buffers (Table 7). After sonification with an amplitude
of 30% for a total pulse time of 30 s (0.5 s pulse on, 2.0 s pulse off) cells were
centrifuged again at 16,870 g for 10 min at 4°C (Eppendorf centrifuge). Supernatants
were analyzed by SDS-PAGE.

Table 7. List of lysis buffers for solubilization tests.

Lysis Buffer Condition
Buffer

100 mM Tris, pH 7.6; 10% glycerol

100 mM Tris, pH 7.6; 50 mM LiCl

100 mM KH2PQOy, pH 4.3; 2.5 mM ZnCl;

100 mM HEPES, pH 7.0; 100 mM KCI; 1% Triton- X-100

100 mM KH2POy4, pH 6.0; 50 mM (NH,)2S0O4

100 mM Tris, pH 8.2; 50 mM NacCl; 100 mM Urea

100 mM HEPES, pH 7.0; 100 mM Na-glutamate; 5 mM DTT

100 mM sodium acetate, pH 5.5; 1 M MgSO,

100 mM HEPES, pH 7.0; 1 mM MgSOQO.,

100 mM Triethanolamine, pH 8.5; 50 mM LiCl; 20 mM imidazole

30 mM Tris, pH 7.5; 300 mM NacCl

15 mM Tris, pH 6.6, 2% urea; 2.5% glycerol; 1% SDS

50 mM NaH>PO4; 300 mM NacCl; 10 mM imidazole; 1 mg/mL lysozyme
100 mM Tris, pH 8.2; 150 mM NaCl; 100 mM urea; 2.5% glycerol; 20 mM

imidazole
* Solubilization buffer

TMEPRPEPOO~NOOOT,WNE
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Table 8: List of detergent-containing lysis buffers for solubilization tests.

Lysis Buffer Condition
Buffer

1 100 mM Tris, pH 8.2; 50 mM NacCl; 5% isopropanol

2 100 mM Tris, pH 8.2; 50 mM NaCl; 10% isopropanol

3 100 mM Tris, pH 8.2; 50 mM NaCl; 50 mM urea

4 100 mM Tris, pH 8.2; 50 mM NaCl; 1 M urea

5 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.1% NLS

6 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.5% NLS

7 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.1% Triton X-100
8 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.5% Triton X-100
9 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 1.0% Triton X-100

10 30 mM Tris, pH 7.5; 300 mM NaCl; 20 mM imidazole; 0.1% sodiumcholate
11 30 mM Tris, pH 7.5; 300 mM NaCl; 20 mM imidazole; 0.5% sodiumcholate
12 30 mM Tris, pH 7.5; 300 mM NaCl; 20 mM imidazole; 1.0% sodiumcholate
13 30 mM Tris, pH 7.5; 300 mM NaCl; 20 mM imidazole; 0.1% SDS
14 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.5% SDS
15 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 1.0% SDS
16 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.6% NLS
17 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.4% NLS
18 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.3% NLS
19 30 mM Tris, pH 7.5; 300 mM NacCl; 20 mM imidazole; 0.2% NLS
3.7.4 Cell Lysis

For resuspension, 5 — 10 mL of lysis buffer were used per g of cell pellet. The solution
was supplemented with one EDTA-free Protease Inhibitor Cocktail tablet (Sigma
Aldrich, Deisendorf, Germany) and 2 — 5 uL of Benzonase (Sigma Aldrich, Deisendorf,
Germany). Cells were lysed by three cycles of sonification with an amplitude of 40%
and an overall pulse time of 2 min (0.5 s pulse on, 0.5 s pulse off). Afterwards, cells
were centrifuged at 34, 540 g for 40 min at 4°C. The supernatant was sterile filtered
with a 0.22 um filter.

3.7.5 Refolding of Inclusion Bodies

The cell pellet was resuspended in lysis buffer (Table 9) and left under agitation for 12
h at 4°C before lysis. After lysis, the suspension was centrifuged at 16,870 g for 30
min at 4°C. The pelleted inclusion bodies were resuspended and washed twice with 15
mL of buffer 1, buffer 2 and buffer 3. After each wash step, the suspension was
centrifuged again at 16,870 g for 30 min at 4°C. After the last centrifugation step, the
pelleted inclusion bodies were resuspended in 15 mL guanidium-HCI and left under
agitation for 48 h at 4°C. The solubilized protein solution was centrifuged once more
before half of the supernatant was added dropwise into 285 mL of refolding buffer over
the course of one hour. After 12 hours, the remaining supernatant was added to the
refolding buffer and the solution was allowed to slowly stir for 48 h at 4°C. Afterwards,
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the total volume was concentrated to 70 mL in Amicon Ultra Centrifugal filter units
(Merck, Darmstadt, Germany). The protein solution was dialyzed overnight in 2 L of
dialysis buffer in spectral pore dialysis membranes (Spectrum Labs, Sancho
Dominguez, USA). The protein solution was sterile filtered (0.22 um) before being
subjected to further purification steps, e.g. Ni-affinity chromatography.

Table 9: List of buffers used for protein refolding from inclusion bodies.

Protein Buffer Composition

APMAP Lysis buffer 100 mM Tris-HCI, pH 8.0
2 mM EDTA

10 MM DTT

0.5 mg/mL lysozyme

Buffer 1 50 mM Tris-HCI, pH 8.0
1 mM EDTA
1 mMDTT
100 mM NaCl
0.5% Triton X-100

Buffer 2 50 mM Tris-HCI, pH 8.0
10 mM DTT
2 mM NacCl
2 mM urea

Buffer 3 100 mM Tris-HCI, pH 8.0
2 mM EDTA
10 mM DTT

Refolding buffer 100 mM Tris-HCI, pH 8.0
2 mM EDTA
0.9 M Arginine-HCI
0.1 M L-Arginine
6.3 mM Cysteamine
3.7 mM Cystamine

Dialysis buffer 10 mM Tris-HCI, pH 8.0
100 mM NaH.PO4

3.7.6 Ni-Affinity Chromatography

Ni-affinity chromatography was used as a first purification step in the purification
process of Hiss-tagged proteins. For small-scale purifications, expression tests and
buffer screens, 1 mL-columns (HisTrap FF Crude, GE Healthcare) were used. The
column was equilibrated with ~ 10 column volumes of buffer A with a flowrate of 1
mL/min. The filtered supernatant was loaded onto the column with a flowrate of 0.5
mL/min. Afterwards the column was washed with 10 — 20 column volumes of buffer A.
Protein was eluted from the column using a linear or step-wise gradient of buffer B.
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Fractions were collected and analyzed by SDS-PAGE. The column was regenerated

with 1 M imidazole.

Table 10: List of buffers used for Ni-affinity chromatography.

Protein Buffer A Buffer B
JCPyV VP1 50 mM Tris, pH 7.5 50 mM Tris, pH 7.5
5% (v/v) glycerol 5% (v/v) glycerol
250 mM NacCl 250 mM NacCl
10 mM imidazole 500 mM imidazole
scFv 29B1 100 mM triethanolamine, pH 100 mM triethanolamine, pH
8.5 8.5
100 mM LiCl 100 mM LiCl
1 mM EDTA 1 mM EDTA
20 mM imidazole 1 M imidazole
3.7.7 Dialysis

Dialysis was used in order to exchange the buffer system and remove minor impurities
during the purification process.

Table 11. List of buffers used for dialysis.

Protein Buffer Composition

JCPyV VP1 Dialysis buffer 30 mM Tris, pH 7.5
5% (v/v) glycerol
150 mM NacCl
scFv 29B1 Dialysis buffer 30 mM Tris, pH 7.5
5% (v/v) glycerol
150 mM NacCl
APMAP Dialysis buffer 1 100 mM Tris, pH 8.0
100 mM NacCl

10 mM CacClz
Dialysis buffer 2 10 mM Tris, pH 8.0
50 mM CacCl;
Dialysis buffer 3 10 mM Tris, pH 8.0
10 mM Ca(Ac)2

5 mM TCEP

Dialysis buffer 4 10 mM Tris, pH 8.0

Dialysis buffer 5 10 mM Tris, pH 8.0

5 mM TCEP
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3.7.8 His-tag Cleavage in Solution

In order to remove the Hiss-tag from the protein constructs after Ni-affinity
chromatography, the protein solution was mixed with either 10 U of thrombin solution
per mg fusion protein, 1 mg of TEV protease or 1 mg HRV 3C protease per 10 mg
fusion protein and incubated overnight at 4°C. Successful digestion was controlled by
SDS-PAGE. A second Ni-affinity chromatography was performed to separate cleaved
from uncleaved protein. Fractions from load and wash containing the cleaved protein
portion were pooled.

3.7.9 Fab Generation with Papain agarose

Monoclonal antibodies (obtained from Neurimmune AG, Schlieren, Switzerland) were
dialyzed against activation buffer for 2 hours at 4°C and for 2.5 hours against digestion
buffer. A papain agarose solution with a concentration of 2 mg/mL in activation buffer
supplemented with 15 mM cysteine was prepared and incubated for 10 min at 37°C for
activation. Antibody digestion was initiated by adding the papain agarose solution to
the mADb solution (4.45 mg/mL) with a ratio of 8:100 (papain agarose/mAb). Antibodies
were incubated for digestion for 5-6 h at 37°C. The reaction was stopped by
centrifugation and sterile filtration in order to remove papain agarose.

Fabs were purified via a Protein A column (GE Healthcare). The column was washed
with 10 mL distilled water and equilibrated with 10 mL binding buffer. The sample was
loaded onto the column with a flowrate of 1 mL/min. Afterwards, the column was
washed with 5 mL binding buffer. Fractions of 1 mL were collected over the course of
column loading and washing. Uncleaved mAbs and Fc fractions were eluted with 10
mL elution buffer. Fractions of 1.5 mL containing 400 pL neutralization buffer in order
to adjust the pH to physiological values were collected. The column was regenerated
with 5 mL elution buffer, 10 mL binding buffer and 10 mL distilled water and stored in
20% (v/v) ethanol at 4°C.

Buffer Composition

Activation buffer 50 mM NaH:PQO4, pH 8.0; 1 mM EDTA

Digestion buffer 50 mM NaH:PQO4, pH 8.0; 15 mM cysteine; 1 mM EDTA
Binding buffer 20 mM HEPES, pH 7.5; 150 mM NacCl

Elution buffer 100 mM citric acid, pH 3.0

Neutralization buffer 1 M Tris-HCI, pH 8.8

3.7.10 Formation of scFv /Fab —JCPyV VP1 Complexes

JCPyV or BKPyV VP1 protein and 29B1 scFv or 72F7 Fab were purified according to
the protocol and mixed in a molar ratio of 1 : 7. The mixture was incubated at 4°C for 1
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h. Stable complexes were separated form excess scFv/Fabs by size-exclusion
chromatography.

3.7.11 Size Exclusion Chromatography

Analytical size exclusion chromatography (SEC) was used for further protein analysis
and characterization, whereas preparative SEC was applied as final protein
purification step. For analytical SEC experiments a Superdex 200 Increase 3.2/300
column (GE Healthcare) connected to an AKTA Ettan System (GE Healthcare) was
used with a 23 pL sample loop. The column was equilibrated with SEC buffer before
the concentrated and sterile filtered (0.22um) protein sample was loaded. Detection of
eluting proteins was determined by simultaneous measurements of absorbance at 280
nm, 230 nm and 215 nm. The molecular weight of the eluted proteins was estimated
based on a calibration curve with standard proteins (aprotinin, ribonuclease A,
carbonic anhydrase, ovalbumin, conalbumin and Blue Dextran 2000).

For the preparative SEC a Superdex 200 Increase 10/300 GL column (GE Healthcare)
connected to a BioLogic Duo Flow system (BioRad) was used with a 250 or 500 pL
sample loop. The column was equilibrated with SEC buffer before the concentrated
and sterile filtered (0.22um) protein sample was loaded. Fractions were analyzed by
SDS-PAGE and fractions containing the corresponding protein were pooled,
concentrated and either kept at 4°C or flash-frozen and stored at -80°C.

Table 12. List of buffers and colums used for protein purification via size exclusion chromatography.

Protein SEC buffer Column

JCPyV VP1 - scFv |20 mM HEPES, pH 7.5 Superdex 200 Increase

complexes 150 mM NacCl 10/300

BKPyV ~VP1 - scFv|20mM HEPES, pH 7.5 Superdex 200 Increase

complexes 150 mM NacCl 10/300

APMAP 10 mM Tris, pH 8.0 Superdex 200 Increase
10/300

3.7.12 Protein Concentration Determination

The protein concentration was determined by measuring the absorbance of the protein
solution at 280 nm using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, USA). The concentration was determined using the Lambert-Beer law with
taking the theoretical extinction coefficients at this wavelength (€) and the length of the
light path (I) into account.

A=¢-l-c

Equation 1: Lambert-Beer law
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3.7.13 Precipitation Test

In order to find a suitable protein concentration for crystallization trials, a precipitation
test with dilution series of five different ammonium sulfate (1.5-3 M) and five different
PEG 4,000 (10-30 %) concentrations was performed at 20°C. A volume of 0.5-1.0 uL
sterile filtered (0.22 pum) protein solution was pipetted onto a glass cover slide and an
equal volume of the highest precipitant concentration was added. The drop was
analyzed using a light microscope. If precipitation did not occur within ~ 3 min, the
protein solution was further concentrated. Upon light to medium granular precipitation,
the lowest precipitant concentration was tested next. The protein concentration was
set when the protein precipitated in a timeframe of 3-5 min within the highest two to
three precipitant concentrations.

3.8Crystallographic Methods

The information in this chapter is based on the textbooks “Biomolecular
Crystallography” by Bernhard Rupp (Rupp, 2009) and “Crystallography Made Crystal
Clear” by Gale Rhodes (Rhodes, 2006), unless stated otherwise.

3.8.1 Protein Crystallization and Cryoprotection

Protein crystals are an assembly of repeating, regular patterns of protein molecules
held together through a network of intermolecular interactions. The three-dimensional
structure of the protein making up this crystal can be determined by x-ray diffraction. A
commonly used method for protein crystallization is sitting or hanging drop vapor
diffusion, achieving crystallization of proteins from a supersaturated solution by slowly
increasing protein and precipitant concentration. Different salts, alcohols or polymers
such as polyethylene glycols (PEGSs) can be used. For crystallization to occur, several
trials with different concentrations and buffer systems may be needed. Generally, the
protein solution is mixed with the precipitant solution and a small drop is placed in a
closed system containing a larger reservoir solution with higher precipitant
concentration. During vapor diffusion, both precipitant and protein concentration
increase through water diffusion from the drop and thus, supersaturation can be
achieved. This in turn leads to the formation of crystallization nuclei, which initiates
crystal growth. Protein molecules from the solution accumulate at the existing nucleus
and assemble in an ordered fashion, thus driving crystal growth. Generally, low
supersaturation favors controlled crystal growth, whereas high supersaturation is
required for spontaneous nucleation of crystal nuclei.

Seeding is another method, which can be performed to induce heterogeneous
nucleation at low supersaturation. Here, solid material, such as small or crushed
crystals can be transferred to the crystallization drop and act as crystallization nuclei.
Seeding can be subdivided into micro- and macroseeding. For microseeding, a dilution
series of crushed crystal fragments is introduced into the crystallization drop. Another
possibility to introduce the microseeds into the droplet is the so-called streak seeding,
where thin fibers, for example a cat-whisker, are dipped into the seed crystal solution
and then streaked through the new drop. In macroseeding experiments a single, well-
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formed, protein crystal is transferred into the pre-equilibrated protein solution in order
to scale up the crystals to diffraction size.

Both sitting- and hanging drop vapor diffusion experiments were used in order to
obtain protein crystals. Sitting drop experiments with commercially available screens in
a setup of 96-well sitting drop crystallization plates (INTELLI-PLATE 96 Well, Art
Robbins Instruments, USA) were performed as initial crystallization trials. Two robot
systems were used for the automated crystallization plate setup: the Tecan Evo robot
for mixing drops containing 300 nL protein and 300 nL reservoir volume and pipetting
reservoir volumes of 100 puL and the Crystal Gryphon LCP (Art Robbins Instruments)
for mixing 200 nL protein and 200 nL reservoir volume and pipetting a reservoir
volume of 50 pL. This system was also used for microseeding experiments.
Crystallization plates were incubated at 4 or 20°C.

In order to optimize first crystallization hits, a wide range of different pH-values were
screened against increasing precipitant concentration in a sitting drop vapor diffusion
setup. Hits were then scaled up in hanging drop vapor diffusion experiments in 24-well
crystallization plates (VDX plate, Hampton Research). Here, the drop volume varied
from 1-2 pL, the reservoir volume (500 pL) was increased as well. Crystal plates were
checked for crystal growth in regular intervals using a light microscope.

For data collection, crystals were harvested, transferred into a solution containing
MPD or glycerol as cryoprotectant, before being flash-frozen in liquid nitrogen.

3.8.2 Preparation of Crystal Seeding Stocks

JCPyV VP1 Mad-1 crystals were grown for at least one day before 10 — 12 crystals
were transferred into a drop of 1 pL of mother liquor solution. The drop was pipetted
into an Eppendorf tube with additional 40 pL of mother liquor solution and crystals
were crushed with a seed bead (Seed-bead kit, Hampton Research, USA). The
seeding stock solution was aliquoted (2 pL), flash frozen in liquid nitrogen and stored
at -80°C.

3.8.3 Crystallization and Crystal Soaking Experiments

Compounds for crystal soaking experiments were commercially available and
purchased from Vitas-M Laboratory Ltd. (Champaign, USA), Key Organics (Camelford,
UK), Alinda Chemical Ltd. (Moscow, Russia), Combi-Blocks, Inc. (San Diego, USA)
and Sigma Aldrich (St. Louis, USA). Stock solutions of the compounds were prepared
in DMSO and soaked into the JCPyV VP1 crystals with a final concentration of 25%
(v/iv). JCPyV VP1 crystals were shown to tolerate concentrations of dimethyl sulfoxide
(DMSO) of up to 30% (v/v) prior to the crystal soaking experiments. Higher
concentrations of DMSO resulted in crystal cracking and diffraction to only low
resolutions (> 3.5 A). The soaking time was influenced by the fragment solubility that
varied from one up to 24 hours depending on the crystal stability in the presence of the
respective compound.

Table 13: Soaking experiments with 20 hits from the fragment-based screening. JCPyV VP1 Mad-1 crystals were
grown for at least one day before being transferred into drops with the harvesting solution supplemented with
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compound stock solution. Prior to flash freezing in liquid nitrogen, protein crystals were transferred for a few
seconds in a soaking solution containing 30% (v/v) glycerol as cryoprotectant.

Compound ID Compound [mM] DMSO [%] Soaking time [h]
2D05 100 25 1,6, 16, 24
3D03 100 25 16, 24
3HO1 100 25 8

4A07 100 25 16

5G06 100 25 16

6C02 100 25 8

6G04 100 25 1, 6, 16, 24
7D04 100 25 8

7D06 100 25 16

8A02 100 25 6, 16, 24
12F08 100 25 16

13A05 10, 50, 100 25 24

13A06 100 25 6, 16, 24
13A09 100 25 16, 24
13B03 100 25 1

13B04 100 25 6, 16, 24
13H04 100 25 6, 16, 24
13HO07 100 25 1,2,6,16,24
14A05 100 25 6, 16
14H04 100 25 6, 16, 24

The next set of compounds, which was obtained from the molecular modeling studies
in collaboration with Prof. Dr. Frank Bockler (Pharmazeutische Chemie, Eberhard
Karls Universitdt Tubingen), was prepared as stock solution in DMSO. The final
compound concentration for crystal soaking experiments had to be decreased to 10
mM and a DMSO concentration of 10% (v/v) due to the limited compound solubility
and harshness towards the JCPyV VP1 crystals. The soaking time was further
decreased and ranged from 15 to 60 minutes. Soaking times > 60 minutes lead to
complete disintegration of protein crystals.

Table 14: Soaking experiments with six hits from the molecular modeling studies. JCPyV VP1 Mad-1 crystals
were grown for at least one day before being transferred into drops with the harvesting solution supplemented
with compound stock solution. Crystals were set into soaking solution supplemented with 30% (v/v) glycerol
before being flash frozen.

Compound ID Compound [mM] DMSO [%)] Soaking time [min]
889 10 10 15, 30, 60

558 10 10 15, 30, 60

2527 10 10 15, 30, 60

2530 1; 10 10 15, 30, 60

2041 10 10 15, 20, 30, 40, 60
1710 10 10 15, 20, 30, 40, 60

JCPyV VP2 derived peptides were designed with N-terminal acetylation and C-
terminal amidation (Table 15) and obtained from GenScript (Central, Hong Kong).
Stock solutions of both peptides were prepared in DMSO. The final peptide
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concentration for crystal soaking experiments with JCPyV VP1 was 1 mM and a
DMSO concentration of 25%. The soaking time varied from one up to 16 hours
depending on crystal stability.

Table 15: Designed JCPyV VP2 derived peptides. Peptides were designed in two different lengths (short version
14 aa, long version 20 aa) and contained an N-terminal acetylation and a C-terminal amidation.

Peptide ID Molecular weight Sequence
[g/mol]
VP2 short (14 aa) 1613 [COOH]-APQWMLPLLLGLYG-[NHz]
VP2 long (20 aa) 2227 [COOH]-GANQRSAPQWMLPLLLGLYG-[NH]

Table 16: Soaking experiments with two JCPyV VP2-derived peptides. JCPyV VP1 Mad-1 crystals were grown for
at least one day before being transferred into drops with the harvesting solution supplemented with peptide
stock solution. Crystals were set into soaking solution supplemented with 30% (v/v) glycerol before being flash
frozen.

Peptide ID | Peptide [mM] DMSO [%] Soaking time [h]
VP2 short 1 25 1,2,4,16
VP2 long 1 25 1,2,4,16

3.8.4 Co-crystallization

Compounds from the second set were further screened in co-crystallization
experiments with JCPyV VP1 Mad-1 in addition to crystal soaking experiments due to
their low solubility and the limited crystal stability. The final compound concentration
was set to 1.25 mM with a final DMSO concentration of 1.42% (v/v). The final
compound concentration was achieved by a serial dilution with SEC buffer. The
compound solution was incubated with JCPyV VP1 solution (concentration of 6.5
mg/mL) at a molar ratio 1:7 at 4°C for one hour. Initial fine screens were used to find
suitable crystallization conditions. Crystals grew within 24 hours and were harvested
subsequently.

Stock solutions of the peptides were prepared in crystal mother liquor with a peptide
concentration of 10 mM. The solutions were incubated at 60°C for one hour to
increase the solubility of the peptide. Insoluble excess of peptide was removed by
centrifugation. The exact peptide concentration amounted to slightly less than 10 mM.
For co-crystallization, the peptide solution was diluted to a final concentration of 2 mM
before setting up crystal plates with a 1:1 ratio of JCPyV VP1 solution and peptide
solution. Crystals grew at 20°C within 24 hours and were harvested subsequently.

3.8.5 Data Collection and Data Processing

X-rays are scattered by electrons of the protein crystal. Diffraction of scattered
electromagnetic waves can only be observed when the path difference between two
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distinct waves with the angle © is an integer multiple of the applied wavelength
(Equation 2), which leads to constructive interference. Otherwise scattered waves
cancel each other out by destructive interference. Constructive interference is
maximized by superposition of waves in phase and diffraction can be perceived as
discrete maxima on a detector.

nA = 2d sin©

Equation 2: Bragg’s law.
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Figure 14: Graphical representation of Bragg’s law. For constructive interference, the path difference of two
waves diffracted at parallel crystal lattice planes must be an integer multiple of the incoming wavelength. d:
distance between two lattice planes, 8: angle of incidence.

The scattering of x-rays by a single molecule is too small to be measured, hence, a
highly ordered arrangement of many molecules in a periodic lattice is needed for
amplification and discrete sampling of the molecular scattering function. These small
repeating units, the so-called unit cells, that form the crystal lattice are defined by the
length of the axes a, b and ¢ and by the angles a, B and y between the respective
axes. Each identical unit cell contains the same number of identically arranged
molecules, which can be transformed into each other by symmetry operations such as
rotation or translation. Symmetry operations, such as inversions or mirror operations,
involving changes within the motifs are strictly excluded for chiral molecules such as
proteins. The unit cell is further divided into the asymmetric unit (ASU) by these
symmetry operations. The ASU of a unit cell contains all the necessary information to
generate the complete unit cell of a crystal by the underlying symmetry operations.
The ASU can contain molecules related by additional symmetry, the so-called non-
crystallographic symmetry (NCS). Two molecules related by NCS do not necessarily
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need to be completely identical, there can be small differences, such as loop
conformations.

The space group of the crystal itself is defined by the geometry of the unit cell and the
crystallographic symmetry operators.

For each lattice in real space R, a corresponding lattice in the reciprocal space R* can
be generated by an inverse relationship. The reciprocal lattice is a formality to simplify
the treatment of diffraction geometry. Sets of parallel and equidistant lattice planes are
defined by the three Miller indices h, k and I, which are integer numbers indicating the
number of intercepts of a set of lattice planes with each of the unit cell axes. Each set
of lattice planes hkl corresponds to a reciprocal lattice point with a reciprocal lattice
vector d*n« perpendicular to the set of planes hkl.

A graphical representation of reciprocal lattice points that can fulfill Bragg’'s law is
called Ewald sphere. It shows that diffraction only occurs when a reciprocal lattice
point hkl intersects the Ewald sphere with the radius 1/A (Figure 15). Only few
reflections can be observed at affixed crystal orientation, hence, the crystal and thus
its reciprocal space are rotated during data collection. This results in the intersection of
different lattice points at the Ewald sphere, which can be recorded. The amount of
unique data to be recorded for a complete data set is dependent on the symmetry of
the crystal.

208 'lI
radius r=1/A direct beam|(0,0,0)
crystal

Figure 15: Graphical representation of Ewald sphere. Ewald sphere with annotations; r: radius of the sphere 1/A,
(h,k,1): coordinates of the reflection in reciprocal space, d*: 1/d.

In case of the lowest symmetry group P1 at least 180° have to be recorded for a full
dataset with 2-fold redundancy. This only applies in the case of the fulfillment of
Friedel’'s law, which is the absence of anomalous signal. In Friedel's law, each
reflection (h, k, 1) has a related reflection with equal intensity (-h, -k, -I). This in turn
means that the diffraction pattern becomes centrosymmetric by definition, even if there
is no center of symmetry for the according space group. The geometry of the crystal
defines the direction and amount of reflections, but intensities and phase of these
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reflections are determined by the molecules in the unit cell. The structure factor Fnk, a
complex number, can be described by the amplitude IFnl and phase ¢nk (Equation 3).

Fppg = |Fppyl - (cos@pi + isin@p) = 1Fylexp(i@pi)

Equation 3: The structure factor as a complex number.

The Fourier transformation links amplitude and phase of the scattered beams with the
content of the unit cell. Amplitude and phase for every reflection can be calculated if
the position and the electron distribution dependent scattering factor fn are known.

N
Fua = ) fu expl2ni(hoc, + ky, + 1z,)]

n=1
Equation 4: Fourier transformation of atomic coordinates to structure factors.

Known amplitudes and phases allow for the calculation of the electron density p(Xx, Y,
z) at each point of the unit cell.

1
p(x,y,z) = VZ Fpp - exp|—2m(hx + ky + 1z)]

hkl

1
= §Z|Fhm| exp[—2m(hx + ky + 12) + i@l

hil
Equation 5: Fourier transformation for conversion of structure factors into electron density.

Structure factor amplitudes IFnl can be extracted from the diffraction data, however
phases cannot be determined from the diffraction experiment. Thus, the so-called
phase problem has to be solved via indirect methods, a vital part of structure
determination by means of x-ray crystallography.

Data processing yields information about crystal geometry and numerical values about
reflection intensities. Possible unit cell parameters for individual lattice types and the
orientation of the unit cell in the experimental setup can be calculated taking detector
distance and orientation and spot positions into account. During indexing, reflections
are assigned their indices h, k and I. For this process only a subset of images is used,
while for integration of the data the intensity for each reflection in the complete data
set is determined. The same reflection could have been recorded at different values
during data collection due to factors such as radiation damage or intensity fluctuations
of the x-ray beam. In order to correct for these effects, scaling procedures are applied,
which make use of scaling factors to minimize the differences between the same
reflections. Partial reflections that were not completely recorded on a single image are
added and symmetry-related reflections are merged. The scaling output consists of a
list of all unique reflections (h, k, 1) with their intensities, information about the best
determined values for the unit cell and data collection parameters as well as statistics
for data quality valuation.
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The data processing R-factors quantify the overall quality of the intensity data by
calculating the consistency of repeated measurements. The merging R-factor Rmerge
guantifies the ratio between the sum over the deviations of each redundant reflection
from the mean intensity value for this reflection and the sum over the intensities of all
redundant reflections (Equation 6). The value increases with higher redundancy,
because a low-redundant dataset shows lower variance than a high-redundant
dataset. The mean intensity of a reflection should be determined more precisely with
increasing multiplicity. The redundancy-independent R-factor Rmeas corrects for the
inadvertent rise of the R-factor with increasing redundancy (Equation 7) (Diederichs
and Karplus 1997). While the R-factors generally increase with higher resolution, the
signal to noise ratio ll/ol, decreases due to the fact that the impact of small
irregularities within a crystal increases.

R _ E hkl E?lfhki!,i - I_hki,il
merge DKUY gy i

Equation 6: The linear merging R-factor.
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Equation 7: The redundancy-independent R-factor with n (number of independent measurements), |
(measured intensities) and T (average of symmetry- related observations of a unique reflection)

Another data quality indicator, the correlation coefficient CCais, is determined by
dividing the data into two equal parts, whereas each part contains a random half of the
measurements of each unique reflection (Karplus and Diederichs 2012). The Pearson
correlation coefficient between the average intensities of each subset is determined. At
low resolution, the value for CCi2is close to 1.0 and decreases to 0 at high resolution.
The Student’s t-test can indicate the end of statistical significance.

Quality indicators such as Rmeas and CCiz are commonly used to determine the
resolution cut-off in order to discard weak data, for which the inclusion would result in
a quality loss of the calculated model.

The space group of the crystal is determined after scaling. It depends on symmetry
operators within the unit cell and cannot be derived from the lattice type. If the merging
R-factor is low in a given space group, only reflections that are truly related by
symmetry operators have been merged. Merging of reflections that are in fact not
symmetry-related leads to high R-factor even at low resolution.

The plot of the mean intensity against the resolution expressed as sin?/A yields a
characteristic curve (Wilson plot), with the intensity generally decreasing with higher
resolution. Solvent effects cause a minimum near 5 A and a maximum can be found in
the range of 4 to 3.5 A due to the numerous interatomic distances in proteins having
this length. At resolutions higher than 3.5 A, the intensity falls in a linear fashion,
whereas the slope of linear regression in this region determines the Wilson B-factor. It
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represents the decrease in diffraction due to thermal vibration and crystal disorder,
having a greater effect at high resolution.

3.8.6 Structure Determination and Refinement

The electron distribution inside the unit cell determines the intensity and the phase of a
reflection (h,k,l). Every scattered wave leading to a reflection (h,k,I) can be expressed
as a structure factor Fnk containing its amplitude | Fhkll and phase ¢nk. The structure
factor Fna is a complex number and can be described as a vector in the Gaussian
plane (Equation 3). Its length and angle correspond to its amplitude and phase.

A Fourier transformation links the amplitudes and the phases of the scattered beams
to the scattering matter of the unit cell with the sum over all atoms n, the atomic
scattering factor of atom n (fn) and its position along dimensions x, y and z (Equation
4).

Phase and amplitude of each scattered x-ray beam contain information about all
atoms in the unit cell. The molecular structure can be reconstructed from diffraction
data by Fourier transforms of determined amplitude and phase for each Fnk. The
structure factor amplitudes can be determined from the diffraction data by the intensity
lnk. The intensity of scattered x-rays is proportional to the squared structure factor
amplitude F2. Phases cannot be determined from the diffraction experiment and have
to be determined via indirect phasing methods. These methods include molecular
replacement (MR), single or multiple isomorphous replacement (SIR/MIR), single-
wavelength or multi-wavelength anomalous diffraction (SAD/MAD).

3.8.7 Molecular Replacement

Molecular replacement can be applied in case a known structure model, similar to the
protein of interest, is available. The model is rotated and translated to be placed in the
new unit cell or asymmetric unit until the solution with the best fit between calculated
diffraction data from the replaced model and the observed data from the unknown
structure is obtained.

The Matthews coefficient Vm gives an estimate on the probability of the presence of
multiple copies of a molecule in the asymmetric unit (Matthews 1968). In general,
protein structures have a solvent content of ~ 25-80%, with proteins diffracting to high
resolution tending to have lower solvent content. Hence, Vm generally lies between 1.5
and 6 A3 Dal and is calculated by taking the volume of the unit cell Vunit cell, the
molecular weight of the molecule Mw, the number of asymmetric units in the unit cell
nasu and the number of molecules in the asymmetric unit z into account (Equation 8).

Vu.nit cell
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Equation 8: Matthews coefficient [A3/Dalton].

The correct orientation of the search model is determined via independent rotation and
translation in Patterson space. The Patterson function is the Fourier transform of
| Fhk|| 2 and the calculated map is equivalent to the convolution of the electron density
with itself. The vectors themselves can be calculated from an existing atomic model
since they are independent from the phases of scattered x-rays, and are alike between
closely-related structures.

The Patterson function of the experimental data and of the search model are
calculated. If the orientation of the Patterson maps correlate with each other, rotation
of the search model around all three axes results in a peak within the rotation function.
Only intramolecular vectors, which are independent from translation, are considered
for the rotation function. For the translation function only intermolecular vectors are
used to translate the model along the three axes. These vectors are considerably
longer than intramolecular ones. The translation function exhibits a peak for the correct
translation vector.

An initial electron density map can be calculated using the initial phases derived from
the search model together with the structure factor amplitudes from the diffraction
experiment (Equation 5). The electron density p at a given position in the unit cell xyz
can be determined via the unit cell volume V and the structure factors Fhx.

3.8.8 Structure Refinement

Structural refinement is performed in an iterative manner. Here, the atom coordinates
and temperature factors are improved to optimize the fit of the built model and the
experimental data. The overall fit between diffraction data and model is numerically
quantified by a global linear residual value, R-factor, between observed (Fobs) and
calculated (Fcarc) structure factor amplitudes.

_ EhkllFobs(th - Fcai!c (hk”l

R
Ehkl’ Fobs (h’ld)

Equation 9: Crystallographic R-factor.

For perfect agreement between the observed and calculated structure factor
amplitudes, the value for R would be 0. For any random structure model, the value for
R is close to 0.6. By introducing more refinement parameters and thereby overfitting,
the R-value can be decreased. This problem is addressed by cross-validation and the
cross-validation R-value, Riree (Brunger 1992). A small fraction (5-10%) is flagged as
“free” and excluded from subsequent refinement. The larger set of reflections
(“working”) is referred to as Rwork. Since Riee IS an unbiased estimate of the
improvement of the structure model, it is usually higher than the value for Rwork.
Changing the model towards more realistic physical attributes will improve both Rwork
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and Riree, While simple cosmetic changes will only lower Rwork and leads to an increase
in the gap of the values for Rwork and Riree.

3.8.9 Data Collection and Data Processing

Diffraction of produced crystals was first tested at an in-house x-ray system equipped
with the x-ray generator MicroMax-007HF (Rigaku) and a MAR345 dtb image plate
detector at CuKa-radiation (A=1.5418 A). Pretested crystals with decent diffraction
were taken to the synchrotron Swiss Light Source (Paul Scherrer Institute, Villigen,
Switzerland). Here, data sets were collected at the PXIIl beamline equipped with a
PILATUS (Pixel Apparatus for the SLS) detector at a wavelength of 1 A,

Molecular replacement was performed for all structures solved in this thesis to
overcome the phase problem. For this, the program Phaser (McCoy et al. 2007) of the
CCP4 package (Collaborative Computational Project 1994) was used. Data sets were
indexed, integrated and scaled using XDS (Kabsch 2010). Alternating model building
and refinement cycles were performed. Coot was used for model building, structural
refinement was done with the programs REFMACS5 (Murshudov et al. 2011) or phenix
(Adams et al. 2002).

Construct Search model Source

JCPyV VP1 - 13A06 ligand | - residues 23-290 of JCPyV VP1 (Mad-1) PDB ID: 3NXG

JCPyV VP1 - 29B1 scFv - residues 23-290 of JCPyV VP1 (Mad-1) PDB ID: 3NXG
- scFv of 27C11

BKPyV VP1 - 29B1 scFv - residues 31-301 of BKPyV VP1 PDB ID: 4MJ1
- scFv of 29B1
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4. Results

4.1Fragment-based Screening with JCPyV

Fragment-based screening experiments were performed using '°F and transverse
relaxation time (T2)-fitered NMR methods in collaboration with Dr. Christoph
Rademacher (Max Planck Institute of Colloids and Interfaces, Potsdam). Both
methods are 1D ligand-based approaches, which rely on the chemical shift changes of
the 19F nucleus in altering local chemical environments (Jordan et al., 2012: Chen et
al., 2013). All compounds selected for screening with JCPyV VP1 from the library
consisting of about 300 low molecular weight compounds contained a monofluoro- or
trifluoromethyl group. In case of a positive binding to JCPyV VP1, a shift of the
characteristic compound peak can be observed in the 1D NMR spectrum compared to
the compound spectrum obtained without JCPyV VP1. In total, both NMR methods
resulted in 40 double positive hits, which were subjected to crystal soaking
experiments with JCPyV Mad-1 VP1 crystals. Ten compounds were already tested in
preliminary work done by Dr. Luisa Stroh. One compound, 9E08, was shown to bind to
JCPyV VP1.

20 additional compounds were tested in crystal soaking experiments with JCPyV VP1
crystals (Figure 16).
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Figure 16: Fragments used for soaking experiments (Part 2). Displayed are additional 20 out of 40 double-
positive hits identified by 19F and T2-filtered NMR spectroscopy. The fragment screening was performed
analyzed by Dr. Christoph Rademacher and Jonas Aretz (Max Planck Institute of Colloids and Interfaces,
Potsdam). The figure was prepared using ChemDraw 16.0 (PerkinElmer Inc.).

Crystals of JCPyV VP1 soaked with the 20 different compounds grew in space group
C2 with one monomer in the asymmetric unit like native crystals and diffracted to
atomic resolution ranging from 1.55 — 2.70 A. Additional electron density in the
simulated annealing electron difference map could only be observed for one out of the
20 tested compounds in the crystal soaking experiments with JCPyV VP1. Fragment
13A06 could be built into the additional electron density of all data sets taken, yet only
the best diffracting data sets was chosen for further refinement (Table 17). The
additional electron density could not be observed in simulated Fobs — Fcac electron
density maps of native JCPyV VPL1 or crystals soaked with other compounds.
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Table 17: Statistics of data collection and refinement. Values in parentheses account for the highest resolution
shell.

13A06
(100 mM; 6 h)
Data Collection
Beamline SLS X06DA
Space group Cc2
a, b, c[A] 149.6, 95.8, 128.5
° 110.3

Resolution [A]
Unique reflections
Total reflections

44.5-1.87 (1.99-1.87)
268490 (39691)
936464 (132782)

Rmeas [%0] 11.5 (58.9)
I/ol 10.1 (2.3)
CCu2 [%] 99.6 (81.7)
Completeness [%] 97.7 (89.3)
Wilson B-factor [A?] 18.85
Refinement
Rwork/Riree [%0] 18.4/21.1
No. of atoms

Protein 10482

Ligand 160

Water 705
B-factor [A?]

Protein 22.1

Ligand 22.2

Water 26.9
R.m.s.d.

Bond length [A] 0.008

Bond angles [°] 1.14
Ramachandran [%0]

Favored 96.7

Outliers 0.1

Compound 13A06 was shown to bind to the inside of the JCPyV VP1 pentamer with all
five binding sites being occupied. Highly interesting is the fact that compound 13A06
binds to JCPyV VP1 in two distinct conformations, while each conformation can be
explained with a ligand occupancy of 0.5. The binding site is located next to the
strands E, F and ccw G1 of the core CHEFG1-sheet (Figure 17). This particular
binding site has already been identified for compound 9E08. The binding of compound
13A06 is neither characterized by strong hydrogen bonds nor charged interactions,
which also was observed for compound 9E08. Rather, the binding site is surrounded
by non-polar residues F144 and F213 together with hydrophobic parts of side chains
from residues H142, T215, H227ccw and T229ccw and forms a shallow, rather
hydrophobic groove.
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Figure 17: Binding details of compound 13A06 to JCPyV VP1. (A) View from the bottom of the JCPyV pentamer
along the five-fold axis. One monomer highlighted in pink. Compound 13A06 is highlighted in green stick
presentation. (B) The simulated annealed omit electron density map is contoured it at a o level of 2.5 with a
distance of 2 A around the ligand 13A06. Compound 13A06 is binding with two possible conformations as
indicated by the simulated annealed omit electron density map. (C) The binding site for compound 13A06 is
formed by B-sheets E, F and the ccw G1. The compound 13A06 is shown in its double conformation with one
conformation in lighter green, the other one in darker green. Carbons are colored in green, nitrogens in blue,
sulfur in yellow and fluor in light blue. (D) A sequence alignment shows high conservation of the residues
comprising the ligand binding site among different polyomaviruses. Non-conserved residues are highlighted in
red. (E) Overlay of compounds 9E08 and 13A06 in the JCPyV VP1 binding site. Compound 9E08 is colored in cyan
and compound 13A06 in green.

Since the fragment screen was targeted to identify compounds, which interfere with
virus assembly or inhibit viral receptor attachment and the identified fragments did not
bind at a location near the receptor binding site of JCPyV, the actual binding site was
further analyzed upon potential virus assembly inhibition. Unlike for MPyV, structural
and molecular information about JCPyV VP1 and VP2 interactions are not known. Yet,
the interactions between the major capsid protein VP1 and the minor capsid proteins
VP2 and VP3 are critical for polyomavirus entry (Nelson et al., 2015). In conclusion,
the lack of the minor capsid proteins renders JCPyV non-infectious (Gasparovic et al.,
2006). The mainly hydrophobic core of JCPyV VP1 is structurally conserved and an
alignment between MPyV and JCPyV structures shows good agreement particularly
with respect to the compound binding site (Figure 20). The superimposition with the
MPyV VP1-VP2 complex structure furthermore highlighted the aspect that the
compound binding site for 9E08 and 13A06 might overlap with the VP2 binding site.
The protruding arm of VP2 inside the VP1 pentamer stretches along the compound
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binding site (Figure 20). A sequence alignment between the VP2 sequences of MPyV
and JCPyV showed only partial conservation. The C-terminal part of VP2, which was
well resolved and involved in interactions with VP1 in the complex structure, exhibited
good conservation between MPyV and JCPyV (Chen, Stehle, and Harrison 1998).
However, side chains are not visible since they could not be modeled in the electron
density, hence, it remains challenging to make any predictions on interactions between
VP2 residues and VP1. Nevertheless, another interesting feature of the compound
binding site of 9E08 and 13A06 is the high sequence conservation among prominent
polyomaviruses, such as JCPyV, BKPyV, SV40 as well as MPyV (Figure 17). This
suggests the importance of these residues in the context of JCPyV VP1 — VP2
interactions and the possibility of blocking these interactions with high-affinity
compounds.

In order to enhance the low millimolar affinity from the two identified compounds 9E08
and 13A06, computational docking studies in collaboration with Prof. Dr. Frank Bockler
(Pharmazeutische Chemie, Eberhard Karls Universitat Ttbingen) based on the results
of the crystal soaking experiments were performed. These molecular modeling studies
were based on the binding mode and chemical structure of the compounds identified
via crystallographic soaking experiments, but also the outline of the binding pocket
with its surrounding residues, which could play a role in stabilizing the ligand in the
binding site by definite interactions like the formation of hydrogen bonds. In order to
establish definite interactions, the compound and the binding site in JCPyV VP1,
residue N276 was vital to the molecular modeling studies in establishing a hydrogen
bond with the compound in the otherwise shallow and hydrophobic binding pocket.
Virtual screening was performed with a library of > 1,000,000 compounds applying the
GOLD (Genetic Optimisation for Ligand Docking) algorithm. Docking 3D coordinates of
a ligand into low energy states of a protein binding site is commonly used for pose
prediction. The docking algorithm furthermore ranks the quality of the docking by
providing a score a score for the individual pose. Constraints, like the fulfillment of
specific hydrogen bonds, were taken into account as well as the elimination of
unfavorable ligand conformations by utilizing customizable torsion angle distributions
(Cambridge Structural Database). These docking studies have limited accuracy on
predictions whether a compound binds to the target protein. This had to be confirmed
in crystal soaking and co-crystallization experiments. About 100 compounds were
identified in the molecular modeling studies as positive hits for binding to JCPyV VP1.
The six highest ranked hits were selected for crystal soaking and co-crystallization
experiments (Figure 18).
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Figure 18: Fragments used for soaking and co-crystallization experiments (Part 3). Displayed are six hits
identified by computational docking studies. The screening was performed and analyzed by Dr. Frank Boeckler
and Andreas Lange (Pharmazeutische Chemie, Karl Eberhards Universitaet Tuebingen). The figure was prepared
using ChemDraw 16.0 (PerkinElmer, Inc.).

Figure 19: Results of the computational docking studies with postulated JCPyV VP1 binding. Displayed are the
six selected compounds in context of JCPyV VP1 binding (A: compound 889, B: compound 558, C: compound
2257, D: compound 2530, E: compound 2041, F: compound 1710). One JCPyV VP1 monomer is shown in grey,
the neighboring monomer in pink. Residue N276, which was selected as interaction anchor point in the
molecular modeling studies, is displayed in stick presentation. The individual compounds are also highlighted in
stick presentation with carbon in yellow, nitrogen in blue, oxygen in red, sulfur in light yellow and chlorine in

green.
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JCPyV VP1 crystals soaked with six different compounds and co-crystals of JCPyV
VP1 and the respective compound all grew in space group C2 with one monomer in
the asymmetric unit similar to native crystals and diffracted to atomic resolution
ranging from 1.49 — 1.80 A. Additional electron density in the simulated annealing
electron difference map could not be observed for any of the tested compounds in
neither crystal soaking nor co-crystallization experiments with JCPyV VPL1.

Since none of the potential compounds identified in molecular docking studies were
shown to bind JCPyV in crystal soaking and co-crystallization experiments, although
they were the highest ranked hits of the computational studies, a new strategy was
pursued. VP2 derived peptides were designed in order to block the VP2 binding site,
which is essential for JCPyV infectivity. The sequence alignment between MPyV and
JCPyV VP2 showed good conservation in the C-terminal region, hence the design of a
VP2 analog peptide was based on this alignment (Figure 20). Two peptides with
different lengths and N-terminal acetylation and C-terminal amidation were selected for
crystal soaking and co-crystallization experiments with JCPyV VP1 to confirm binding.

MPyV VP2

C VP2_JCPyV 281 IAPGGANQRSAPQWMLPLLLGLYGTVTPALEA 312
VP2_MPYyV 274 QAQVVSHQRVTPDWMLPLILGLYGDITPTWAT 305
* L T T e T T T

Figure 20: The 13A06 binding site shows overlap with the binding site of VP2. (A) Superimposition of the JCPyV
VP1-13A06 structure with the MPyV VP1-VP2 complex structure (PDB code 1CN3) viewed from the bottom of
the pentamer along the five-fold axis. Cartoon representations are colored in grey for JCPyV and wheat for
MPyV, whereas MPyV VP2, which was visible in the MPyV complex structure, is highlighted in red. Compound
13A06 is shown in green stick representation. (B) Close-up view of the JCPyV VP1 binding site of 13A06, which
overlaps with the VP2 binding site of the MPyV VP2 complex structure. Compound 13A06 is shown in the bound
double conformation with one conformation colored in light green and the other one in dark green. Nitrogen is
colored in blue, sulfur in yellow and fluor in light blue. The JCPyV VP1 binding site of 13A06 is located within the
region of VP1 that contacts the N-terminal part of VP2 in the MPyV VP1-VP2 complex structure. (C) Sequence
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alignment of VP2 from the MPyV strain PTA and JCPyV strain Madl. Sequence alignment was performed with
Clustal Omega 1.2.4 (EMBL-EBI). Conserved residues are highlighted with an asterisk, chemically similar ones
with a colon. The conserved C-terminal region, which was also visible in the MPyV VP1-VP2 complex structure,
was selected for the design of two VP2 derived peptides differing in their length. The sequence chosen for the
longer derived (20 residues) is highlighted with a light blue bar above the respective JCPyV VP2 sequence, the
sequence for the shorter construct (14 residues) with a dark blue bar.

JCPyV VP1 crystals were soaked and co-crystallized with the VP2 derived peptides.
Crystals grew in space group C2 and diffracted from 1.3 to 2.4 A. For JCPyV VP1
crystals soaked with the designed peptides, no additional electron density was
observable in the simulated annealing electron difference map, hence, it can be stated
that the peptides did not bind to JCPyV VPL1 in this experimental setup. For co-crystals
of JCPyV VP1 and the VP2 derived peptides, additional electron density could be
observed in the simulated annealing electron difference map compared to native
JCPyV VP1 crystals. This additional density was located inside of the VP1 pentamer
along the five-fold symmetry axis. Yet, the difference omit map could not be assigned
to any peptide structure in any of the data sets this density and therefore binding of the
peptides to JCPyV VP1 could not be confirmed.

Figure 21: Omit electron density for JCPyV VP1 — VP2 derived peptides. (A) Superimposition of the simulated
annealed omit electron density map of the co-crystal structure of JCPyV VP1 and VP2 derived peptide (long
construct) with the MPyV VP1-VP2 complex structure. fo — fc map (green/red) contoured at + 3 ¢ is shown around
6 A around points along the fivefold axis of JCPyV VP1 viewed from the top. JCPyV VP1 is shown in stick
representation with one monomer highlighted in pink. VP2 is shown in blue and partially overlaps with the omit
electron density. (B) Superimposition of the MPyV VP2 complex structure with the JCPyV VP1 structure showing
the omit electron density as viewed from the side. The back three monomers in the pentamer are shown in
surface presentation, the two in the front in cartoon representation to highlight the omit electron density and
MPyV VP2 in the inner part of the VP1 pentamer.
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4.2Development of a Purification Strategy for a Putative JCPyV Receptor -APMAP

4.2.1 APMAP Constructs

160 196
. y
| 2-40 | 41-61 | IR
cytoplasmatic  transmembrane extracellular domain
domain domain
s, 3€ | 82418 :’
His, — TEV 7 —| RN .
| 80 - 416 —TEV §— His, |

Figure 22: Overview of APMAP constructs. The upper panel depicts the original construct with cytoplasmatic
domain, transmembrane domain and extracellular domain. The extracellular domain comprising residues 62 —
416 contains two N-glycosylation sites, which are highlighted with red stars (position 160 and 196). Three
constructs were designed based on the original sequence comprising just the extracellular part of the protein.
His-tags are shown in cyan, 3C-cleavage site in darker and TEV-cleavage site in lighter green.

4.2.2 Protein Structure Prediction of APMAP Fold

The tertiary structure of the extracellular domain of APMAP containing the two
glycosylation sites was assessed and modeled with SWISS-MODEL, a protein
structure homology-modelling server (Waterhouse et al. 2018). The model was
calculated based on the highest sequence identity of a structurally characterized
protein. For APMAP, the protein with the highest sequence identity (29%) in the PDB
is strictosidine synthase (STR1) from Rauvolfia serpentina, an Indian medicinal plant.
It features a six-bladed B-propeller with each blade containing a twisted four-stranded
antiparallel B-sheet. The blades are radially arranged around a pseudo six-fold axis
(Figure 9) (Ma et al. 2006). STR1 is expressed in the plant as a precursor protein and
was shown to be glycosylated (Pfitzner and Zenk 1989). E. coli was used as
expression system for the purification of STR1 and the subsequent crystallization (Ma
et al. 2004).
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Figure 23: APMAP structure model. The structure of the extracellular domain of APMAP was
modelled based on the sequence of Strictosidine Synthase STR1 (PDB code: 2V91) (B). The sequence
identity between both proteins is 29%. The tertiary structure exhibits a six-bladed B-propeller fold, in
which each blade consists of four antiparallel B-strands (A). Regions of good sequence coverage and
local quality estimates are colored in blue, regions with worse quality estimated are colored in red (C).
The model was calculated by SWISS-MODEL. Figure panels A and B are taken from (Ma et al. 2006).
Material is copyright by American Society of Plant Biologists.

The homologous superfamily of six-bladed (-propellers or TolB-like proteins
represents domains that can be found in TolB proteins, in soluble quinoprotein glucose
dehydrogenases, in calcium-dependent phosphotriesterases and in serine/threonine
protein kinase (PknD) NHL repeat domains. The propeller structure is a stable scaffold
with the top, bottom, side faces and the central channel capable of forming protein-
protein interactions (Chen, Chan, and Wang 2011).

4.2.3 Purification of Construct Hise-3C-APMAP (62-416)

The APMAP construct comprising amino acids 62-416 in vector pET-28a was initially
expressed in E. coli SHuffle T7 Express cells. Expression tests with varying IPTG
concentrations at different temperatures were performed to check for successful
overexpression of APMAP. Overexpression of the corresponding protein, as indicated
by the appearance of bands in an SDS-PAGE gel corresponding to the molecular
weight of the protein, was monitored over a period of time. Subsequent solubility tests
were performed in order to find suitable buffer conditions, which showed that the
protein was not soluble in any of the tested conditions (Table 7). Test Ni-affinity
chromatography showed that the protein is highly insoluble in the chosen buffer and
does not shown binding to the column. Solubility tests were additionally performed with
protein expressed in E. coli BL21 (DE3) cells (Figure 24A+B).
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Figure 24: Solubility test of APMAP and initial purification trial. (A+B) SDS-PAGE gels of solubility tests of
APMAP expressed in E. Coli BL21 (DE3). The buffer composition is listed in Table 7. A band at ~40 kDa
corresponds to the molecular weight of the target protein and is marked with a red star. (C) Initial purification
trial. For the initial purification trial buffer 17 was chosen. After lysis (L), the soluble fraction (S) shows a
prominent band at ~40 kDa and the pellet fraction (P) an even thicker band at the corresponding molecular
weight. The protein of interest and other proteins eluted in flow-through (FT) and wash fractions (W). The
protein of interest already eluted with 10 mM imidazole (fractions 1 and 3).

All buffers screened contained detergents. Here, APMAP was found to be soluble in
several conditions. A test Ni-affinity chromatography performed at 20°C showed that
the protein exhibits low affinity to the Ni-column and elutes at very low imidazole
concentrations. Nevertheless, eluted protein was decently pure and fractions
containing APMAP were pooled in order to be analyzed via analytical SEC (Figure 24).

A280nm [mAu]

Retention volume [mL]

Figure 25: Analytical SEC of elution fractions. Size exclusion chromatogram with the absorbance shown at 280
nm. The two peaks both contain the protein of interest. The first peak corresponds to an oligomeric version

(hexamer), while the second one corresponds to a monomeric version.

SEC with an SD200Increase 3.2/200GL (GE Healthcare) resulted in two single peaks
indicating two distinct species: A main species corresponding to a MW of about 240
kDa (elution volume 1.26 mL) and a second one with an elution volume corresponding
to a MW of 40 kDa (elution volume 1.55 mL). The second species would approximate
the monomeric version of APMAP, whereas the major species indicates an oligomeric

version (hexamer) of APMAP.
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The pooled fractions from Ni-affinity chromatography were dialyzed, but the protein
aggregated completely after a short time presumably due to the lack of detergent in
the dialysis buffer.

Preparative SEC performed with buffer supplemented with detergent resulted in a
single peak corresponding to oligomeric APMAP (Figure 25). Peak fractions were
analyzed via SDS-PAGE and showed decent purity. They were pooled and
concentrated in order to set up commercial crystallization screens.

Small crystals were obtained after 14 days in a condition containing 0.2 M MgClz, 0.1
M Tris, pH 8.5, 20% PEG 8000. They were evaluated at the in-house x-ray-source and
at the synchrotron facility. Test shots revealed only few reflections lacking a defined
diffraction pattern. Therefore, the obtained crystals are most likely crystallized salt from
the crystallization condition.

Protein used for crystallization was further subjected to analysis via DLS (Figure 26).
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Figure 26: Purification and crystallization of APMAP and DLS measurement. (A) SDS-PAGE gel of fractions
collected from preparative size exclusion chromatography. A band at ~40 kDa corresponds to the molecular
weight of the protein. (B) Crystals of APMAP in 0.2 M MgClz, 0.1 M Tris, pH 8.5, 20% PEG 8,000. (C) Dynamic light
scattering experiments of APMAP utilized for crystallization. The size distribution profile shows a polydisperse
system, with an estimated molecular weight between 752,000 and 17,300,000 kDa.

The results from DLS do not show a monodisperse peak and the estimated MW of the
measurement does correlate neither with the monomeric version of APMAP (40 kDa)
nor with the oligomeric species (240 kDa). Rather, the estimated MW of the
measurement ranges between 752,000 and 17,300,000 kDa, implying the presence of
protein aggregate and/or micelles formed by the accompanying detergent. The
formation of micelles should have been circumvented by staying below the critical
micelle concentration (CMC) of NLS with 14.57 mM. With an NLS concentration of
0.4% equaling 13.63 mM, the CMC was theoretically not exceeded.

4.2.4 Purification of Construct Hise-TEV-APMAP (80-416)

Due to persistent solubility and stability problems of the first APMAP construct, new
constructs containing N-terminally truncated versions of the extracellular domain of
APMAP were designed (Figure 22). The APMAP construct comprised of amino acids
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80-416 of the extracellular domain in vector pEt-28a was initially expressed in in E. coli
SHuffle T7 Express and E. coli BL21 (DE3) cells. Expression tests with varying IPTG
concentration showed good protein overexpression in both E. coli strains (Figure 27A).
Solubility tests of APMAP expressed in BL21 cells revealed several buffer conditions
(Table 7), which exhibited decent solubilization capabilities of APMAP (Figure 27B).
Buffer 6 and buffer 13 were chosen for initial purification trials. Here, it could be shown
that the majority of the expressed protein is still insoluble, and soluble protein does not
exhibit any affinity to the Ni-column (Figure 27C).
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Figure 27: Expression test, solubility test and initial purification trial. (A) SDS-PAGE gel of expression tests
performed in E. coli BL21 (DE3) and SHuffle T7 Express. In comparison to the sample taken pre-induction (p-Ind)
with IPTG, a prominent band appears at ~40 kDa corresponding to the molecular weight of the target protein. (B)
SDS-PAGE gel of solubility tests of APMAP expressed in E. Coli BL21 (DE3). The buffer composition is listed in
Table 7. A band at ~40 kDa corresponds to the molecular weight of the target protein and is marked with a red
star. (C) Initial purification trial. For the initial purification trial buffer 12 was chosen. After lysis (L), the soluble
fraction (S) shows a prominent band at ~40 kDa and the pellet fraction (P) an even thicker band at the
corresponding molecular weight. The protein of interest and other proteins eluted in flow-through (FT) None of

the protein could be found in the wash fraction (W) nor in the fractions eluted with an imidazole gradient
(fractions 1 and 3).

A

Further solubility tests were performed with APMAP expressed in E. coli SHuffle T7
Express cells to find a suitable buffer system for a large-scale purification. These
results showed good solubility of the protein in buffer 3, which was selected for
purification trials (Figure 28A). Initial purification trials after upscaling of the expression
culture revealed that APMAP remains completely insoluble in the chosen buffer
system (Figure 28B).
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Figure 28: Solubility tests of APMAP expressed in E. coli SHuffle T7 Express. (A) SDS-PAGE gel of solubility tests
performed in E. coli SHuffle T7 Express. The composition of the buffers is listed in Table 7. Results are
comparable with solubility tests performed with protein expressed in E. Coli BL21 (DE3) cells. (B) Buffer 3 was
chosen for an initial purification trial. The SDS-PAGE gel shows that the protein is not soluble in the chosen buffer
as indicated by the supernatant fraction (S). (C) Additional solubility tests with protein expressed in E. Coli SHuffle
T7 Express. Buffer E was not suitable for the solubility of the protein. However, buffer F was able to get some
protein into solution as indicated by the weak band for the supernatant fraction (S).

Since none of the tested buffers were able to solubilize APMAP beyond small-scale
expression, two different buffers were tested (buffers E and F, Table 7). Buffer E is
supplemented with 1 mg/mL lysozyme, which has been proven to work in the
purification of the protein STR1 (30% sequence identity with APMAP)(Ma et al. 2004).
Buffer F contains urea and glycerol as additives in order to increase protein solubility.
This buffer was able to get small amounts of APMAP into solution (Figure 288C).

Yet, purification experiments performed with buffer F showed no affinity to the Ni-
column of the soluble fraction of APMAP and the elution exhibited only contaminants
(Figure 29A). These contaminants, eluting at distinct imidazole concentrations, were
analyzed via MALDI-TOF mass spectrometry (MALDI-TOF MS). Here, it could be
shown that both contaminants are chaperones (60 kDa chaperonin 1 and Chaperone
protein DnakK).

In order to activate and remove the chaperones, which were found to be co-expressed
and co-purified with APMAP, additional wash steps were introduced into the
conventional purification protocol. The first wash step consisted of the original buffer A
supplemented with 5 mM MgATP, while the second step involved Buffer A with 10%
glycerol and high amounts of salt. The purification shows that indeed the contaminants
were removed via the additional wash steps (Figure 29B).
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Figure 29: Purification trials of APMAP. (A) SDS-PAGE gel of purification trial performed with Buffer F. After lysis
(L), most of the protein has to be found insoluble in the pellet fraction (P). Decent amounts were soluble in the
supernatant fraction (S). The protein of interest eluted in the flow-through (FT) and wash fraction (W). Only
contaminants eluted in the fractions with different concentrations of imidazole (E10, E20 and E40). (B) SDS-PAGE
gel of purification trial performed with Buffer F including additional wash steps with MgATP (W2) and 10%
glycerol and high salt concentrations (W3). Minor amounts of protein eluted from the column at imidazole
concentrations of 100 mM (E1-E3).

4.2.5 Purification of Construct APMAP (80-416)-TEV- Hise

Since the poor solubility of APMAP and the low affinity of the protein to the Ni-column
pose major problems for the purification, a third protein construct was designed
comprising the same stretch of amino acids of the extracellular domain with a C-
terminal Hiss-tag. The aforementioned results might hint to an inaccessibility of the N-
terminal Hiss-tag or affinity to the Ni-column is impaired due to an insufficient length of
the tag. Switching the location of the tag and additionally extending the length aims at
circumventing these problems.

Expression tests of the new construct in a pET-28a-vector in E. coli Arctic Express
cells showed no good overexpression of the protein indicated by the band at around
40 kDa, which is already present before induction with IPTG and only showed
significantly increase at the highest IPTG concentration (600 mM) after overnight
expression (Figure 30A).

Initial purification tests confirmed this result with a band at around 40 kDa almost as
prevalent for the pre-induction sample as for the post-induction (Figure 30B). The
majority of expressed protein is insoluble, as indicated by the dominant band in the
pellet sample. The soluble protein fraction again does not show any binding to the Ni-
column as it is eluting off the column in flow-through and wash fractions.
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Figure 30: Expression test and initial purification trial. (A) SDS-PAGE gel of expression tests performed in E. coli
Arctic Express cells. The band at ~40 kDa, corresponding to the molecular weight of the protein, can already be
seen in the sample taken before the induction with IPTG (p-Ind). Samples were induced with different
concentrations of IPTG (200 mM, 400 mM, and 600 mM) and harvested for analysis after different time points.
(B) Initial purification trial of sample induced with 600 mM IPTG and harvested after 4 hours. For the initial
purification trial buffer 12 was chosen. After lysis (L), the soluble fraction (S) shows a prominent band at ~40 kDa
and the pellet fraction (P) an even thicker band at the corresponding molecular weight. The protein of interest
and other proteins eluted in flow-through (FT). The protein of interest cannot be found in the wash fractions or
fractions eluted via imidazole gradient (W, E10 and E20).

4.2.6 Inclusion Body Purification and Refolding of Hiss-TEV-APMAP (80-416)

Constructs of APMAP have been shown to be prone to insolubility and inclusion body
formation, hence purification from inclusion bodies was conducted. For this strategy,
the construct comprised of residues 80-416 of the extracellular domain of APMAP
including the N-terminal Hiss-tag and TEV-cleavage site was used.

The protein was expressed in E. coli SHuffle T7 Express cells at 20°C after induction
with 400 mM IPTG overnight and was purified after refolding from inclusion bodies. For
the next purification step, the protein was concentrated before being subjected to
dialysis. This buffer exchange led to almost quantitative protein aggregation. After
removal of the protein aggregate, the remaining protein solution was applied to a Ni-
column. The protein eluted from the Ni-column at a concentration of 200 mM
imidazole. Fractions collected during the elution showed impurities in the first fractions,
which were successfully removed towards the later fractions. The concentration of the
pooled peak fraction was too low (0.15 mg/mL) to allow for analysis via analytical SEC,
hence the protein solution was concentrated. However, the protein showed irrevocable
binding to the concentrator membrane, resulting in complete protein loss.

In order to avoid serious protein aggregation, the dialysis was omitted for the next
purification. Instead, the protein solution was immediately subjected to Ni-affinity
chromatography after refolding. Since the refolding buffer contained 2mM EDTA,
loading these high volumes onto the column (>100 mL) led to the removal of Ni-ions
off the agarose column resin. Even a preceding dialysis against refolding buffer
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without EDTA did not prevent this with the protein eluting off the column during flow
through and wash, concurrently with the Ni-ions. Nevertheless, the protein showed
decent purity in the wash fractions collected. Analytical SEC with the modified
refolding buffer was performed to analyze the wash fraction. Although multiple peaks
were observed, the peak at a retention volume of 1.57 mL corresponds to a MW of
approximately 49 kDa and therefore to monomeric APMAP. This result was confirmed
for a preparative SEC with a peak at a retention volume of 14.3 mL, indicating the
elution of monomeric APMAP. Peak fractions analyzed via SDS-PAGE showed a
single band at the corresponding MW of APMAP (Figure 31C), suggesting successful
purification of the protein.
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Figure 31: Purification of refolded APMAP. (A) Analytical size exclusion chromatography of refolded APMAP in
refolding buffer. The peak at a retention volume of 1.57 mL corresponds to the molecular weight of the protein
of interest. (B) Preparative size exclusion chromatography of refolded APMAP. The peak at a retention volume of
14.3 mL corresponds to the molecular weight of the protein of interest. Peak fractions (45+46) were collected
and analyzed via SDS page (C). The band at ~40 kDa for the peak fractions indicates successful purification of the
protein. Contaminants present in the sample before gelfiltration (refold) were removed.

For crystallization attempts, this buffer system is rendered as not suitable due to the
additives such as L-Arginine. A preparative SEC attempt with SEC buffer no longer
showed a peak at the corresponding retention volume, instead a peak implying protein
aggregation occurred.

Small-scale dialysis attempts were made using different buffer systems. Buffers 1 and
4 (Table 11) showed only minor traces of protein aggregation and were suitable for
APMAP stability in solution (Figure 32). Buffer 4 has been utilized as dialysis buffer in
the purification protocol for STR1 (Ma et al. 2004).
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Figure 32: Dialysis of refolded APMAP in different buffers. SDS-PAGE of refolded APMAP samples dialyzed
against different buffers for 24 h. Buffer system 1 and 4 show a band at the corresponding molecular weight
(marked with a red star), indicating these are suitable buffers for APMAP.

Protein dialyzed in buffer 4 was analyzed via CD spectroscopy for proper protein
folding (Figure 33).

CD spectra revealed a proper protein folding with a high beta-sheet content (Louis-
Jeune, Andrade-Navarro, and Perez-lratxeta 2012). The local minima at around 218
nm and local maxima at 195 nm indicate well-defined B-sheets. A high degree of
disorder would be indicated by very low ellipticity above 210 nm and negative bands
near 195 nm (Greenfield 2006).

Figure 33: CD spectra of APMAP. CD spectra recorded of APMAP dialyzed in 10 mM Tris, pH 8.0.
The negative bands at around 218 nm and positive bands at 195 nm indicate well-defined antiparallel 3-
sheets.

Based on these results, the chosen buffer system is rendered suitable for APMAP
purification and pursuing further experiments. Concentration of the protein above to
concentrations above 0.8 mg/mL has so far been unsuccessful. For precipitation tests
of APMAP, the concentration is too low to obtain any precipitation, hence,
crystallization screens can so far not be set up.
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4.3Neutralizing Monoclonal Antibodies against JCPyV

4.3.1 Interactions between scFv 29B1 and JCPyV and BKPyV VP1

Experimental Design
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Figure 34: Schematic representation of 29B1 scFv constructs. All constructs were cloned into a pET47b vector
and are comprised of Vi, VL and a variable linker. The linker varied in length (15-20 aa) as well as in amino acid
composition. The constructs containing the 18 aa linker contained three charged residues; two lysines shown in
red and a glutamate shown in blue.

Antibody 29B1 was designed as scFv with two different orientations of V. and Vu (VL —
linker — Vu and Vu — linker — VL) to ensure that neither linker nor His-tag would
interfere with antibody binding to VP1 (Figure 34). The constructs contained different
types of linker, which varied in length (ranging from 15 to 20 aa) and amino acid
composition. Charged residues were included to enhance protein solubility (Whitlow et
al. 1993).

After expression and solubility tests of the designed scFv-constructs, construct Vi-Vu
(18aa) was chosen for purification and crystallization experiments. Based on the
solubility tests, buffer 12 (Table 7) was selected for the following purification
experiments.

Purification and Characterization of scFv 29B1

Ni-affinity chromatography was performed as the first purification step. The elution
profile (Figure 35B) shows elution of the protein of interest at an imidazole
concentration of 100 mM. Elution peak fractions hardly show any impurities as
indicated by the samples analyzed via SDS-PAGE (Figure 35A). Fractions were
pooled and subjected to HRV 3C protease cleavage. Complete cleavage of the 29B1
scFv was achieved by using a ratio of 1 mg of protease per 10 mg of fusion protein.
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Cleaved protein was separated from uncleaved protein via a second Ni-affinity
chromatography step.
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Figure 35: Purification of the 29B1 scFv Vi-Vu (18aa). (A) SDS-PAGE analysis of purification trial of scFv 29B1.
After lysis (L), the majority of the protein remains insoluble in the pellet fraction (P), however, decent amounts
were soluble in the chosen buffer system (S) and subjected to Ni-affinity chromatography. Contaminants were
removed in flow-through (FT) and wash step (W) and protein of interest eluted at about 100 mM imidazole as
indicated by the thick band at the corresponding molecular weight (E1-E5). (B) Elution profile of Ni-affinity
chromatography. Protein of interest eluted at about 100 mM imidazole.
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Figure 36: His-tag cleavage of scFv 29B1. (A) SDS-PAGE of HRV 3C cleavage of scFv 29B1. The His-tag was
successfully removed as indicated by the shift of the band towards lower molecular weight values (- : before
cleavage; + : after cleavage). (B) Wash profile of 2" Ni-affinity chromatography of cleaved scFv 29B1. The
absorbance is shown at 280 nm.

Complex Formation with JCPyV VP1 and Crystallization

Stable complexes of purified scFv 29B1 were formed with JCPyV VP1 and separated
from free scFv via SEC. Protein crystals of the JCPyV VP1-29B1 scFv were set up
and obtained at complex concentrations of 1.6 — 2.9 mg/mL in various conditions using
the sitting-drop vapor diffusion method. A dataset at 3.1 A was obtained for crystals
grown in a condition containing 0.2 M trimethanolamine N-oxide, 0.1 M Tris (pH 8.5),
20% PEG 2,000 with a complex concentration of 2.92 mg/mL. Mother liquor
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supplemented with 20% (v/v) glycerol was used as cryoprotectant. Diffraction data
were processed, and structure determination was performed via molecular
replacement using JCPyV VP1 (PDB ID: 3NXG) and the recently solved crystal
structure from scFv 27C11.
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Figure 37: Purification and crystallization of JCPyV VP1 — scFv 29B1 complex. (A) Analytical size exclusion
chromatogram of JCPyV VP1 — 29B1 complexes. The absorbance is shown at 280 nm. The complex could be
purified as indicated by peak 1. Peak 2 and 3 contain unbound JCPyV VP1 and excess scFv 29B1. (B) SDS-PAGE of
preparative SEC of JCPyV VP1 — 29B1 with a sample before SEC (bef) and samples of complex fractions. (C)
Crystals of JCPyV VP1 —29B1 complex in 0.2 M sodium thiocyanate, 20% PEG 3,350 at 20°C.

Crystal Structure of JCPyV VP1-29B1 Complexes

The complex structure of JCPyV VP1-29B1 was determined at a resolution of 3.1 A in
space group P21 with two JCPyV VP1-29B1 complexes in the asymmetric unit. One
complex consists of one VP1 pentamer with five scFv bound to each of the VP1

monomers.

Table 18: Data collection and refinement statistics of JCPyV VP1 — scFv 29B1 complex

JCPyV VP1 -29B1

Data Collection

Beamline

Space group

a, b, c[A]

B[]

Resolution [A]
Unique reflections
Total reflections
Rmeas [%]

I/ol

CCu2 [%0]
Completeness [%]
Wilson B-factor [A?]

Refinement
Rwork/ Rfree [%]
No. of atoms
protein
B-factor [A%]

SLS X06DA
P12,1

124.1, 172.5, 159.7
104.5

48.5-3.1 (3.18-3.10)
261376 (41722)
933910 (148603)
24.5 (63.8)

7.2 (2.5)

97.3 (76.4)

99.9 (99.6)

36.4

21.5/23.3

37924
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JCPyV VP1 38.0

scFv 29B1 61.8
R.m.s.d.

Bond length [A] 0.005

Bond angles [°] 1.13
Ramachandran [%0]

Favored 99.7

Ouitliers 0.3

The scFv Vu and V. are well ordered and the interaction surface with JCPyV VP1 is
well defined in the electron density map. The total surface area of 29B1 covers 835 A?
with the light and heavy chains contributing similarly to the binding interface (439 A2
and 394 A2, respectively).

alhy

(N
Figure 38: Crystal structure of JCPyV VP1 in complex with 29B1 scFvs. JCPyV VP1 is shown in surface
representation with one monomer highlighted in pink. 29B1 is shown in cartoon representation with the light
and heavy chain shown in light and dark blue, respectively. (A) Top view along the five-fold-axis of VP1. Five scFvs
of 29B1 bind to the VP1 pentamer. (B) Side view, showing that 29B1 binds not on top of the VP1 pentamer, but
rather towards the side.

JCPyV VP1 is exclusively contacted by the complementary-determining regions
(CDRs) of 29B1. Five of the six CDRs are involved in binding to JCPyV VP1, only H1
is not involved in any of the interactions (Figure 39A). The body of the light chain VL
domain and its L1, L2 and L3 contact the underside of the BC2-loop and straddle the
EF-loop. Substantial contacts are furthermore contributed by H3. Here, the surface
packs flat against the VP1 EF-loop and interactions mainly involve several hydrogen
bonds as well as salt bridges (Figure 39B). Furthermore, H3 residue F225 inserts into
a small crevice lined by residues D49, E52 and R55 and interacts with the hydrophobic
portions of these side chains. Hence, it augments the contacts formed by H3 (Figure
39C).
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Figure 39: Contacts between JCPyV VP1 and scFv 29B1. JCPyV VP1 is shown in grey with one monomer
highlighted in pink. Heavy chains of 29B1 are colored in dark blue, light chains in light blue. (A) Main interactions
between JCPyV VP1 and CDRs of 29B1. All light chain CDRs (L1, L2 and L3) are involved in interactions with VP1,
for the heavy chain CDRs only H1 is not part of the interactions. (B) Interactions between H3 and VP1 loops BC2
and EF. Several hydrogen bonds and salt bridges form a stable net of interactions. (C) Interactions between L2
residues S51 and Y52, which interact with N73 of the BC2-loop and D166 of the EF-loop, respectively.

Complex Formation with BKPyV VP1 and Crystallization

Stable complexes of purified scFv 29B1 were formed with BKPyV VP1 and separated
from free scFv via SEC. Crystals of the BKPyV VP1-29B1 scFv were set up and
obtained at complex concentrations of 3.5 mg/mL in various conditions using the
sitting- and hanging-drop vapor diffusion method. Streak-seeding was performed to
improve crystal quality using crystals from a condition containing 0.1 M sodium
malonate (pH 5.5) and 14.4% PEG 3,350. Multiple datasets obtained resulted in
pseudo-translation and could not be processed. A dataset without pseudo-translation
at 2.6 A was obtained for crystals grown in a condition containing 0.1 M sodium
malonate (pH 5.25) and 14.4% PEG 3,350. Mother liquor supplemented with 20%
glycerol was used as cryoprotectant. Diffraction data was processed, and structure
determination was performed via molecular replacement using BKPyV VP1 (PDB ID:
4MJ1) and the recently solved crystal structure from scFv 29B1.

A B

Figure 40: Crystals of BKPyV VP1-29B1 complex. (A) Initial crystal hits of BKPyV VP1-29B1 complex in O. M
sodium malonate, pH 5.5 and 14.4% PEG 3,350. (B) Crystal hits of BKPyV VP1-29B1 complex in 0.1 M sodium
malonate, pH 5.25 and 14.4% PEG 3,350 obtained with streak seeding.

Crystal Structure of BKPyV VP1 - 29B1 Complexes

The complex structure of BKPyV VP1 — 29B1 was solved at a resolution of 2.94 A in
space group P21 with two JCPyV VP1 — 29B1 complexes in the asymmetric unit. As
seen for the complex structure with JCPyV VP1, one complex consists of one BKPyV
VP1 pentamer with five scFv bound to each of the VP1 monomers.
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Table 19: Data collection and refinement statistics of BKPyV VP1 — scFv 29B1 complex

BKPyV VP1 - 29B1

Data Collection
Beamline

Space group

a, b, c[A]

B[]

Resolution [A]
Unique reflections
Total reflections
Rmeas [%]

l/ol

CCy2 [%0]
Completeness [%]
Wilson B-factor [A?]

Refinement

Rwork/ Rfree [%]

No. of atoms
Protein

B-factor [A?]
BKPyV VP1
scFv 29B1

R.m.s.d.
Bond length [A]
Bond angles [°]

Ramachandran [%0]
Favored
Outliers

SLS X06DA
P1

114.6, 114.6, 142.3
92.3,106.0, 111.4
49.2-2.65 (2.81-2.65)
352876 (55527)
638907 (94181)

17.5 (73.9)

5.86 (1.38)

98.1 (61.8)

94.8 (92.4)

34.0

27.5/25.1

37679

35.8
50.7

0.011
1.46

95.2
0.4

The binding mode of 29B1 in complex with BKPyV VP1 is almost identical to that seen
in the JCPyV VP1 complex structure (Figure 41A). When the two VP1 pentamers are
superimposed, the root mean square deviation (RMSD) between the bound scFvs in
both complexes is only 0.60 A2 The total surface area buried upon scFv 29B1 -
BKPyV VP1 complex formation is, with 830 A2, identical to the area buried in the
JCPyV VP1-29B1 complex (835 A2). Only subtle differences characterize the binding
of 29B1 to BKPyV VP1 compared to JCPyV VPL1. Interactions differ only in two
residues; JCPyV VP1 features an asparagine at position 73, which interacts with N55
of L2 of 29B1. This residue is replaced to a glutamate in the case of BKPyV VP1,
hence the interaction is abolished (Figure 41B). JCPyV VP1 residue K193 interacts
with H3 residues D226 and D230, BKPyV VP1 residue N201 cannot engage in these
interactions (Figure 41C).
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Figure 41: Binding of scFv 29B1 to BKPyV VP1 compared to JCPyV VP1. JCPyV and BKPyV VP1 are shown in
surface representation in grey with one monomer highlighted in pink. 29B1 is shown in cartoon representation.
(A) Superposition of 29B1 — JCPyV VP1 and 29B1 — BKPyV VP1 complex structures, with the JCPyV-bound scFv
29B1 shown in deep teal and the BKPyV-bound scFv 29B1 colored in chartreuse. (B) Residue N73 of JCPyV VP1
(shown in pink) is involved in interactions with L2 residue N73. BKPyV VP1 E81 (shown in green) cannot engage in
this interaction. (C) Residue K193 in JCPyV VP1 (shown in pink) interacts with residues D226 and D230 of H3 of
29B1. BKPyV VP1 N201 (shown in green) cannot engage in these interactions.

4.3.2 Interactions between Fab 72F7 and JCPyV VP1

Experimental Design

For the purification strategy of 72F7, a similar approach was conducted as for 29B1.
Several scFv constructs were designed with different VL and Vu orientations as well as
varying linker lengths and compositions. However, none of these constructs could be
successfully purified. For some constructs, protein overexpression could not be
achieved, for other constructs good overexpression was achieved, but they later failed
to show solubility in any of the tested buffers. Eventually, different purification
strategies could be tested for one construct, involving different E. coli strains and
expression conditions, various buffer systems and supplements, different affinity
columns (Ni-resin, Co-resin, CaptoL-resin) and co-purification with JCPyV VP1, but
none of these strategies resulted in the successful purification of scFv 72F7.

Hence, for 72F7, the already established purification protocol for Fabs was adopted.
Stable Fabs of 72F7 were produced and used for complex formation with JCPyV VP1
(Figure 42A). Complexes were purified and separated from excess Fabs by SEC
(Figure 42B).
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Figure 42: Purification of 72F7 Fabs and JCPyV VP1-72F7 Fab complexes. (A) Protein A chromatogram of papain-
digested mAb 72F7 with the absorbance shown at 280 nm. The first peak (fractions 7, 8 and 9) contains the
purified Fab and the second peak (fraction 22) all antibody fragments including Fc. Results were confirmed via
SDS-PAGE. Light and heavy chain have a molecular weight of ~24 kDa. (B) Size exclusion chromatogram with the
absorbance shown at 280 nm. The JCPyV VP1-72F7 Fab complex peak (peak 1) is separated from excess Fabs
(peak 2). The SDS-PAGE shows bands at the corresponding molecular weights. Light and heavy chain of 72F7
have molecular weights of ~24 kDa, a monomer of JCPyV VP1 has a molecular weight of ~32 kDa.

Commercial crystallization screens were set up with purified JCPyV VP1-72F7
complexes and micro-seeded with crystals obtained in 0.06 M divalent ions, 0.1 M
buffer system 2, pH 7.5, 37.5% (v/v) precipitant mix 4 (Morpheus HT screen, Molecular
Dimensions) and yielded several conditions with crystal hits (Figure 43).

C

Figure 43: Crystals of JCPyV VP1-72F7 complex. (A) Crystal hits of JCPyV VP1-72F7 complex in 0.09 M NPS, pH
5.5, 0.1 M buffer system 3, pH 8.5 and 30% precipitant mix 3 (Morpheus screen, Molecular Dimensions). (B)
Crystal hits of JCPyV VP1-72F7 complex in 0.05 M citric acid, pH 5.0 and 16% PEG 3,350 (PEG/lon screen,
Hampton Research). (C) Crystal hits of JCPyV VP1-72F7 complex in 0.1 M succinic acid, pH 7.0 and 12% PEG 3,350
(PEG/Ion screen, Hampton Research).
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5. Discussion

5.1Fragment-based Screening with JCPyV

Knowledge of the structure of a protein target can guide the design of new therapeutic
agents through FBDD. This approach is used in the identification of ligand fragments
and subsequent design of high-affinity ligands that bind to a critical site and thereby
inhibit protein function. A prominent example are the FDA-approved drugs
Vemurafenib, a B-Raf enzyme inhibitor for the treatment of late-stage melanoma, and
Venetoclax, a treatment for chronic lymphocytic leukemia (Bollag et al. 2012;
Hortobagyi et al. 2016; Singh, Tam, and Akabayov 2018).

Drugs targeting viral receptor proteins block the first events in the viral replication cycle
and are less constrained by intracellular delivery or metabolism. Preventing the virus
from entering the host cell inhibits its replication and possible mutation that could
translate into drug resistance (De Clercq 2002; Munch et al. 2007; Dwyer et al. 2007).

The major capsid protein VP1of JCPyV harbors the receptor binding site for LSTc and
thus represents a potential target for antiviral compounds. Compounds 9E08 and
13A06 were shown to bind to JCPyV VP1. Both compounds share the same binding
site located on the inside of the JCPyV VP1 pentamer, rather than near the receptor
binding site on the surface-exposed loops on the outside of the virion. However,
attempts to design more potent compounds based on these results or based on the
VP2 sequence resulted in compounds binding to JCPyV VP1.

X-ray crystallography is the preferred method for elucidating the three-dimensional
structure of protein-ligand complexes. It provides information about where and how the
ligand binds to the protein, however it can be challenging due to following aspects. In
order to resolve the electron density for the screened ligand, a reasonably high
resolution (1.5-2.5 A) is needed. Conversely, this requires high concentrations (25-100
mM) (Jhoti et al. 2007) and/or long soaking times of the compound to overcome the
low binding affinity. Achieving high concentrations is hampered due to the inherent
poor solubility of many compounds in agueous solutions. Higher soaking times in turn
bear the risk of damaging the crystal resulting in weaker diffraction.

Generally, limited binding constants of ligands cause binding sites to be only partially
occupied, leading to proportionally weaker electron density. Additionally, binding sites
have the tendency to scavenge all kinds of molecules present in the purification or
crystallization environment (e.g. buffer molecules or ions), resulting in weak density of
unknown origin that is not suitable for placing a model. This is also the case for the
apo-structure of JCPyV VP1, which generally exhibits some electron density in the
binding site for 9E08 and 13A06. This existing electron density could overlay the weak
electron density for partially bound ligands. The mistake of placing a ligand in poorly
defined electron density can simply be avoided by critical examination of the existing
density for the ligand at a reasonable contour level.

Yet, only tightly bound parts of the ligand may have distinct density, where ligands
could be modeled in. If compounds are present in multiple conformations, as has been
observed for compound 13A06, this could further decrease the electron density levels.
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All these considerations lead to a high rate of false-negatives in crystallography for
weak affinity fragments, in particular with the compound-soaking approach. The
success rate in crystallography of compounds identified in NMR compound screens is
about 5-10% (Chilingaryan, Yin, and Oakley 2012; Mashalidis et al. 2013; Hajduk and
Greer 2007; Wielens et al. 2013). This rate is even lower from hits identified via
computational methods, explaining the underlying results for this research projects,
where only 2 out of 30 tested compounds identified in NMR screening experiments
could be confirmed in binding JCPyV VP1 in crystal soaking experiments and none of
the six tested from molecular docking studies. Compounds 9E08 and 13A06 were
tested for their anti-viral activities in JCPyV pseudovirus infectivity assays in SVG-A
cells. Compound 9EO08 significantly blocked infection at a concentration of 10 mM.
Compound 13A06 showed some inhibition, which was however not significant. Two
additional compounds, 2D05 and 7D04, which did not show binding to JCPyV VP1 in
crystal soaking experiments, demonstrated no activity in the inhibition of JCPyV
pseudovirus (Walter Atwood, personal communication).

Since the compound binding site on JCPyV VP1 overlays with the proposed VP2
binding site, another approach employed the design of small peptides covering the C-
terminal sequence of JCPyV VP2. These VP2 derived peptides were subjected to
crystal soaking and co-crystallization experiments with JCPyV VP1. For co-crystals of
JCPyV VP1 and the VP2 derived peptides, additional electron density could be
observed in the simulated annealing electron difference maps. This additional density
was located inside of the VP1 pentamer along the fivefold symmetry axis, indicating
binding had occurred. Yet, the difference omit map was not traceable and could not be
assigned to any peptide structure due to the averaging of the electron density in the
five-fold symmetry. It is therefore impossible to conclude something about the binding
mode of the peptide or the specific interactions utilized for binding.

In order to lock the VP2 derived peptides in their binding position, it might be useful to
elongate the peptide sequence. The elongated peptide structure could serve as an
anchor binding to the outside of the VP1 pentamer and thereby locking the peptide in
its binding position. If the resulting crystal packing is then asymmetric, this in turn
would prevent averaging of the electron density in the five-fold symmetry.

Identifying specific interactions mediating peptide binding to JCPyV VP1 would help in
the design of more potent fragments, which could compete with JCPyV VP1 and VP2
binding. The ultimate goal is to find compounds that are able to block virus receptor
interactions or interfere with virus assembly. The LSTc binding pocket is not targeted
by any of the screened components, however, the binding site of fragments which
showed binding to JCPyV was located on the inside of the VP1 pentamer involving the
proposed VP2 binding site.

5.2Adipocyte Plasma Membrane-Associated Protein

The adipocyte plasma membrane-associated protein APMAP was identified as a
putative receptor for JCPyV by the group of Walter Atwood, Brown University. Little is
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known about this 46 kDa glycosylated type Il transmembrane protein with potential
hydrolase activity and calcium binding (Bogner-Strauss et al. 2010).

The extracellular domain of APMAP, which contains the two glycosylation sites, is
predicted to adopt a six-bladed B-propeller with each blade containing a twisted four-
stranded antiparallel B-sheet. The blades are radially arranged around a pseudo-six-
fold axis.

Analysis of the sequence architecture from earlier studies revealed four segments: two
non-globular segments (region 1-40 and the proline-rich linker 62-89), a predicted
transmembrane helical region (amino acids 41-61) and a predicted C-terminal globular
domain starting with residue 90. This globular domain is assigned two enzymatic
domains with conflicting properties. The first predicted domain is a calcium-binding
superficial gray layer full domain and the second prediction is the strictosidine
synthetase domain fragment, a domain without metal ions. Alignment of APMAP
orthologues in animal genomes reveals four conserved sites at position E103, N201,
N260 and D306/N307 that are predicted to be necessary for calcium-binding in the
active site (Bogner-Strauss et al. 2010). Although the C-terminal domain of APMAP is
predicted to fold into a six-bladed B-propeller, the protein does not belong to the family
of strictosidine synthetase-type enzymes. The conservation of functional residues
necessary for calcium-binding clearly indicate a hydrolase structure with a calcium
binding active site and not that of Rauvolfia strictosidine synthetase that is known not
to bind any metal ions.

In order to elucidate the structure and function of the molecule, the goal was to
establish a purification and crystallization protocol for the extracellular domain of
APMAP, the part of the transmembrane protein that would be expected to act as the
putative JCPyV receptor. Three constructs comprising the extracellular domain of
APMAP were designed and subjected to expression tests, solubility tests and initial
purification trials. While the first construct (62-416) could be expressed and purified,
this could only be achieved by the usage of detergents. Crystallization of the protein
resulted in crystals, which diffracted to low resolution and lacked a clearly defined
diffraction pattern. Thus, these crystals could not be used for structural analysis.
Although structure prediction programs render residue 62 and following residues as
part of the extracellular domain, there is still a slight chance that these N-terminal
residues of the construct belong to the transmembrane part of the protein or show
strong hydrophobic characteristics, having stark tendencies to adhere to membranes.
Therefore, two additional constructs starting further upstream at residue 80 were
designed to exclude this possibility. In order to establish a stronger binding to the Ni-
column, the His-tag was extended. The second construct (80-416) with a C-terminal
Hiss-tag did not show any overexpression after the addition of IPTG, indicating leaky
expression, and hence was rejected for further experiments. Finally, the third construct
(80-416) with N-terminal Hiss-tag showed promising results by the application of a
refolding protocol from inclusion bodies (protocol adopted from (Ponassi, Cantoni,
Biassoni, Conte, Spallarossa, Pesce, et al. 2003; Ponassi, Cantoni, Biassoni, Conte,
Spallarossa, Moretta, et al. 2003)).

Expression at low temperature conditions leads to the increase of stability and correct
folding patterns due to the fact that hydrophobic interactions determining inclusion
body formation are temperature dependent (Khow and Suntrarachun 2012). In the
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case of APMAP, the protein was prone to form inclusion bodies even at low
expression temperatures, resulting in selecting a refolding purification strategy from
inclusion bodies. This protocol resulted in high yields of refolded protein, yet, the
composition of the refolding buffer presented several challenges regarding the next
purification steps. Since neither dialysis in the proposed buffer system (Ponassi,
Cantoni, Biassoni, Conte, Spallarossa, Moretta, et al. 2003) nor Ni-affinity
chromatography could be applied, different buffer systems were sampled in a small-
scale dialysis set-up. The protein was stable and showed only minor aggregation in a
buffer without any supplied salts adapted from the purification protocol of STR1 (Ma et
al. 2004).

For its role as putative JCPyV receptor, the two glycosylation sites of APMAP could be
required for the interaction with the viral protein. Protein glycosylation is common in
eukaryotic cells and is of particular importance in protein-protein interactions. Glycans
are abundant on host cells and the majority of mammalian virus receptors are N-
glycosylated (Zhang et al. 2019). The N-glycosylation sites of HTR2A, the receptor for
JCPyV, are reported to be important for viral infection (Maginnis et al. 2010).
Furthermore, studies showed that protein glycosylation might have an effect on protein
folding and stability (Mitra et al. 2006; Shental-Bechor and Levy 2008; Xu and Ng
2015), however, the effect of glycosylation is not elucidated in the case of
recombinantly expressed APMAP.

Protein glycosylation often contributes to high protein solubility and increases its
stability against proteolysis. Not only could the glycosylation of APMAP aid in protein
solubility and folding, it might also play a role in the attachment to JCPyV VP1. One
major disadvantage of the recombinant protein expression in the prokaryotic system E.
coli is not only the protein segregation into inclusion bodies, which could be overcome
by protein refolding, but the limited eukaryotic post-translational machinery function,
involving the complex process of glycosylation. Hence, adaptation to a eukaryotic
expression system for the recombinant protein production of APMAP should be
pursued in the future.

5.3Neutralizing antibodies against JCPyV and BKPyV

Interactions of neutralizing antibodies with JCPyV VP1

JCPyV VP1 and BKPyV VP1 share 78% sequence identity, with lower conserved
regions located on top of the VP1 pentamer comprising the receptor binding site and
surface-exposed loop regions. Higher conserved regions can be found towards the
side of the pentamer (Figure 44). Three of the four studied antibodies were shown to
bind towards the top of the VP1 pentamer. MAbs 98D3, 27C2 and 27C11 interact with
the less conserved regions of JCPyV VP1 involving the receptor binding site. 29B1
binds to an epitope at the side of VP1 that is highly conserved between JCPyV and
BKPyV VP1. In contrast to antibodies 98D3, 27C2 and 27C11, the 29B1 epitope does
not overlap with the glycan binding site, which is formed by the protruding BC1-, BC2,
and DE- and HI-loops on the outer surface of the pentamer (Figure 45). Nevertheless,
all of the studied antibodies exhibit neutralizing capacities against JCPyV. Antibodies
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98D3, 27C2 and 27C11 presumably neutralize by directly blocking the LSTc binding
site, whereas the neutralizing capabilities of 29B1 could be mediated by sterical
hindrance, which would occlude the virus from reaching and engaging the receptor.

78% sequence identity

conserved non-conserved

Figure 44: Surface conservation between JCPyV and BKPyV VP1. Surface representation of JCPyV VP1 with
residues colored according to their level of conservation, with grey indicating highly conserved residues and red
signifying non-conserved residues. LSTc is shown in black spheres.

27C11 2981

98D3 27C2
Figure 45: Comparison of interaction surfaces of 98D3, 27C2, 27C11 and 29B1 and position of the receptor
binding site. JCPyV VP1 pentamers are shown in surface representation (grey) with the bound LSTc glycan shown
in black sphere representation. Epitopes on the surface are color-coded by Vu and V. chain of antibody 98D3
(panel A), 27C2 (panel B), 27C11 (panel C) and 29B1 (panel D) within a range of 4.5 A.

The individual interactions with JCPyV VP1 differ among the investigated antibodies,
whereas antibodies directly blocking the receptor binding site all involve a hydrophobic
pocket on JCPyV VP1 that normally harbors the N-acetyl group of the terminal sialic
acid moiety of LSTc.
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4

Figure 46: Key interactions of 98D3, 27C2 and 27C11 with JCPyV VP1. (A, B, C) Surface representation of JCPyV
VP1 colored in grey with LSTc shown in black stick representation. The heavy and light chains of 98D3 (A), 27C2
(B) and 27C11 (C) are color coded with darker and lighter colors. (A) Vi and V. of 98D3 are shown in dark and
light green, respectively. Fab loops L1, L3 and H3 cover the receptor-binding pocket, blocking LSTc recognition.
(B) Vi and VL of 27C2 are shown in dark and light blue, respectively. Fab regions L1, L2, H1 and H3 cover the
receptor-binding site, blocking LSTc recognition. (C) Vi and V. of 27C11 are shown in cyan and deep teal,
respectively. The three heavy chain CDRs H1, H2 and H3 straddle the BC2-loop. (D) Key interactions are shown
between L1 and L3 of 98D3 and the DE- and Hl-loop as well as the DE-loop of the neighboring VP1 monomer as
black dashed lines. (E) Interactions between H3 and the HI- and BC2-loops of JCPyV VP1. Residue H101 at the tip
of H3 inserts into the hydrophobic pocket of JCPyV VP1 that is lined with residues L54, F57, F262 and S266.
Residue D102 in H3 furthermore forms a hydrogen bond with the side chain of 5266 in the VP1 Hl-loop. (F)
Interactions between residues of H3 of 27C11 and the BC2-loop residues of JCPyV.

The human antibody 98D3 mainly interacts with JCPyV VP1 via H2 and H3, with H3
inserting into the hydrophobic pocket. Here, residue F105 at the tip of H3 is involved in
hydrophobic interactions with phenylalanines F57, F67 and F262 as well as L54 of
VP1. Hydrophobic interactions can also be observed between H3 residue Y103 and
the side chain of residue K59 of VPL1. Vital interactions between JCPyV VP1 and LSTc
are mediated by residues 54, 57, 59 and 67 of VP1. Further interactions involve
hydrogen bonds between L1 and L3 and the DE- and Hl-loops of JCPyV VP1. The
contacts bridge two VP1 monomers with residue N31 (L1) and residue (L3) interacting
with residue R265 in the VP1 DE-loop and S93 in the DE-loop from the neighboring
monomer, respectively.

For antibody 27C2 key contacts with JCPyV VP1 are formed by L1 and L3 and H1 and
H3 of 27C2. Again, H3 inserts into the hydrophobic pocket with residue H101 at its tip
placed above the pocket lined with residues L54, F57, F67 and F262. H3 residues
form hydrogen bonds with the HI-loop of JCPyV VPland the DE-loop of the
neighboring VP1 monomer, hereby bridging the two VP1 subunit. A major contact is
between H3 residue D102 and HI-loop residue S266, which is a major PML-mutation
hotspot. Additional contacts are formed between several H1, L1 and L2 residues and
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the BC1- and BC2-loop. One of these interactions is a hydrogen bond between L1
residue N32 and VP1 residue K59.

All three heavy chain CDRs of mAb 27C11 clasp the BC2-loop of JCPyV VP1, with H3
again approaching the sialic acid binding site, albeit not protruding deeply into the
hydrophobic pocket like it is seen for 98D3 and 27C2. Rather, the mAb interacts with a
cluster of surface-exposed residues (K59, S60, S71 and N73) through polar
interactions. Some of these residues are involved in LSTc binding, hence, 27C11
directly interferes with the glycan binding. Four consecutive tyrosine residues (Y231,
Y232, Y233 and Y234) together with aromatic residues Y32 and W223 in H3 are
involved in extensive contacts with non-polar regions in the BC2- and adjacent DE-
loop from the neighboring VP1-monomer.

Effects of PML mutations on antibody binding

JCPyV strains isolated from the serum, CSF and brains of PML patients often contain
mutations in residues lining the LSTc-binding pocket on the apical surface of JCPyV
VP1 (Gorelik et al. 2011; Reid et al. 2011; Neu et al. 2010; Maginnis et al. 2013).
Dominant JCPyV VP1 mutations characteristic for PML are predicted to be under
positive selection during the development of PML. These mutations lead to an altered
glycan binding spectrum for infectious entry, but also enable the virus to escape the
host-immune response (Ray et al. 2015; Sunyaev et al. 2009). Superpositions as well
as modeling with the four JCPyV VP1-antibody complexes were performed in order to
analyze how the most prominent PML-associated mutations would affect antibody
binding.

For antibody 98D3 it was shown that it binds the characteristic PML mutation L54F but
fails to recognize S266F and S268F/Y (Figure 9). Serines 266 and 268 are part of the
interaction network between the antibody and JCPyV VP1 and replacement of either
amino acid with a bulky phenylalanine or tryptophan would lead to direct steric clashes
with H1 and H3 of 98D3. Residue L54, which is not directly involved in interactions
with 98D3, could be replaced with a phenylalanine without consequences for antibody
binding. The less frequently mutated residue K59 is directly interacting with H3, thus,
mutating this residue to either M, E or N would negatively affect binding. Binding would
also be affected if residue S60 is mutated, since it is also located at the direct binding
interface.

Antibody 27C2 recognizes characteristic PML-mutations L54F and S268F but is not
able to bind to S266F like observed for antibody 98D3 (Figure 9). This finding can be
explained by the interaction formed between the backbone amide group of S266 and
H3 of 27C2. An introduction of a bulky phenylalanine side chain at this position would
cause steric clashes with H3 as well as L2. Residue K59 directly interacts with L1
residues of 27C2, hence mutations at this position would adversely affect the antibody
binding. Substitutions of residues N264 and Q270, which are also affected by PML-
mutations, would most probably negatively influence 27C2 binding, since these
residues also line the binding interface.

Antibody 27C11 recognizes all three most frequently occurring PML-associated
mutations (L54F, S266F and S268F). Compared to antibodies 98D3 and 27C2, the
epitope of 27C11 is shifted away from the sialic acid pocket with the majority of
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interactions involving the BC2-loop. PML mutation hotspots, L54, S266 and S268 are
hereby not directly contacted by residues of 27C11 and the H3 region does not
penetrate into the sialic acid binding pocket. Therefore, mutations at residues L54,
S266 and S268 do not affect the binding of antibody 27C11. Mutations at position K59
are likely to affect binding as 27C11 H3 residues D225 and N227 form a salt bridge
and a hydrogen bond with PML-mutation hotspot K59 in the JCPyV VP1 BC2-loop. In
a PML mutant, these favorable interactions would be lost. Another BC2-loop residue,
S60, is involved in interactions with H3 residues, which are most likely diminished in
PML mutations S60T or S60P.

Antibody 29B1 binds to a highly conserved epitope between JCPyV and BKPyV. This
epitope does not overlap with the glycan binding site formed by the protruding loops
on the outer surface of the pentamer, hence, 29B1 binding is not affected by
characteristic PML-associated mutations, which cluster in these loops. The three most
frequently occurring mutations L54F, S266F and S268F are recognized by the
antibody. It is highly unlikely that less frequent mutations such as K59M/E/N, S60P/T,
D65H, N264D/T/S and Q270H affect binding of 29B1.

All studied antibodies, 98D3, 27C2, 27C11 and 29B1, display neutralizing capabilities,
even though residues of the LSTc are not directly contacted as seen for antibody
27C11 and 29B1. In these cases, engagement of the bulky antibody by the virus could
abolish access to the receptor, similar to what has been seen in other examples
(Dietrich, Harprecht, and Stehle 2017).
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Figure 47: Model of mAb binding in JCPyV capsid context. Surface repre-s-entation of the JCPyV capsid with
bound mAb fragments shown in cartoon representation with 29B1 highlighted in orange, 27C11 in pink, 98D3 in
purple, and 27C2 in green, respectively.
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5.4Conclusions and Outlook

The complex structure of JCPyV VP1 with four JCPyV-specific human mAbs as well
as the complex structure of BKPyV VP1 with the cross-neutralizing mAb 29B1 helped
in understanding the basis of the functionality and different specificity profiles by the
underlying individual interactions. The selected mAbs can serve as lead candidates for
the further development of a potential treatment of PML patients or patients at risk for
PML (Jelcic et al. 2015). The approach of active or passive vaccination in order to
stimulate protective adaptive immunity or as treatment in case of an ongoing disease
can be accomplished by prophylactic and therapeutic immunization regimens (Jelcic et
al 2015). Broadly neutralizing antibodies thus play a promising role in the treatment of
viral infections, as has been shown for influenza, respiratory syncytial, Ebola and Zika
viruses (Jelcic et al. 2017; Bornholdt et al. 2016; Corti et al. 2016; Sapparapu et al.
2016; Corti et al. 2013; Corti and Lanzavecchia 2013). The molecular mechanisms on
how these antibodies exhibit cross-reactivity against the most common PML mutations
as well as against BKPyV have broad implications for a rational design of vaccines
and therapeutic antibodies (Bogdanoff et al. 2018; Jelcic et al. 2017).

Another approach for the rational design of JCPyV-antiviral therapeutics is the design
of small molecule inhibitors of JCPyV in order to block the viral receptor attachment or
interfere with viral assembly. In order to optimize the results described in this work, the
design of the VP2 derived peptides could be improved with respect to not having a
crystal symmetry averaged density in the experimental setup. Thus, molecular
interactions could be clearly assigned and help thriving the development of more
potent inhibitors. This could either be achieved by elongating the established VP2
derived peptide sequence to lock the fragment in place in order to achieve a non-
averaged difference omit map in the crystallographic setup. Experimentally, co-
crystallization as described in this thesis could be used for the formation of JCPyV
VP1-peptide complexes. Another approach would be the co-expression of JCPyV VP1
together with the VP2 fragment as previously described (Chen, Stehle, and Harrison
1998).

As next steps in the further characterization of the putative JCPyV receptor APMAP
interaction studies together with JCPyV VP1 are planned. Purified APMAP protein is
incubated together with JCPyV VP1 and analyzed vie analytical SEC and surface
plasmon resonance (SPR) in order to check for complex formation. A comparison with
APMAP protein purified from eukaryotic cells would allow for the investigation in
potential differences in JCPyV VP1 binding that would most likely arise from protein
glycosylation. The ultimate goal is the crystallization and structural characterization of
APMAP alone and in complex with JCPyV VP1 to examine the underlying molecular
interactions.
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6. Appendix

6.1Antibody sequences with CDR annotations

98D3

VH

EVQLVESGGGVVQPGRSLRLSCAAS MHWVRQAPGKGLEWVAVI QLYADSVKGRLTISRDNSK
NALYLOQLNSLRTEDTAVYFCA WGQGTLVTVSS

VL

DIOMTQSPSSLSASVGERVTITCRASQRISNYLNWYQQKPGKAPKLLIYAASTLOSGVPSREFSGSGSGTDETLTIS
SLOPEDFATYYCQQSYSSPPTFGPGTKVDIK

27C2

VH

EVQLVESGGGLVKPGGSLRLSCAAS TMNWVRQAPGKGLQWVSSI MYYGDSVKGREFTISRDNAR
NSLYLOMNSLRVEDTAVYYCA WGQGTLVTVSS

VL

QOSVLTQPPSASGTPGQRVTISCSGGSSNIGSNPVNWEFQQFPGTAPKLLIYANTQRPSGVPDREFSGSKSGTSVSLAT
SGLOSEDEGDYHCAAWDDSLKGWVEGGGTKLTVL

27C11

VH

QVOLQESGPGLVKPSGTLSLTCAVS WWSWVRQPPGKGLEWIGEI TKYNPSLKSRVTISVDKSK
NHESLKLRSVTAADTAVYYCA WGQGTTVTVSS

VL

DIOMTQSPSSLSASVGDRVTITCRASQGISSYLNWYQOKPGKAPKLLISATSDLOSGVPSRESGSGSGTDEFTLTIS
SLOPEDFATYYCQQOSYSTPYTFGQGTKLEIK

29B1

VH

EVQLVESGGGLVKPGGSLRLSCAAS MNWVRQAPGKGLEWVSSIBEREDETY Y TDSVKGRFTISRDNSK
STLYLQMNSLRAEDTAVYYCAK WGQGTLVTVSS

VL

SYVLTQPPSVSVAPGKTARITCGGNNIGSRSVHWYQHKPGQAPVMIISYDMNRPSGIPERVSGSNYGNTATLTISR
VEAGDEADYYCQVWDSRSDHPYVEFGTGTRVTVL

Sequence alignment heavy chains

98D3 EVQLVESGGGVVQPGRSLRLSCAAS
27C2 EVQLVESGGGLVKPGGSLRLSCAAS
27C11 QVQLQESGPGLVKPSGTLSLTCAVS NWWSWVRQPPGKGLEWIGET
29B1 EVQLVESGGGLVKPGGSLRLSCAAS —AMNWVRQAPGKGLEWVSST

ekkhkk hkhkk ko koek ek kekk kk e e *kkhkkk kArkkkhkk o ko *

—AMHWVRQAPGKGLEWVAVI
-TMNWVRQAPGKGLOWVSST

98D3 YADSVKGRLTISRDNSKNALYLQLNSLRTEDTAVYFCA
27cC2 YGDSVKGRFTISRDNARNSLYLOMNSLRVEDTAVYYCA
27c11 YNPSLKSRVTISVDKSKNHESLKLRSVTAADTAVYYCA
29B1 YTDSVKGRFTISRDNSKSTLYLOMNSLRAEDTAVYYCAK

K kak ok kkk ke s ke ks | Kkkkkskk. Lk Kk
98D3 GTLVTVSS 123
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27C2
27C11
29B1

GTLVTVSS 118
GTTVTVSS 127
GTLVTVSS 124

*k kKK kK

Sequence alignment light chains
DIQMTQSPSSLSASVGERVTITCRA--SQRISNYLNWYQQKPGKAPKLLIYAASTLQSGV
—QSVLTQPPSASGTPGQRVTISCSGGSSNIGSNPVNWFQQFPGTAPKLLIYANTQRPSGV
DIQMTQSPSSLSASVGDRVTITCRA--SQGISSYLNWYQQOKPGKAPKLLISATSDLQSGV
-SYVLTQPPSVSVAPGKTARITCGG—-NNIGSRSVHWYQHKPGQAPVMITISYDMNRPSGIT

98D3
27C2
27C11
29B1

98D3
27C2
27C11
29B1

* X Kk . % * o % . * e ek ek Kkkhk Kk e ek

PSREFSGSGSGTDFTLTISSLOPEDFATYYCQQS---YSSPPTFGPGTKVDIK
PDREFSGSKSGTSVSLAISGLQSEDEGDYHCAAWDDSL-KGWVEFGGGTKLTVL
PSRFSGSGSGTDFTLTISSLOPEDFATYYCQQS---YSTPYTFGQGTKLEIK
PERVSGSNYGNTATLTISRVEAGDEADYYCQVWDSRSDHPYVEFGTGTRVTVL

* kK Kk % * ek e kk .. * * o % * Kk kK k e .

* Kk .

107
110
107
109
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APMAP alignment with STR1 (PDB ID 3V1S) for secondary structure prediction

APMAP
3vls.1

APMAP
3vls.1

APMAP
3vls.1

APMAP
3vls.1

APMAP
3vls.1

Model 01

VISR = ————=

Model 01
3vls.1l.A

Model 01
3vls.l.A

ESPIDPQPLSFKEPPLLLGVLHPNTKLRQAERLFE-NQLVGPESIA-HIGDV-MFTGTADGRVVKLEN-G-EIETIARFG
—————————————————————————————— KEILIEAPSYAPNSFTFDSTNKGEYTSVQDGRVIKYEGPNSGEFVDFAYAS

S—----GPCKTR---DDEPVCGRPLGIRAGP-NGTLFVADAYKGLFEVNPWKREVKLLLSSETPIEGKNMSEFVNDLTVTQ-
PYWNKAFCENSTDAEKRPLCGRTYDISYNLONNQLYIVDCYYHLSVVGSEGGHATQL---ATSVDGVPFKWLYAVTVDQR

DGRKIYFTDSSSKWQRRDYLLLVMEGTDDGRLLEYDTVTREVKVLLDQLREFPNGVQLSPAEDFVLVAETTMARIRRVYVS
TG-IVYFTDVSTLYDDRGVQQIMDTSDKTGRLIKYDPSTKETTLLLKELHVPGGAEVSADSSFVLVAEFLSHQIVKYWLE

GLMKGGADLEFVENMPGEFPDNIRPSSSGGYWVGMSTIRPNPGFSMLDFLSERPWIKRMIFKLFSQETVMKFVPRYSLVLEL
GPKKGTAEVLVK-IPN-PGNIKRNADGHFWVSSSEELD----- GNMHGRVDP-----=—=—-—-—-———————————— KGIKF

SDSGAFRRS--LHDPDGLVATYISEVHEHDGHLYLGSFRSPFLCRLSLQAV
DEFGNILEVIPLPPPFAG--EHFEQIQEHDGLLYIGTLFHGSVGILVYD--

ESPIDPQPLSFKEPPLLLGVLEPNTKLRQAEREEE N

=D E gg Cezrdross
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