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Zusammenfassung

1. Zusammenfassung

Das Merkelzellpolyomavirus (MCPyV) ist eines von 14 humanen Polyomaviren (hPyV) und stellt,
zusammen mit JCPyV, BKPyV und Trichodysplasia spinulosa Polyomavirus, eines von vier klinisch
relevanten hPyVs dar. Obwohl es im Grofiteil der Bevolkerung asymptomatisch persistiert, kann es
in seltenen Fallen, wie zum Beispiel bei immunsupprimierten oder dlteren Menschen, zur Entstehung
des sehr aggressiven Hautkrebses, dem Merkelzellkarzinom (MCC), fithren. MCPyV ist das einzige
hPyV, welches Tumore im eigenen Wirt hervorruft. Dabei spielen das kleine Tumorantigen (sT) und
eine tumorspezifische C-terminal verkiirzte Variante des groflen Tumorantigens (tLT) eine
entscheidende Rolle. So konnte zum Beispiel gezeigt werden, dass die sT Expression in
Rattenfibroblasten zu deren in vitro Transformation fithrt und die transgene sT Expression in p53-
defizienten Mdusen MCC &hnliche Tumore hervorruft. Die Zellzyklusdysregulation durch die
Inaktivierung des LT LxCxE-motivgebundenen pRbs stellt einen weiteren wichtigen Faktor in der
Tumorgenese dar. Neben verkiirzenden und tumorspezifischen LT Mutationen, die zum Verlust der
Origin binding domain (OBD) und der Helikase fithren und eine viralen Replikationsdefizienz zur
Folge haben, ist das virale Genom monoklonal und tumorspezifisch in MCC Zellen integriert. Wahrend
des permissiven Lebenszyklus ist das LT ohne Trunkierungsmutationen an der viralen Replikation
beteiligt. Es bindet den viralen origin of replication (ori) mittels OBD und entwindet anschlief3end das
virale Genom mit Hilfe der Helikase.

Das MCC ist ein sehr aggressiver Tumor mit einer vom initialen Tumorstadium abhangigen 5-Jahres
Uberlebensrate von 62-25%. Vorhandene Behandlungsméglichkeiten haben sich durch die
Einfiihrung der Immuntherapie bereits deutlich verbessert, jedoch zeigen PD-1/PD-L1
Immuncheckpoint Inhibitoren bei einem erheblichen Anteil der MCC Patienten keine Wirkung. Da die
T Antigene eine entscheidende Rolle im viralen Lebenszyklus und in der Entstehung von MCC spielen,
ist deren atomare Struktur als Ansatzpunkt fiir neue Behandlungsmethoden von hoher Bedeutung.
Bislang konnte jedoch nur eine Teilstruktur eines MCPyV T Antigens, die LT OBD, gelost werden und
auch dartber hinaus ist keine vollstindige Proteinstruktur eines PyV LTs bekannt. Lediglich die
Struktur von SV40 sT ist verfligbar. Neben dem unmittelbaren therapeutischen Nutzen kénnen mit
Hilfe der Proteinstruktur auch bisher unbekannte T Antigenfunktionen und neue Protein-Protein
Interaktionen aufgedeckt werden. Dies ist insbesondere fiir LT von Interesse, da die MCPyV LT Merkel
unique regions (MURs) keine Sequenzahnlichkeit zu anderen PyV LTs aufweisen und deren Funktion
grofdtenteils unbekannt ist. Im Rahmen dieser Arbeit wurden daher die MCPyV T Antigene, im
speziellen LT, biochemisch und strukturell analysiert. Da aufgrund der geringen

Proteinkonzentration und einer hohen Polydispersitit vorangegangene in  vitro
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Zusammenfassung

Kristallisationsansétze von E. coli-exprimiertem tLT nicht erfolgreich waren, wurde in dieser Arbeit
in cellulo Kristallisation verwendet. Die Kristalline Matrix der katalytischen Domane der Vielzeller-
spezifischen Kinase PAK4 und deren endogener Inhibitor Inkal wurde als Kristallisationshilfe der
MCPyV T Antigene in verschiedenen eukaryotischen Zelllinien verwendet. In cellulo Co-Kristalle von
tLT, sowie sT und trunkierten sT Versionen, konnten beobachtet werden, zeigten jedoch lediglich eine
geringe bis keine Rontgenbeugung. Aufbauend auf vorangegangenen Erkenntnissen wurde danach
eine transmissionselektronen-kryomikroskopische Einzelpartikelanalyse (cryoEM SPA) des LTs
durchgefiihrt. Das Protein wurde in Insektenzellen exprimiert, chromatographisch aufgereinigt und
die Polydispersitit und Aggregation durch Additive verringert. Zusatzlich wurde das LT-DNA
Bindeverhalten multipler Oligonukleotide untersucht. Es konnte gezeigt werden, dass der virale ori
LT am effektivsten stabilisiert, die hochste Bindungsspezifitit aufweist und dass die An- und
Abwesenheit von DNA die Bildung von LT Hexameren nicht beeintrachtigt. Aufderdem wurde eine LT
Stabilisierung in phosphathaltigen Puffern festgestellt, die jedoch, zusammen mit den
vorangegangenen Optimierungsschritten, nicht zu einer aggregatfreien und monodispersen
Proteinldsung fithrt. Ungeachtet dieser Einschrankungen konnte mittels cryoEM SPA das bisher erste
MCPyV LT Helikase Modell mit einer Auflssung von 6,8 A beschrieben werden. Interessanterweise
zeigt das Hexamer trotz der geringen Sequenzidentitidt von 33% eine ausgepragte strukturelle
Ahnlichkeit zu der SV40 LT Helikase. Griinde fiir die geringe Aufldsung sind eine bevorzugte
Partikelorientierung, Proteinaggregation und Polydispersitat, die moglicherweise durch die, als
unstrukturiert vorhergesagten, MURs hervorgerufen werden. Dariiber hinaus sind die MURs
moglicherweise auch ein Grund fiir das Fehlen der OBD und des LT N-Terminus in dem cryoEM SPA
Modell.

Zusammenfassend zeigt diese Arbeit das erste MCPyV LT Helikase Modell mit einer Auflésung von
6,8 A mittels cryoEM SPA. Trotz geringer Auflosung, beruhend auf Proteinaggregation,
Polydispersitit und einer bevorzugten Partikelorientierung, stellt das Modell einen ersten wichtigen

Schritt zur Entwicklung dringend bendtigter spezifischer antiviraler Therapiemoglichkeiten dar.
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Abstract

2. Abstract

The Merkel cell polyomavirus (MCPyV) is one of 14 human polyomaviruses (hPyV) and represents,
together with JCPyV, BKPyV and Trichodysplasia spinulosa polyomavirus, one of four clinically
relevant hPyVs. Although it persists asymptomatically in most of the population, in rare cases, such
as in immunocompromised or elderly people, it can lead to the development of the very aggressive
skin cancer, Merkel cell carcinoma (MCC). MCPyV is the only hPyV that causes tumors in its own host.
Thereby, the small tumor antigen (sT) and a tumor-specific C-terminally truncated version of the
large tumor antigen (tLT) play an essential role. For example, it has been shown that sT expression in
rat fibroblasts leads to their in vitro transformation and that transgenic sT expression in p53-deficient
mice provokes MCC-like tumors. Cell cycle dysregulation due to the inactivation of the LT LxCxE
motif-bound pRb represents another important factor in tumorigenesis. In addition to truncating and
tumor-specific LT mutations, leading to the loss of the origin binding domain (OBD) and the helicase
which results in viral replication deficiency, the viral genome is monoclonal and tumor-specifically
integrated into MCC cells. During the permissive life cycle, the full-length LT is involved in viral
replication. It binds the viral origin of replication (ori) via its OBD and subsequently unwinds the viral
genome by its helicase.

MCC is an aggressive tumor with a 5-year survival rate of 62-25%, depending on the initial tumor
stage. The introduction of immunotherapy has already substantially improved existing treatment
options, however, a significant proportion of the MCC patients do not respond to the PD-1/PD-L1
immune checkpoint inhibitors. Since the T antigens play a crucial role in the viral life cycle and the
development of MCC, their atomic structure can serve as a starting point for the development of new
treatment methods. However, only a single domain of a MCPyV T antigen, the LT OBD, could be solved,
and no complete protein structure of any PyV LT is known. For sT, only the SV40 structure is available.
In addition to serving as a drug target, the protein structure can reveal previously unknown T antigen
functions and novel protein-protein interactions. This is of particular interest for LT, as the MCPyV
LT Merkel unique regions (MURs) have no sequence similarity to other PyV LTs, and their function is
largely unknown. Therefore, in this work, the MCPyV T antigens, specifically LT, were biochemically
and structurally analyzed. Since previous in vitro crystallization approaches of E. coli-expressed tLT
were not successful, ascribed to low protein concentration and high polydispersity, in cellulo
crystallization was used in this work. The crystalline matrix of the catalytic domain of the metazoan-
specific kinase PAK4 and its endogenous inhibitor Inkal was used as a crystallization aid for the
MCPyV T antigens in various eukaryotic cell lines. In cellulo co-crystals of tLT, as well as sT and

truncated sT versions, could be observed, but showed little to no X-ray diffraction. Based on preceding
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Abstract

findings, transmission electron cryo-microscopy single particle analysis (cryoEM SPA) of LT was
thereafter performed. The protein was expressed in insect cells, chromatographically purified, and
the polydispersity and aggregation were reduced by additives. In addition, the LT-DNA binding
behavior of multiple oligonucleotides was investigated. It could be shown that the viral ori stabilizes
LT most effectively and reveals the highest binding specificity. Furthermore, it was demonstrated that
the presence and absence of different oligonucleotides did not affect LT hexamer formation. In
addition, LT was found to be stabilized in phosphate-containing buffers, which, together with the
preceding optimization steps, did not result in an aggregate-free and monodisperse protein solution.
Notwithstanding these limitations, the first MCPyV LT helicase model with a resolution of 6.8 A has
been generated by using cryoEM SPA. Interestingly, despite the low sequence identity of 33%, the
hexamer shows a pronounced structural similarity to the SV40 LT helicase. Reasons for the
intermediate resolution are preferential particle orientation, protein aggregation, and polydispersity,
possibly caused by the MURs, which are predicted to be unstructured. In addition, the absence of the
OBD and the LT N-terminus in the cryoEM SPA model may also be attributed to the MURs.

In summary, this work provides the first MCPyV LT helicase model with a resolution of 6.8 A, using
cryoEM SPA. Despite its intermediate resolution, based on protein aggregation, polydispersity, and
preferential particle orientation, the model represents an important initial step towards the

development of specific antiviral therapies.
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3. Introduction

3.1.Polyomaviruses

Polyomaviruses (PyVs) are small non-enveloped DNA viruses with an icosahedral virion size of 40-
45 nm, composed of 72 pentameric capsomers. They belong to the family of Polyomaviridae, are
ubiquitously present, and infect mammals, birds, and fish. PyVs comprise a circular double-stranded
genome with a size of approximately 5 kilobase pairs (kbp), encoding only 5-9 proteins. They show
restricted host range and cell tropism. With the Murine polyomavirus (MPyV), the first representative
was discovered in 1953 (Gross, 1953). It could be shown that it induces multiple tumors in newborn
mice and hamsters from where the name poly (=many) and oma (=tumor) originates (Stewart et al.,
1957, 1958). The second polyomavirus, Simian virus 40 (SV40), was discovered and isolated from
latently infected rhesus monkey kidney cells as a contaminating agent of the Polio vaccine (Eddy et
al,, 1962; Sweet & Hilleman, 1960). It could be shown that SV40 induces tumors in newborn hamsters
and transforms human cells in vitro, leading to serious public health concerns. However, long-term
follow-up studies on affected subjects proved no increased cancer occurrence in these individuals,
leading to the assumption that SV40 is not associated with human tumorigeneses (Ea et al., 2003;
Mortimer et al.,, 1981). Independent of health concerns, MPyV and SV40 served as model organisms
to study eukaryotic DNA replication, viral life cycle, and tumorigenesis, substantially contributing to
today’s knowledge about basic molecular processes (Howley & Livingston, 2009). The first human
polyomaviruses (hPyVs), JC polyomavirus (JCPyV) and BK polyomavirus (BKPyV), were discovered
in 1971 and named after their index case patients. JCPyV was recovered from the brain of an immune-
suppressed patient suffering from progressive multifocal leukoencephalopathy (PML) (Padgett et al.,
1971). BKPyV was isolated from the urine of a renal transplant patient and can cause polyomavirus-
associated nephropathy (PVAN) or hemorrhagic cystitis in kidney and hematopoietic stem cell
transplant patients, respectively. Until now, it is under debate whether these PyVs are associated with
tumorigenesis such as colorectal, prostate, and bladder cancer (Taherkhani & Farshadpour, 2022; C.
Shen et al,, 2021; Shoraka et al., 2020). According to the virus taxonomy 2021 release, 117 existing
PyVs are grouped in six genera, including 14 hPyVs (online available at http://ictv.global /taxonomy
accessed on 24 February 2023). In Figure 1, the phylogenetic relationship of the hPyVs (blue) and
their closest animal relatives (black) is shown, based on the primary structure of the large tumor

antigen (LT). The recently discovered Quebec polyomavirus (Ondov et al., 2019) is not included.
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Figure 1: Phylogenetic tree of human polyomavirus large tumor antigen amino acid sequences and their closest animal
relatives. Depicted are all human polyomaviruses known until 2015 (blue) and their closest animal relatives (black)
(Grundhoff & Fischer, 2015).

The seroprevalence of PyVs in healthy adults varies between 25-90% (DeCaprio & Garcea, 2013; Kean
et al, 2009), but the route of infection and transmission is frequently nuclear. Respiratory
transmission was suggested for JCPyV and BKPyV since these viruses are often found in tonsillar
tissue (Monaco et al., 1998; Goudsmit et al., 1982). PyV shedding in urine and feces argues for a
fecal/urine-oral transmission (Vanchiere et al.,, 2009; Kitamura et al., 1990), while contaminated food
and water is also suggested as source for PyV infections (Bofill-Mas et al., 2001). Skin-to-skin contact
is proposed as a transmission pathway for cutaneous PyVs, such as MCPyV, which is frequently shed
from the skin of healthy individuals (Schowalter et al., 2010). Primary asymptomatic infection occurs
often in childhood, followed by a clinically inapparent life-long persistence. However, in
immunocompromised individuals, PyVs can re-activate, causing pathologies such as trichodysplasia
spinulosa (TS), PML, PVAN, or Merkel cell carcinoma (MCC). These complications are linked to
Trichodysplasia spinulosa polyomavirus (TSPyV) (van der Meijden et al., 2010), BKPyV, JCPyV, or
Merkel cell polyomavirus (MCPyV) (H. Feng et al., 2008), respectively, which are the only clinically
relevant hPyVs known to date. Of these four hPyVs, MCPyV has the unique feature of causing

tumorigenesis in its host, which will be discussed in more detail in the following paragraphs.
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3.2.Merkel Cell Polyomavirus

Cancer is a serious health concern worldwide and infectious agents account for approximately 17%
of all human tumors (Tempera & Lieberman, 2021). Next to Helicobacter pylori, causing gastric cancer
and gastric mucosa-associated lymphoid tissue lymphoma (Hatakeyama, 2019), seven human tumor
viruses have been identified and classified as carcinogenic agents. Among the most prominent cancer-
causing viruses are human papillomavirus (HPV), which can be the causative agent of cervical
carcinomas. Hepatitis B virus (HBV) and hepatitis C virus (HCV) are responsible for hepatocellular
carcinoma. The Epstein-Barr virus (EBV) is associated with Burkitt’s and Hodgkin lymphoma and
nasopharyngeal carcinoma. The human adult T-cell leukemia virus type 1 (HTLV-1) and the Kaposi’s
sarcoma-associated herpesvirus (KSHV) also belong to the human tumor viruses and cause T-cell
leukemia (HTLV-1) and Kaposi’s sarcoma primary effusion lymphoma and Castelman’s disease
(KSHV) (Zapatka et al., 2020). The last representative, MCPyV, causes MCC and was discovered in
2008 as the fifth hPyV by digital transcriptome subtraction of sequenced MCC specimens (H. Feng et
al., 2008). It is isolated from 80% of the skin of healthy subjects, indicating that it is a constituent of
the human skin microbiome (Pastrana et al., 2012; Schowalter et al., 2010). A seropositivity for the
viral capsid protein VP1 is detected in 42-80% of all tested individuals (Kean et al., 2009; Tolstov et
al,, 2009), whereas only 0.9-2% show antibodies against the early tumor antigens (T antigens)
(Paulson et al, 2010). The high MCPyV seropositivity among humans could underlie multiple
transmission routes, such as fecal-oral, based on detecting MCPyV DNA in the gut, gastrointestinal
tract, and sewage (Campello et al., 2011; Loyo et al., 2010; Bofill-Mas et al., 2010). Krump and
colleagues suggest cutaneous infection of UV-irradiated or abraded skin, consistent with a constant
shedding of nuclease-resistant MCPyV DNA from human skin and its presence on environmental
surfaces (Krump & You, 2021; Foulongne et al., 2011; Schowalter et al., 2010). Detection of MCPyV in
the aerodigestive tract argues for a respiratory transmission route (Babakir-Mina et al., 2010; Kantola
etal,, 2009; Tolstov et al., 2009).

After first exposure in early childhood, MCPyV establishes a life-long persistence indicated by a rising
seroprevalence with age (Nicol et al,, 2013; T. Chen et al., 2011; Viscidi et al., 2011). In rare cases,
preceding immunosuppression, UV-irradiation, or old age, the asymptomatic persistent infection
results in MCC establishment. The ability to induce tumors in its host is shared by the raccoon
polyomavirus (RacPyV), causing brain tumors (Dela Cruz et al, 2013), the lymphoma and
epithelioma-inducing hamster polyomavirus (HaPyV) (Barthold et al., 1987; Graffi et al., 1969), and
MPyV (Stewart et al., 1957). Despite the close relationship between MCPyV and RacPyV (Figure 1),
the latter exists as an episome in transformed cells, contrary to the genomically integrated MCPyV

genome, which will be discussed in the following (H. Feng et al., 2008).
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3.2.1. Genome structure

The double-stranded MCPyV genome, which is present as episomes during the replicative viral life
cycle and clonally integrated during MCC, comprises the early region, the late region, and the non-
coding control region (NCCR) (Figure 2A). The former encodes the non-structural proteins small
tumor antigen (sT), LT, 57K, and the alternative frame of the LT open reading frame (ALTO), which
are mainly expressed in the early course of infection. Due to the restricted genome size of 5.4 kbp, sT,
LT, and 57k are produced via alternative splicing. At the same time, ALTO is made by utilizing an
alternate start codon and a +1 frameshift to the second LT exon (Carter et al., 2013). The major drivers
of tumorigenesis are sT and LT, while LT holds an additional role in viral replication. Contrarily, the
functions of 57K and ALTO are primarily unknown. A detailed description of the early gene products
will be provided in 3.3.

The late coding region is arranged in anti-sense to the early region and expresses the structural
proteins VP1 and VP2. They are expressed after viral replication initiation and form the viral capsid.
Similar to other PyVs (Sullivan et al., 2009; Seo et al.,, 2008), MCPyV encodes a viral micro RNA
(miRNA), miR-M1, which is located anti-sense to the early region within the second LT exon. It is
expressed late during infection and is shown to autoregulate early gene expression and viral
replication by using the RNA-induced silencing complex (RISC) (Theiss et al., 2015; Seo et al., 2009).
It is suggested that miR-M1 is an essential viral tool for establishing persistence (Theiss et al., 2015).
In addition, miR-M1-5p, having a two nucleotide shift compared to miR-M1, is detected in MCC cell
lines (Lee et al, 2011). The NCCR separates the early and late region and harbors, next to bi-
directional promoter elements for the early and late gene expression, the origin of replication (ori).
Rearrangements of the NCCR, which are linked to enhanced pathogenesis and viral replication in
BKPyV and JCPyV, could not be observed for MCPyV thus far (Gosert et al., 2010, 2008). The ori is
essential for the initiation of viral replication and harbors ten GRGGC pentanucleotides (M1-10)
(Kwun et al., 2009) (Figure 2D), differing from only six pentanucleotides in SV40, BKPyV, and JCPyV,
and seven within the MPyV ori (C. Harrison et al., 2011). The minimal core ori of 71 bp is
indispensable for replication and consists of the 5” AT-rich region, the 1/2 site, the 3" AT-rich region,
and M7-8, which are located in the early enhancer. M1-6 are asymmetrically arranged as inverted
repeats within Site 1/2. This arrangement allows a head-to-head formation of a LT double-hexamer,
vital for DNA unwinding, which is shown intensively for SV40 (Cuesta et al., 2010; Joo et al., 1998;
Dean et al., 1987). Interestingly, M3 provides an imperfect GRGGC sequence that is not bound to the
origin-binding domain (OBD) in the crystal structure (Figure 5B), and which is shown to be irrelevant
for viral replication, similar to M5-6 (C. Harrison et al, 2011; Kwun et al, 2009). In contrast,

replication of SV40 and MPyV requires all four motifs located within the core ori (Joo et al., 1998;
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Dean et al., 1987). M1-6 are flanked by two easily melted AT-rich regions, which prime ori unwinding
via the LT helicase (Deb et al., 1986). While SV40 M5-6, located in site 1, are indispensable for viral
replication, MCPyV M7, located in the analog early enhancer, is required for replication initiation
(Kwun et al., 2009). Interestingly, M7 is naturally disrupted in the tumor-derived MCC350 viral strain
(H. Feng et al,, 2008). Another difference between MCPyV and SV40 reflects the DNA motif spacing,
which is vital for a coordinated OBD binding (Parsons & Tegtmeyer, 1992). MCPyV ori comprises a
two-nucleotide spacer between the inner and outer motif sets, while M2 and 3 overlap. In contrast,
SV40 and related PyVs harbor one nucleotide between each pentanucleotide, making an ori
interchange between viruses impossible (Shuda et al., 2008). Taken together, the ori differences
between SV40, MPyV, and MCPyV hint towards a distinct and more complex MCPyV replication

mechanism compared to other PyVs.
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Figure 2: Structure of MCPyV genome. (A) The early region, encoding the small tumor antigen (sT, turquoise), large tumor
antigen (LT, dark blue), 57K (blue), and the alternative frame of the LT open reading frame (ALTO, light blue) is depicted in
sense direction. Additionally, the micro RNA (miR-M1, red) is located anti-sense to the second LT exon. The late region is
arranged antisense to the early region and harbors the viral capsid proteins VP1 (light red) and VP2 (red). The early and
late region flank the non-coding control region (NCCR, black), including the origin of replication (ori). The genome has a
total size of 5.4 kilobase pairs (kbp). (B) MCPyV ori. The ori comprises a 5" and 3" AT-rich region, which flank site 1/2, and
the early enhancer. It harbors nine complete GRGGC pentanucleotides (M1, 2, and 4-10, purple) and one imperfect GRGGC
motif (M3, light purple). The arrows mark sense or antisense of the motifs.
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3.2.2. MCPyV life cycle

Incomplete knowledge about the MCPyV host reservoir and the strict host tropism impedes a
comprehensive examination of the viral life cycle and MCC establishment. Therefore, many insights
into the viral biology are obtained by exploiting patient-derived MCC cell lines such as MKL-1 (Rosen
etal,, 1987), MS-1 (Guastafierro et al., 2013), and WaGa (Houben et al., 2010), which are challenging
to grow in vitro and are defective in lytic replication (3.4.1).

Liu and colleagues suggest human dermal fibroblasts as host cells which support virus entry,
transcription and translation as well as infectious particle production (W. Liu et al., 2016). However,
these results remain to be verified by independent research groups. Succeeding studies screened
various isolated animal dermal fibroblasts to identify a potential animal model to study the viral life
cycle, showing that only chimpanzee dermal fibroblasts support the entire MCPyV viral life circle (W.
Liu et al., 2018). This is not surprising since the chimpanzee PyV (ChPyV) is closely related to MCPyV
(Figure 1). The use of MCPyV-mammalian chimeric viruses could therefore overcome the challenges
of an animal model (W. Liu et al.,, 2018). Nonetheless, xenograft and transgenic mouse models were
established to study MCPyV tumorigenesis and metastasis (Knips et al., 2017; Verhaegen et al., 2017;
Guastafierro etal.,, 2013; Houben et al,, 2012; Verhaegen et al., 2022). In addition, the semi-permissive
in vitro model can be utilized to study viral replication and transcription. The human cell lines H1299,
HEK293, or PFSK-1 cells are transfected with an E. coli-amplified, re-circularized MCPyV genome,
permitting replication without the formation of infectious virions (Neumann et al., 2011).

MCPyV cell entry was examined by exploiting a recombinant, GFP-incorporating MCPyV pseudovirus,
comprising VP1 and VP2. It was shown that MCPyV binds to sulfated glycosaminoglycans (GAGs) as
an initial attachment receptor, similar to HPV16 (K. M. Johnson et al.,, 2009), followed by the
interaction with sialylated glycans (Schowalter et al., 2011). These receptor-virus interactions are
mediated by exposed apical VP1 loops (Bayer et al., 2020). Since sulfated and sialylated glycans are
ubiquitously expressed on cell surfaces while in vitro and in vivo MCPyV propagation is still
challenging, it is evident that viral entry is not the limiting factor. Additionally, thus far unknown
prerequisites need to be fulfilled to support the viral life cycle. Alongside, Becker et al. suggest a
bottleneck of virion trafficking from the endosome to the ER, which could hinder the viral life cycle
(M. Becker et al., 2019).

After initial attachment, MCPyV enters the cell by caveolar/lipid raft-mediated endocytosis, similar to
SV40 (Norkin et al, 2002; Anderson et al, 1996), and travels the endosomal pathway to the
endoplasmic reticulum (ER). The release of viral DNA into the host nucleus, however, is still elusive.
It was suggested that MCPyV depends on mitotic nuclear membrane breakdown, similar to HPV16

(M. Becker et al.,, 2019; Aydin et al,, 2014; Pyeon et al., 2009). Once the histone-decorated viral DNA
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has entered the nucleus, early gene transcription takes place, which can be activated by LT but is
significantly controlled by cellular factors (Ajuh et al., 2018; Moens et al., 2015).

Viral replication is initiated by recognizing conserved GRGGC DNA motifs located within the ori of the
viral NCCR via the LT OBD (C. Harrison et al,, 2011; Kwun et al.,, 2009) (3.2.1). Thereafter, the helicase
of the LT C-terminus assembles onto the viral ori as an active double-hexamer with a head-to-head
orientation for DNA unwinding. Next to helicase activity, LT recruits cellular replication factors onto
the DNA, such as Brd4, to enable host polymerase-mediated viral replication, as described in
3.3.13.3.1 (X. Wang et al.,, 2012). The interaction of LT and pRb via the LxCxE motif inhibits the pRb-
mediated S phase entry control, which is beneficial for viral replication and which is mutated in
various cancers (Borchert et al., 2014; Shuda et al., 2008). Viral replication is also supported via
conserved iron-sulfur clusters of the sT C-terminus (Tsang et al., 2016) and by sT LSD-mediated LT
stabilization (3.3.2) (Nwogu et al.,, 2020b; Kwun et al., 2013; H. Feng et al,, 2011; Kwun et al., 2009).
In addition, activation of the DDR plays a crucial role during viral replication. It is demonstrated that
components of the DDR, such as ataxia telangiectasia and Rad3-related protein (ATR) and pChk2,
colocalize with LT in viral replication centers. However, the exact molecular mechanism of how DDR
contributes to viral replication remains unknown (Tsang et al., 2014).

Tumor-derived LT reveals truncating mutations within its C-terminus, leading to replication
deficiency, which is supported by nucleotide mutations within the ori of, for example, the MCC cell
line MCC350 (H. Feng et al., 2008; Shuda et al., 2008). Expression of the late genes, comprising VP1
and VP2, leads to the formation of new virions whose icosahedral capsid structure could be elucidated
in 2020 and is shown in Figure 3A. The structure reveals a distinct disulfide pattern attributed to the
Cys24, which is not conserved among PyVs. Additionally, MCPyV VP1 comprises a basic C-terminal
extension, which lacks homology and which is essential for VP1 stability (Bayer et al., 2020). MCPyV
does not express the N-terminal truncation of VP2, called VP3 (Schowalter & Buck, 2013). This
contradicts SV40 and MPyV, where VP2 and VP3 contribute to the infectious entry process (Inoue &
Tsai, 2011; Nakanishi et al., 2007; Daniels et al., 2006; Sahli et al,, 1993). A role of VP2, located in the
capsid interior, in the infectious cell entry could also be demonstrated for MCPyV but does not apply
to all tested cell lines (Schowalter & Buck, 2013) (Figure 3C). The egress of newly formed virions
completes the viral life cycle and is realized by cell lysis for SV40, BKPyV, and JCPyV. Alongside,
hijacking extracellular vesicles to overcome cellular boundaries is reported for BKPyV and JCPyV and
is also investigated for MCPyV, whose exact egress mechanism is still under debate (Handala et al.,
2020; O’Hara et al,, 2020; Morris-Love et al,, 2019).

The fact that 60-70% of the human population is MCPyV positive hints towards a latent state of the

virus. Despite the lack of knowledge about the site of viral persistence, Theiss and colleagues could
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show that the viral miR-M1 supports the presence of the viral genome and LT in MCPyV genome
transfected PFSK-1 cells over several months. Additionally, it controls early gene transcripts,
suggesting an essential role in viral latency (2015). Along this line, SCF E3 ligase-mediated LT
degradation is proposed as a novel MCPyV latency mechanism (Kwun et al., 2017).

Although profound knowledge of MCPyV has been accumulated over the past decade, important
insights into the viral life cycle, such as the cellular reservoir, factors for virus entry, and egress

mechanisms, are still missing, making it difficult to study MCPyV.

Figure 3: PyV virion and capsid structure. (A) Crystal structure of the icosahedral MCPyV capsid. It comprises 72 capsomers,
built out of 360 VP1s. Six different VP1 conformations, a (cyan), a’ (purple), a” (green), 8 (red), ' (blue), and y (brown),
exist. The 12 a-VP1 pentamers are located at the capsomer vertices at a 5-fold symmetry axis and are surrounded by 60 o’-
o”’-B-p’-y pentamers (Bayer et al,, 2020). (B) Purified MCPyV viral-like particles (VLPs). Negative stain TEM of purified, DNA-
filled VLPs composed of VP1 proteins (Bayer et al, 2020). (C) Schematic representation of a deltapolyomavirus cross-
section. It comprises VP1 (green), VP2 (dark green), VP3 (light green), and histone (blue) encircling viral DNA (purple).
Contrarily, MCPyV (alphapolyomavirus) does not comprise VP3 (from ViralZone, Swiss Institute of Bioinformatics).

3.3.The tumor antigens

MCPyV expresses four early gene products (Figure 4A), of which sT and LT were ascribed to the
unique role of MCPyV to induce tumorigenesis in its host (Houben et al.,, 2012, 2010). On the contrary,
the role of 57K and ALTO is still mainly unknown. Despite lacking sequence similarity, ALTO is related
to the highly transforming middle tumor antigen (MT) of MPyV. It is expressed during replication,
while a role in viral replication could not be demonstrated thus far (Carter et al., 2013). ALTO-
encoding circular RNAs could be detected in MCC. However, their translation is negatively controlled
by MCPyV-encoded miRNAs. It is suggested that ALTO functions as a transcriptional enhancer of host
genes involved in MCPyV pathogenesis since a significant upregulation of proteins involved in the

inhibition of NF-kB signaling is observed upon ALTO expression (Yang et al., 2021).
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57K shares the amino acids 1-332 and 718-817 with LT, while most of the LT OBD and helicase are
absent. Since 57K is highly conserved among MCPyV strains, it is thought to be involved in viral
survival and propagation, whereas a role in viral replication could be excluded (Kwun et al., 2009).

In the following, however, the focus is set on sT and LT, while 57K and ALTO will not be addressed
further since their function is still largely elusive. Additionally, an overview of solved PyV T antigen

structures is given in Table S 5.
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Figure 4: Domain organization of the MCPyV early region gene products. (A) The early region encodes sT, LT, and 57K, which
are produced via alternative splicing and share the N-terminal DnaJ domain (blue). Next to the Dna]j, sT harbors a LT
stabilizing domain (LSD, yellow). LT and 57K also share the Merkel unique region I and II (MURI and II, green), which flank
the retinoblastoma protein (pRb) binding site LXCXE (red). The replication activity of LT is given by the origin-binding
domain (OBD, light blue) and the C-terminal helicase, which comprises a zinc finger (purple) and an ATPase domain
(orange). 57K is spliced a second time within the LT OBD, thereby losing replication activity, and shares the last 100 amino
acids with LT. ALTO (turquoise) reveals a +1 frame shift relative to the second LT exon and utilizes an alternate start codon.
The amino acids are shown below each construct, except those of the LxCxE motif. On the right side, the molecular weight
of the proteins is depicted. (B) Prediction of the intrinsically disordered region of LT. Predictions above a threshold of 0.5
are considered intrinsically disordered. The prediction was performed with [UPred3 (Erddés et al.,, 2021).
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3.3.1. Large tumor antigen

The multi-domain protein LT is, with a size of 92 kDa, the largest early gene product. Its first 72 amino
acids harbor the DnaJ domain, which binds heat shock proteins 70 (Hsc70). This interaction is
mediated via the HPDKGG motif of amino acids 42-47 and is required for efficient viral replication in
cell culture (Kwun et al., 2009; Shuda et al, 2008). Additionally, abrogation of the DnaJ-Hsc70
interaction leads to the loss of the growth-promoting ability of LT by inhibiting retinoblastoma
protein (pRb) binding (Houben et al., 2015). The concerted interaction between LT, Hsc70, and pRb,
dissociating the DNA-bound Rb-E2F complex, which inhibits the transition into S-phase, was also
described for SV40 LT (Sullivan et al.,, 2000; Stubdal et al., 1997). The highly conserved interaction
between pRb and LT in PyVs is mediated by the LxCxE motif of amino acids 212-216 (Shuda et al,,
2008). The co-crystal structure of the SV40 LT DnaJ domain (blue) and the central pocket domain of
pRb (gray), which is the minimal region for E2F binding and essential for growth suppression, was
published by Kim et al. (2001) (Figure 5A). The LxCxE motif (bright green) is located within the
extended loop region and accounts for two-thirds of the binding interface with pRb. LT sequestration
of pRb upregulates the E2F-mediated transcription of cyclin E and survivin, amongst others, leading
to increased cell proliferation (Arora et al., 2012). Likewise, various other tumor virus proteins, such
as the HPV E7, the KSHV latency-associated nuclear antigen (LANA), and the adenovirus protein E1A4,
also target the pRb/E2F pathway to induce tumorigenesis (Mesri et al., 2014; X. Liu & Marmorstein,
2007). The pRb-binding motif is embedded in the serin-rich Merkel unique region I and II (MURI and
I1). They are predicted to be unstructured and show no sequence similarity to any known PyV (Nwogu
etal, 2020a; E. M. Johnson, 2010) (Figure 4B). Their function is not entirely understood, but it could
be shown that approximately 70% of human cancer-associated proteins harbor in silico predicted
intrinsically disordered domains (IDRs), suggesting an essential role in tumorigenesis (Iakoucheva et
al,, 2002). Further, multiple Skp, Cullin, F-box containing complex (SCF) E3 ligases-binding sites could
be identified. They contribute to the proposed autoregulatory function of the MURs, which is
suggested to be part of the viral latency mechanism (Kwun etal., 2017, 2013). However, controversial
results of LT stability upon deleting the MURs exist. Nwogu et al. report increased wild-type LT
stability and cell proliferation in hTERT-immortalized B] human foreskin fibroblasts (BJ-hTERT),
evoked by the removal of SCF E3 ligases binding sites (2020), while reduced truncated LT (tLT) levels
and unaffected growth promotion are observed by Houben et al. in MCC cell lines (2015). Further,
MURI binds the cytosolic vacuolar sorting protein Vamép and translocates it to the nucleus with the
aid of the LT nucleus localization signal (NLS) of amino acids 277-280 (X. Liu et al., 2011; Nakamura
et al, 2010). The LT-dependent nuclear sequestration of Vamé6p disrupts lysosomal clustering,

repressing viral replication and virion production (H. Feng et al., 2011). A second binding partner of

10
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the LT N-terminus (amino acids 1-404) is the bromodomain protein 4 (Brd4), which positively
influences viral replication by recruiting replication factor C (RFC) to the replication sites (X. Wang et
al,, 2012). Downstream of MURII, two phosphorylation sites, T297 and T299, also contribute to viral
replication by modifying the LT-ori affinity, thereby showing antagonistic effects (Diaz et al., 2014).
Interestingly, phosphorylation also regulates SV40 replication by enabling cooperative double-
hexamer interactions, which is not observed for MCPyV LT thus far (Barbaro et al., 2000; Weisshart
etal., 1999). Along this line, it could be shown that MCPyV LT-ori interaction was enhanced by binding
the cellular ubiquitin-specific processing protease 7 (Usp7) via multiple P/A/E-x-x-S motifs, present
predominantly in the MURs (Czech-Sioli et al., 2019). A similar mechanism was described for the EBV
DNA-binding protein, Epstein-Barr nuclear antigen 1 (EBNA1), whose binding to the family of repeats
(FR) element of the ori is stimulated by Usp7 (Sarkari et al., 2009; Holowaty et al., 2003).

Interaction between the viral ori and LT is mediated by the OBD of amino acids 308-433, whose
structure was published in 2011 (Figure 5B). It is the only known structure of a MCPyV LT domain
and reveals an asymmetrical binding to the ori, similar to MPyV (C. Harrison et al,, 2011, 2013) but
contrary to SV40 (Bochkareva et al., 2006). It primes viral replication initiation by recognizing the
GRGGC DNA motif and coordinating the helicase onto the ori. For SV40, it could be shown that the
replication-essential loading of the replication protein A (RPA) onto single-stranded DNA (ssDNA) is
mediated by the interaction with the OBD (X. Jiang et al., 2006). This interaction was structurally
investigated by NMR chemical shift perturbation and is also conceivable for MCPyV OBD (Arunkumar
etal, 2005).

The LT C-terminus harbors a zinc finger and an ATPase domain, which constitute the helicase,
elaborated in detail in the superfamily 3 helicases paragraph. Since extensive studies of the MCPyV
helicase are lacking, data from SV40 helicase will be quoted in the following. The most comprehensive
structure of any PyV LT comprises the OBD-helicase of SV40 bound to the viral ori (Figure 5C). The
helicase-OBD (blue and red) aligns as a dimer onto the DNA (black), which may reflect the initial state
of assembly of an active hexameric helicase. Surprisingly, only one OBD interacts with a GRGGC motif,
while the other interacts with a CpG dinucleotide within the minor groove of the ori (Y. P. Chang et
al,, 2013). Similar to the OBD, the LT helicase recruits important cellular replication factors onto the
DNA to initiate replication. For example, the co-crystal structure of the helicase bound to the
regulatory subunit of the DNA polymerase a-primase could be elucidated by Zhou et al. in (2012)
(Figure 5D). The interaction between the helicase and the topoisomerase [ was also reported (Khopde
& Simmons, 2008). Despite many similarities, p53 binding differs between the MCPyV and SV40
helicases. The latter binds directly to the tumor suppressor protein p53 and inhibits p53-mediated

transcription, resulting in the evasion of senescence and apoptosis (Pipas and Levine 2001; Symonds
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et al. 1994; Jian et al. 1993, Bergonetti et al 1992). Its co-crystal structure could be elucidated by
Lilyestrom and colleagues (2006). Similar interactions are reported for the oncoproteins HPV E6 and
EBV BZLF1, contrary to MCPyV and MPyV, which lack direct p53 interaction (Martinez-Zapien et al.,
2016; Cheng et al.,, 2013; Sato et al,, 2009; Dilworth, 1990). However, a significant reduction of p53-
dependent transcription by full-length MCPyV LT was reported (Borchertetal., 2014). Contrarily, p53
activation was observed upon LT-pRb binding, which is antagonized by the co-expression of sT and
will be described in more detail below (Park et al., 2019; Cheng et al., 2013).

Next to its helicase activity, MCPyV LT C-terminus evokes cellular growth inhibition. It induces a DNA
damage response (DDR), which is crucial for viral replication (Tsang et al., 2014), but also leads to
p53 activation and cell cycle arrest (Cheng et al,, 2013; J. Li et al., 2013). This is contrary to SV40 LT,
which induces DDR but simultaneously inhibits p53 to support viral replication (]J. Li et al., 2013; Hein
et al., 2009). It could be demonstrated that the DDR-mediating Ataxia telangiectasia mutated (ATM)
kinase phosphorylates the recently identified chromatin remodeling T antigen binding partner,
KRAB-associated protein 1 (Kap1) (Siebels et al., 2020; Czech-Sioli et al., 2019). This leads to cellular
senescence, reflecting a host defense mechanism against viral replication (Siebels et al., 2020). Kap1-
mediated viral replication inhibition is also described for other DNA tumor viruses such as KSHV and
EBV (X.Lietal, 2017; Bentz et al., 2015; Sun et al,, 2014; Zhang et al., 2014). A critical role within the
growth-inhibiting features of the LT C-terminus can be ascribed to the last 100 amino acids of LT.
They are shared by the third exon of 57K and show cell growth retardation in a MCC cell line and in
SV40 immortalized human fibroblasts (Cheng et al., 2013). This observation is supported by the fact
that the ATM also phosphorylates LT S816, promoting growth inhibition and apoptosis (J. Li et al,,
2015). To summarize, full-length LT reveals growth-promoting properties in its N-terminus and
growth-inhibiting properties in its C-terminus. This seems beneficial to balance viral propagation and
uncontrolled cell growth, which would lead to the abrogation of viral production.

However, during the establishment of MCC, the growth-inhibiting features necessitate the negative
selection of the LT C-terminus. This negative selection is located within the region of amino acids 243-
329 (Borchert et al., 2014). The loss of the helicase and OBD results in replication deficiency which is
required for tumorigenesis (Shuda et al., 2008). Intriguingly, also SV40 and MPyV show enhanced
tumorigenesis by implementing replication deficiency (Manos & Gluzman, 1984; Prives et al., 1983;
Small et al.,, 1982; Lania et al., 1981; Israel et al., 1980). It was proposed that the helicase activity could
lead to unlicensed replication of the integrated viral genome, resulting in the aforementioned DDR
activation and cell death. However, observed DDR reduction by a mutated helicase could have
originated from reduced protein expression and needs to be further investigated (]. Li et al., 2013). In

contrast, the N-terminus of LT, including the pRb-binding motif, is always preserved, while the
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presence of the NLS varies between tumors (Houben et al., 2015; Borchert et al., 2014; Fischer et al,,
2010; Shuda et al,, 2008). To test the tumorigenic potential of tLT, it was co-expressed with sT,
resulting in a higher transformation capacity of primary rat epithelial cells in contrast to sT co-
expressed with full-length LT (Borchert et al., 2014). The importance of tLT in tumorigenesis was
further demonstrated by showing that the survival of a MCC cell line is dependent on the expression
of both, sT and tLT (Houben et al., 2010). Further, an increased binding affinity of tLT to pRb
compared to full-length LT was reported, highlighting the role of tLT in tumorigenesis (Borchert et
al,, 2014).

SV40

Figure 5: Crystal structures of PyV LT domains. (A) SV40 LT DnaJ domain (blue) with LxCxE motif (bright green) bound to
the pRb AB Box (gray). PDB: 1GH6. (B) MCPyV LT OBD (blue, red, and orange) bound to the viral ori (black). PDB: 3QFQ. (C)
Dimer of the SV40 LT OBD-helicase (blue and red) bound to the viral ori (black). PDB: 4GDF. (D) Hexamer of the SV40 LT
helicase (blue, red, green, beige, orange, and purple) bound to six regulatory subunits of the DNA polymerase a-primase
(gray). PDB: 4E2I.

The superfamily 3 helicases

The PyV LT helicases belong to the superfamily 3 (SF3), which are members of the ATPase associated
with a variety of cellular activities (AAA+) superfamily. Helicases use ATP hydrolysis to translocate
along DNA and RNA while unwinding. A plethora of distinct helicases exists, which are sorted into six
superfamilies and are involved in replication, nucleic acid repair, recombination, and transcription
(Tuteja & Tuteja, 2004; Patel & Picha, 2000). SF3 helicases were initially identified in small DNA and

RNA viruses, such as SV40, papillomaviruses, and adeno-associated viruses (AAV) (Iyer et al., 2004;
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Neuwald et al., 1999; Gorbalenya et al., 1990). These helicases are composed of an N-terminal zinc
finger, which is flexibly linked to a C-terminal ATPase. They hexamerize to form a complex of two
stacked rings with a central pore, expanding towards the N-terminus (Sanders et al., 2007; D. Li et al,,
2003). For maximum activity, the helicase requires the concerted action of a DNA-binding domain,
zinc finger, and ATPase.

Two working models exist on how hexameric helicases, comprising SF3-6, assemble onto nucleic acid.
In one, monomers are successively loaded onto the DNA until a closed hexamer is formed, which is
proposed for the papillomavirus E1 (Enemark et al.,, 2002). In the other, an open multimeric ring
encircles DNA with the help of a ring breaker, as shown for the SF6-associated mini chromosome
maintenance complex (MCM2-7) (Frigola et al.,, 2017; Samel et al., 2014; Davey & O’'Donnell, 2003).
An essential role in helicase oligomerization holds the zinc finger since it could be shown that
mutation of the zinc-binding residues disables hexamerization (D. Li et al., 2003; Loeber et al., 1991).
Mutating residues within the ATPase domain also reduces oligomerization, while the primary
function of this domain is ATP-binding and hydrolysis, providing energy for the helicase activity
(Wendler et al,, 2012; Greenleaf et al., 2008).

After hexamer loading, a cooperative double-hexamer is formed in a head-to-head orientation for ori
melting (Cuesta et al.,, 2010; Smelkova & Borowiec, 1998). The initiation of DNA unwinding follows
the dissociation of the double-hexamer into single hexamers, which bidirectionally unwind the
genome, as shown for SV40 (Yardimci et al., 2012). Thereby, double-hexamer disruption is mediated
by hyper-phosphorylation of LT (Sowd & Fanning, 2012; Weisshart et al,, 1999). Fork progression is
explained by the steric exclusion model in which one hexamer migrates along one ssDNA while the
other is sterically excluded from the central pore, as proposed for E1 and Mcm2-7 (Sowd & Fanning,
2012; Fu et al., 2011; Enemark & Joshua-Tor, 2006; Kaplan et al., 2003). Recently, this model was
refined via the first high-resolution structure of Mcm2-7 on a replication fork (Yuan et al., 2020). The
refined mechanism is called dam-and-division and includes dsDNA helicase entering. The DNA is
divided at the N-terminus of the zinc finger, followed by releasing the lagging ssDNA in front of the
zinc finger.

The ATPase core consists of a five-stranded beta sheet, flanked by multiple alpha helices (Figure 6A).
It shares five conserved motifs, called walker A (A, yellow), walker B (B, yellow), B (purple), C (light
yellow), and an arginine finger (R, blue) (Koonin, 1993). Motif C is unique to SF3 and is called sensor
1, while A, B, and R are conserved within all SFs. Motif B” and adjacent residues of the -hairpin loop
are involved in ssDNA binding and couple ATP hydrolysis to nucleic acid unwinding, as shown for
AAV2 Rep40 (Yoon-Robarts et al., 2004). ATP-binding and hydrolysis are realized in the interphase

of two adjacent helicase monomers. Thereby, motif B and A, also called phosphate binding-loop (P-
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loop), coordinate the water-activating magnesium ion and the (3 and y phosphate of ATP, respectively
(Saraste et al,, 1990; Walker et al,, 1982). Sensor 1, located in the 34 strand and separating motif A
and B, assists ATP hydrolysis by coordinating the nucleophilic attacking water via its conserved polar
asparagine, interacting with the y-phosphate. Mutation of the SV40 LT motif B or the sensor 1
abolishes ATPase activity, similar to mutation of R (Greenleaf et al., 2008). R links ATP hydrolysis to
locomotion and acts in trans. It senses the y-phosphorylation state of the cis-bound nucleotide and
unhitches upon ATP hydrolysis, causing the switch from a closed (nucleotide bound) to an open
(nucleotide unbound) helicase. For SV40, next to R, a non-canonical positive lysin charge contributes
to the formation of the ATP-binding pocket (Gai, Zhao, et al., 2004). Its mutation dampens ATP
hydrolysis and oligomerization, similar to R (Greenleaf et al., 2008).

In the scenario of sequential ATP hydrolysis, whereby three different binding states, ATP, ADP, or
empty, exist simultaneously within the same hexamer, bipartite ATP-binding leads to transient dimer
formation and hexameric asymmetry, which is observed in many ATPases (Guo et al.,, 2019; Stinson
et al,, 2015; Enemark & Joshua-Tor, 2006; Singleton et al., 2000). Interestingly, crystal structures of
the SV40 helicase reveal a six-fold symmetry, suggesting a concerted ATP hydrolysis rather than a
sequential one, which is supported by the observed all-or-none ATP occupancy (Gai et al., 2010; Gai,
Zhao, et al,, 2004; D. Li et al., 2003; Huang et al., 1998). Along this line, DNA-helicase interaction,
generally mediated by the -hairpin loops intruding the central pore, differs between SF3 members.
For E1, these loops are oriented in a spiral staircase, and their height corresponds to the catalytic
state of the ATP-binding pocket. During one ATPase cycle, each loop continuously binds the backbone
of one base, thereby pulling the ssDNA through the channel (Sanders et al.,, 2007; Enemark & Joshua-
Tor, 2006). Consequently, one hexamer cycle translocates six nucleotides through the channel by
hydrolyzing six ATPs and releasing six ADPs, which is called coordinated escort mechanism. The
direction of sequential ATP hydrolysis around the hexameric ring is thereby suggested to determine
the unwinding polarity, which is 3°-5" for SF3 and SF6, by a clockwise ATPase site firing (Thomsen &
Berger, 2009). Contrarily, the B-hairpin loops of the SV40 helicase show a planar arrangement,
suggesting mechanistic differences in the ATPase locomotion within the SF3 family (Lilyestrom et al,,
2006; Gai, Li, et al.,, 2004; D. Li et al., 2003).

Another difference between SF3 members originates within the unwinding initiation. The loading of
E1 onto nucleic acid relies on the helper protein E2, and ori melting is mediated by a transient E1
double trimer, inserting its 3 hairpins into the DNA to pry (Schuck & Stenlund, 2011; X. Liu et al,,
2007). Contrarily, LT recognizes and binds the ori independent of helper proteins, while its melting
mechanism is still largely elusive (Valle et al.,, 2006). It could be shown via transmission electron cryo-

microscopy single particle analysis (CryoEM SPA) that LT binds dsDNA, suggesting a squeeze-to-open
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mechanism for ori melting (Cuesta et al., 2010; Gai et al, 2010). The helicase central pore varies
between 7-15 A, depending on the occupancy of the ATPase active site. Its diameter is therefore too
small to fit dsDNA without its deformation (Gai et al.,, 2010; Gai, Zhao, et al., 2004). Additionally,
conformational rearrangements within the double-hexameric DnaJ domain and OBD were suggested

to be crucial for replication initiation (Cuesta et al., 2010).

\oLij:s,e |
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PCNA
Figure 6: Superfamily 3 helicases. (A) Topology diagram of the SV40 LT ATPase. 3-strands (yellow and purple) are shown
as arrows and a-helices (blue) as rectangles. a-helices located below the (3-sheet plane are colored in faint blue and those
above the plane in bright blue. Conserved motifs, comprising the Walker A (A), Walker B (B), Sensor 1 (C), B, and arginine
finger (R), are marked within the respective secondary structure. The B-hairpin loop, involved in ssDNA interaction, is
shown in purple. The P loop, which is part of A and involved in ATP-binding and hydrolysis, is marked in red. Broken lines
indicate non-resolved or missing secondary structures of the PDB file (1N25). The N- and C-terminus are marked with N’
and C". Modified from (Iyer etal., 2004). (B) Replisome of SV40.LT (blue), polymerase & (Pol §, light blue), replication protein
A (RPA, yellow), DNA polymerase o/primase (Pol a, orange), replication factor C (RFC, gray), proliferating cell nuclear
antigen (PCNA, green), ligase 1 (red), and flap endonuclease-1 (FEN1, light green) are involved in viral DNA (black)
replication. Modified from (Sowd & Fanning, 2012).

SV40 is one of the most extensively studied PyVs since it serves as a model system to elucidate the
molecular mechanisms of eukaryotic replication. The SV40 LT helicase remarkably resembles the
eukaryotic replication initiating helicase MCM2-7 in dimension, architecture, and loading onto the ori
(N. Li et al,, 2015; Cuesta et al,, 2010; Evrin et al., 2009; Remus et al., 2009; Gai, Zhao, et al., 2004).
Both belong to the AAA+ protein family, while MCM2-7 harbors additional DNA interaction loops
(Yuan et al., 2020; O’Donnell & Li, 2018). The atomic structure of the MCM2-7 double-hexamer was
published in 2015, while for the SV40 LT double-hexamer, only low-resolution information exists (N.
Lietal., 2015; Cuesta et al,, 2010).

Despite substantial similarities, the helicases differ in their composition. SF3 helicases build a mono-
hexamer contrary to MCM2-7, consisting of six unique subunits. The sequence identity between SV40
or MCPyV LT and MCM 2-7 is low, ranging between 6-9% (Figure S 1). Nevertheless, the protein
machinery of viral replication resembles that of host chromosomal replication (Figure 6B). Both
utilize RPA, DNA polymerase o/primase, replication factor C (RFC), proliferating cell nuclear antigen
(PCNA), and DNA polymerase y (Sowd & Fanning, 2012; Stillman, 2008). The DNA polymerase
o/primase interacts with LT/MCM 2-7 and is loaded onto the ori, synthesizing RNA primers (You et
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al,, 2013; Zhou et al., 2012). RFC displaces the DNA polymerase o/primase and places the ring-shaped
PCNA onto the DNA, which recruits the DNA polymerase y to synthesize progenitor DNA.

On the other hand, the SV40 replisome excludes fundamental host components such as the DNA
polymerase g, which is involved in lagging strand synthesis in eukaryotes and is substituted by the
DNA polymerase y in viral replication (Zlotkin et al.,, 1996). Additionally, the process of helicase
loading onto the DNA substantially differs between viral and eukaryotic replication. Interestingly,
Fanning and Sowd suggest that SV40 replication utilizes the host genome maintenance machinery
rather than the replication machinery (Sowd & Fanning, 2012). Evidence is provided by the fact that
SV40 and MCPyV activate the DDR for viral replication, leading to the presence of many DDR active
proteins, such as ATR, and the phosphorylated YH2AX histone and checkpoint kinase 2 (pChk2),
within viral replication centers (Tsang et al., 2014; X. Zhao et al., 2008). Similar results are reported
for E1 (Spriggs & Laimins, 2017).

In summary, SF3 helicases are important viral enzymes involved in replication. Although there have
been many milestones in understanding the molecular mechanism of SF3 helicases in the past
decades, fundamental insights into helicase loading, ori melting, helicase progression, and unwinding

termination are still pending, highlighting the urgency of further structural examination.

3.3.2. Small tumor antigen

Beside the above discussed LT, sT is the second essential player in viral transformation and
replication. The N-terminal Dna] domain of the 22 kDa sized sT is shared with LT, as depicted in
Figure 4A. Interestingly, for sT, the function of this domain is unknown, and the mutation of the
Hsc70-binding motif did not interfere with replication or transformation (Shuda et al,, 2011; Kwun et
al,, 2009). The function of sT in cell transformation is not fully understood, but it could be shown that
sT alone is sufficient to transform rodent fibroblasts and that its knockdown abolishes MCC cell
growth (Kwun et al,, 2013; Shuda et al., 2011). This is contrary to SV40 and MPyV sT, which only
enhance the transformative activity of LT and MT, respectively (Bikel et al., 1987; Noda et al., 1987).
Therefore, MCPyV sT possesses a unique role among PyVs as the primary driver of tumorigenesis.
The sT-induced preservation of hyperphosphorylated eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1) is thereby of great importance. 4E-BP1 is an mTOR kinase target and
regulates the cap-dependent translation. However, the exact mechanism of the 4E-BP1 regulation is
still elusive. Further, sT-targeted 4E-BP1 is suggested to increase viral replication (Shudaetal,, 2011).
ST harbors a centrally located LT stabilizing domain (LSD) of amino acids 91-95. Over the last decade,
several functions could be assigned to this positively charged domain. For example, LSD stabilizes LT
by interacting with the tumor suppressor SCF E3 ligase F-box and WD repeat domain-containing 7

(Fbw7), which targets LT and causes its proteasomal degradation. The sT-mediated inhibition of
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Fbw?7 leads to increased LT levels that enhance viral replication, assigning sT an indirect role in viral
replication (Nwogu et al., 2020b; Kwun et al,, 2013; H. Feng et al.,, 2011; Kwun et al., 2009). LT-
mediated viral replication is also enhanced by conserved iron-sulfur clusters residing in the sT C-
terminus (Tsang et al., 2016). Next to LT stabilization, LSD-mediated Fbw7 sequestration is involved
in cell transformation. It could be shown that upon LSD mutation, sT loses its ability to transform
rodent cells in vitro and in a mouse model (Verhaegen et al., 2017; Kwun et al., 2013). Additionally,
its inhibition affects Fbw7-targeted cell cycle regulators such as cyclin E and c-Myc, contributing to
transformation (Kwun et al., 2013).

The tumor suppressor protein phosphatase 2A (PP2A) is a second sT binding partner, regulating
pathways such as c-Myc and mitogen-activated protein kinase (MAPK). This interaction was
identified by Shuda et al. via immunoprecipitation (2011) and is also known for other PyVs, such as
BKPyV, JCPyV, MPyV, and SV40 (Guergnon et al., 2011; Bollag et al., 2010; Rundell et al.,, 1981). The
co-crystal structure of SV40 sT, bound to the PP2A A subunit, was elucidated by Cho et al. in (2007)
(Figure 7). It is the only PyV sT structure available thus far, highlighting the necessity for MCPyV sT
structure elucidation. It could be shown that MCPyV sT binds specifically to the PP2A subunit Aa, Af,
and C, thereby hindering the holoenzyme formation. Interestingly, PP2A interaction is independent
of the transforming capacity of sT in vitro and in vivo, contrary to other PyVs (Verhaegen et al., 2017;
Kwun et al., 2015; Griffiths et al., 2013; Shuda et al., 2011; Arroyo & Hahn, 2005).

ST interferes with the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)-
mediated transcription for immune evasion, which was, among others, linked to the establishment of
MCPyV persistence. NF-kB are transcription factors regulating cell functions such as immunity,
proliferation, and inflammation. They are manipulated by many DNA tumor viruses, such as SV40,
HPV, and KSHV (Field et al., 2003; Spitkovsky et al., 2002; Sontag et al.,, 1997). Interestingly, opposing
results about the NF-kB modulation of MCPyV exist. Berrios et al. report sT-mediated NF-xB
activation in human diploid lung fibroblasts (2016), while its inhibition was shown by Griffiths et al.
upon inflammatory stimuli (2013). Thereby, sT inhibits the kB kinase (IKK)a/IKKB-mediated
phosphorylation of kB, preventing the activation of cytoplasmic NF-kB and its translocation to the
nucleus. Phosphorylation inhibition is thereby regulated by the interaction of sT with the protein
phosphatase 4 catalytic subunit (PP4C) and PP2A Ap. Additionally to PP4C, the regulatory subunit of
PP4 (PP4R1) mediates an interaction between sT and the non-catalytic regulatory NF-kB essential
modulator (NEMO), which is also part of the IKK. The interaction between sT, NEMO, and the
phosphatase subunits is provided by the sT amino acids 101-103. Intriguingly, the PP4R1-mediated
inactivation of NEMO appears to be unique to MCPyV (Abdul-Sada et al.,, 2017; Griffiths et al., 2013).

In line with this, transcription of the senescence-associated secretory phenotype (SASP) genes via
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non-canonical NF-xB signaling, promoting cell proliferation, is accomplished by the sT LSD and seems
to be specific for MCPyV sT (J. Zhao et al.,, 2020).

Next to the modulation of the NF-kB pathway, sT-PP4C mediates the destabilization of the
microtubule, enhancing cell motility and mobility. This is suggested to contribute to the pronounced
metastatic potential of MCC (Schrama et al,, 2012; Lemos et al,, 2010). The effect is induced by the
PP4C-arbitrated dephosphorylation of the microtubule-associated protein stathmin, which is
overexpressed in many human cancers (Knight et al., 2015; Rana et al., 2008). Additionally, the PP4C-
mediated formation of migratory filopodia is reported to drive cell motility (Stakaityté et al., 2018).
The involvement of sT in MCC metastasis was further demonstrated by Knips et al. (2017). They
showed that implantation of MCC cells into severe combined immunodeficiency (SCID) mice results
in metastases with increased sT expression. Furthermore, genes involved in angiogenesis and
extracellular matrix disassembly were upregulated in tumors with high sT expression. Next, the sT-
mediated upregulation of the cellular sheddases A disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10) and ADAM 17 causes cell adhesion disruption, also contributing to
enhanced cell motility (Nwogu et al., 2018). Many of these observations have been suggested to result
from the sT-mediated p38 MAPK pathway activation, revealing a major pathway for MCC cell motility
and migration, thereby contributing to metastasis (Dobson et al., 2020).

Interestingly, sT, similar to LT, induces a DDR by ATM activation and subsequent phosphorylation of
the histone H2AX (J. H. Wu et al,, 2019). As mentioned above, sT antagonizes p53 activation by LT-
pRb binding. Thereby, sT interacts with the MycL-EP400 complex (Cheng et al., 2017) and targets the
p53-degrading E3 ligase mouse double minute (MDM) 2 and 4 (Park et al., 2019). Strikingly, p53 is
mutated in virus-negative MCC (vnMCC), while it is expressed as wild-type protein in virus-positive
MCC (vpMCC) (Knepper et al., 2019). The sT-mediated p53 inhibition, therefore, may represent an
alternative mechanism to disable p53, which is not fulfilled by MCPyV LT (Park et al., 2019; Cheng et
al,, 2013).

Next to manipulating cellular tumor suppressor genes, immune evasion is an important tool of
oncoviruses to establish persistence and carcinogenesis. For example, upregulation of the immune
checkpoint protein programmed death-ligand 1 (PD-L1) to inhibit T cell activation is observed for
EBV, KSHV, and HPV and is also successfully targeted in MCC therapy (Hong et al., 2019; Gilardini
Montani et al., 2018; Host et al,, 2017) (3.4.2). Furthermore, sT enhances the expression of the cell
surface receptor CD47 to evade phagocytosis (Schlemeyer et al., 2022). Alongside, it is reported that
sT subverts the type I interferon (IFN 1) response by suppressing interferon-stimulated genes (ISGs)

(Ohnezeit et al., in revision). However, although significant progress has been made in understanding
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the role of sT in immune evasion, viral replication, and tumorigenesis, the atomic structure of MCPyV

sT could provide structure-function information, substantially advancing the research on sT.

Figure 7: Crystal structure of SV40 sT. The T antigen (orange) is bound to the PP2A A subunit (gray). PDB: 2PF4.
3.4.Merkel cell carcinoma

MCPyV is the causative agent of 80% of all MCCs, which are rare but aggressive neuroendocrine skin
tumors that occur mostly in elderly, fair-skinned, and immunosuppressed patients (Agelli & Clegg,
2003). The remaining 20% arise from UV-irradiation (H. Feng et al., 2008). Interestingly, vanMCC is
phenotypically indistinguishable from vpMCC, while their genomes differ substantially. VnMCCs
display typical UV-derived mutations and show an overall high mutational burden of 10.09 + 2.32
mutations per mega base, including those in the well-known tumor suppressors p53 and pRb (Goh et
al, 2015; Harms et al., 2015; Erstad & Cusack, 2014). Contrarily, vpMCCs show only 0.40 + 0.09
mutations per mega base, and the inhibition of tumor suppressors is realized by the viral tumor
antigens sT and LT, as described in 3.3 (Harms et al., 2015).

MCC was first described in 1972 and is named after its initially presumed cell of origin, the Merkel
cell (MC). These cells function as mechanoreceptors and are located in the basal layer of the
epithelium close to nerve ends (Halata et al., 2003). The erroneous assumption arose from similar
features between MCs and MCC, such as the MCC marker cytokeratin-20 (CK20) (Toker, 1972) (Figure
8B). At present, however, high concordance exists that MCs are not the cell of origin. Their post-
mitotic state fails to support viral genome integration and cellular transformation, and it could be
shown that sT cannot stimulate proliferation and tumor formation in mature MCs (Shuda et al.,, 2015).
Moreover, their epidermal location does not coincide with MCC’s dermal or subcuticular occurrence.
Current debates about the MCC cell of origin include pro-/pre-B-cells (zur Hausen et al., 2013), dermal
fibroblasts (Sunshine et al., 2018), and MC progenitors of the hair follicle (Verhaegen et al,, 2022;
Kervarrec et al, 2020). Interestingly, distinct origin cells of vpMCC and vnMCC, namely dermal
fibroblasts and epidermal keratinocytes, respectively, are also considered (Sunshine et al., 2018),

while others suggest a common epithelial origin (Gravemeyer et al., 2021).
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MCC is predominantly found on UV-exposed body regions such as the head, neck, and upper limbs.
However, instances are also reported at unusual locations, such as the lymph nodes and the nasal
vestibule (Fazio et al., 2022; Khatchaturian & Zohrabian, 2018). It arises as fast-growing, firm, and
painless nodules with a red-to-blue shade (Figure 8A). The non-specific appearance often leads to
misinterpretation of MCC as benign inflammatory lesions, resulting in delayed clinical diagnosis.
Therefore, the acronym AEIOU was introduced in 2008 to simplify MCC recognition. It describes the
clinical characteristics as Asymptomatic, Expanding rapidly, Inmunosuppressed, Older than 50 years
of age, and UV-exposed (Heath et al., 2008). Next to morphological features, immunohistochemical
staining against neuroendocrine and cytoskeletal markers, such as synaptophysin and CK20,
respectively, is commonly used for MCC diagnosis. Additionally, the presence of viral DNA and T-
antigens discriminate between vpMCC and vnMCC, even though LT detection fails in some vpMCCs
(Bhatia et al., 2010; Busam et al., 2009; Shuda et al,, 2009).

MCC is rare, with an incidence between 0.24-2.5 per 100.000 person-year (Scampa et al., 2022). The
highest prevalence occurs in Australian men, with an incidence of 3.9 per 100.000 person-year
(Garbutcheon-Singh etal., 2020). Most of these MCCs were scored virus-negative, linking them to high
UV-irradiation (Youlden et al., 2014; Garneski et al., 2009). In contrast, MCC prevalence in North
America in 2013 was 0.7 per 100.000 person-year, comprising 69% vpMCCs (Paulson et al., 2018;
Garneski et al., 2009). In addition to geographical location, gender, and skin pigmentation, age is a
significant risk factor, as reflected by a MCC incidence of 0.1 per 100.000 person-year among the age
group of 40-44 years, increasing to 9.8 per 100.000 person-year of patients above the age of 85
(Paulson et al., 2018). Despite its rare occurrence, its overall mortality rate of 30% is the highest
among all skin cancer types (Samimi, 2019; J. C. Becker et al., 2018; Eisemann et al., 2016). One reason
for the high mortality rate is its high metastatic potential, linked to a low five-year survival rate. This
rate decreases from 62% with only local tumors to 25% with metastases (Agelli et al.,, 2010; Albores-
Saavedra et al., 2010). Intriguingly, MCC cases have tripled in the last two decades and are prognosed
to continuously rise, owing to improved diagnostics, demographic aging, and increased use of
immunosuppressants (Jacobs et al.,, 2021). This underscores the importance of antiviral drug target

development, improving MCC therapy, which will be discussed in 3.4.2.

21



Introduction

Figure 8: Merkel cell carcinoma. (A) Photograph of a MCC at a human pinky (Harms et al., 2018). (B) Histological sample of
anti-CK20 immunostained MCC (20x magnification) (Y. Chang & Moore, 2012).

3.4.1. Viral tumorigenesis

VpMCC is induced and maintained by the T antigens of MCPyV. The viral genome is monoclonal
integrated into the host genome, suggesting that tumorigeneses precedes the integration event
(Fischer et al,, 2010; H. Feng et al., 2008). Thereby, integration varies within patients but occurs
predominantly within euchromatin with distinct integration patterns. Integration via double-strand
breaks and non-homologous end joining (NHE]) results in linear patterns, while microhomology-
mediated end joining (MME]), also reported for HPV (Leeman et al, 2019), causes Z-pattern
integration with amplified cellular DNA (Czech-Sioli et al., 2020; Starrett et al., 2020). A second
prerequisite for tumorigenesis is the insertion of premature LT stop mutations, resulting in tLT,
which lacks its growth-inhibiting C-terminus (3.3.1) and causes viral replication deficiency (Shuda et
al,, 2008). Interestingly, LT stop mutations vary between patients, while the pRb binding LxCxE motif
is always preserved (3.3.1). It is suggested that stalling of a bidirectional replication fork during theta
amplification can induce these aberrant viral genomes (Czech-Sioli et al, 2020). Intriguingly,
mechanistic similarities of tumorigenesis exist between MCPyV and HPV, which also shows genome
integration and gene deletions within the replication-responsible proteins E1 and E2 (Cricca et al,,
2009; Arias-Pulido et al,, 2006; Hopman et al.,, 2004; Klaes et al., 1999). The third prerequisite is a
constitutive expression of tLT and sT, while VP1 is not or faulty expressed due to deletions or
mutations (Houben et al., 2010; Pastrana et al., 2009; Kassem et al., 2008). ST and tLT deregulate the
cell cycle and stimulate cell proliferation by interacting with tumor suppressors such as pRb (Shuda
et al, 2014; Houben et al,, 2012). However, the role of tLT in tumorigenesis has yet to be fully
understood since it could be shown that sT alone is sufficient to transform rodent fibroblasts (Kwun
etal, 2013; Shuda et al., 2011). Nonetheless, tumor maintenance and progression in vitro and in vivo
are reported to depend on tLT (Houben et al,, 2012, 2010). Further information on the tumorigenic

potential of the T antigens is delineated in more detail in 3.3.
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Another critical requirement for MCC development is immunosuppression, which could be linked to
acute viremia preceding MCC. It is shown that MCC patients reveal significantly more antibodies
against MCPyV compared to the control group, which is suggested to be beneficial for genome
integration (Carter et al.,, 2009). Since viral integration results in the loss of progenitor production, it
entails a viral “dead-end”. This allows the hypothesis that MCC is a rare complication during MCPyV
infection rather than a survival strategy. The lack of in vitro and in vivo transformation models
impedes the elucidation of the exact tumorigenic mechanism. Remedy could provide the recently
published MCC mouse model, in which sT, tLT, and atonal bHLH transcription factor 1 (Atoh1) are
expressed in keratin 5 (Krt5) expressing epidermal cells, forming tumors with a convincing MCC
phenotype within hair follicles for the first time. However, genomic p53 depletion is required, which
is not observed in human MCC (Verhaegen et al,, 2022). Krump and You suggest that inadequate
MCPyV restriction may contribute to the formation of MCC (2021), arguing towards a distinct MCC
cell of origin.

The orchestrated prerequisite of viral integration, LT stop mutations, and immunosuppression could
hold one reason for the rare occurrence of MCC, despite the high MCPyV prevalence within the human
population. However, the exact mechanism and the reciprocal influence of the single prerequisites

remain to be determined.

3.4.2. Therapy

The aggressive occurrence of MCC necessitates an efficient and specific antiviral treatment, which is
hitherto unavailable. Additionally, 30-40% recurrence rates within the first two years after diagnosis
complicate the therapy (van Veenendaal et al., 2018; Allen et al., 2005). Interestingly, despite the
substantial difference in the mutational burden of vpMCC and vnMCC, their clinical appearance is
similar, resulting in an identical therapy. The standard treatment of primary tumors includes spacious
resection with subsequent radiotherapy and chemotherapy (Andruska et al.,, 2021; Bichakjian et al,,
2018; Strom et al., 2016). This procedure is effective in 60% of all cases, while only 10% can be cured
completely (Cowey et al.,, 2017; P. Nghiem et al., 2017; Tai et al., 2000). Exclusive treatment with
radiotherapy is suggested if radical surgery is not applicable since similar relapse rates compared to
combinatory therapy are reported in early-stage MCC (Dubois et al, 2021). The benefit of
chemotherapy, on the other hand, is under debate. No unequivocal increase in overall survival could
be observed, it does not induce durable responses, and it is accompanied with high toxicity (Cowey
etal,, 2017; P. Nghiem et al,, 2017; Voog et al., 1999).

The introduction of immunotherapy changed MCC treatment profoundly since it could be shown that
MCC is highly immunogenic. For example, MCC outcome is improved in tumors with infiltrated CD8+

T cells (Paulson et al., 2011). Further, downregulation of the major histocompatibility complex-class
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[ (MHC-I) receptors and upregulation of the immune checkpoint protein PD-L1 to evade immune
surveillance is reported for MCC (Paulson et al.,, 2014; Afanasiev et al., 2013). The cell surface receptor
programmed cell death protein 1 (PD-1) is expressed by activated T cells and binds PD-L1, which is
presented by tumor cells or antigen-presenting cells. This interaction inhibits kinase signaling
involved in T cell proliferation and survival and prevents overstimulation of the immune system. The
administration of immune checkpoint inhibitors (ICIs), such as anit-PD-1 antibodies, pembrolizumab
and nivolumab, and the anti-PD-L1 antibody, avelumab, inhibit the PD-L1-PD-1 interaction and
mediate T-cell reactivation and antiviral activity of the adaptive immune system (Topalian et al,,
2017; P. T. Nghiem et al., 2016; Kaufman et al., 2016). Durable response rates in 50-70% of MCC cases
with metastasis upon treatment with ICIs are reported (J. C. Becker et al., 2019). Despite the success
of immunotherapy, a significant portion of patients do not respond to it, highlighting the need for
additional therapeutics, such as dimethyl fumarate (DMF). DMF shows anti-neoplastic activity in
vnMCC and has been demonstrated to inhibit melanoma cell invasion and metastasis by preventing
the nuclear entry of NF-eB (Gambichler et al., 2023; Takeda et al., 2020). Another promising approach
would be the direct targeting of the T antigens, representing the main drivers of tumorigenesis in
vpMCCs. Unfortunately, no full-length structure of the MCPyV sT or LT could be published thus far,
making a structure-based development of antiviral therapeutics challenging. It underscores the

importance of uncovering the T antigen structures
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4. Aim of the study

MCPyV is one of four clinically relevant hPyV and is the only hPyV associated with tumorigenesis,
causing MCC. This rare, aggressive, and highly metastatic skin cancer occurs predominantly in the
immunosuppressed and elderly population. MCPyV pathogenesis is mediated by its oncoproteins, sT
and tLT, which have been shown to promote cell transformation (Richards et al,, 2015; Shuda et al,,
2015; Borchert et al., 2014). Full-length LT is essential for initiating viral DNA transcription and
replication during the viral life cycle, which is mainly driven by its C-terminal OBD and helicase. Next
to tumorigenesis, full-length LT is responsible for the viral replication by its C-terminal OBD and
helicase. Interestingly, in 80% of all MCCs, the viral genome is monoclonal integrated, and LT
undergoes tumor-specific C-terminal truncations. The loss of the OBD and the helicase leads to viral
replication deficiency (H. Feng et al., 2008; Shuda et al., 2008). The lack of specific antiviral treatment
and the low 5-year survival rate urges the development of new drug targets (Agelli et al., 2010;
Albores-Saavedra et al., 2010). Since the T antigens are key players in the viral life cycle and clinical
manifestation of MCPyV, they serve as ideal drug targets for treating MCC and as preventive treatment
for risk groups such as solid-organ transplant recipients. A common strategy for antiviral drug
development is the structure-based inhibitor design, requiring the atomic structure of the T antigens.
However, no full-length LT structure of any PyV is known, and only the structure of SV40 sT could be
elucidated (Cho etal.,, 2007). For MCPyV, solely the LT OBD is available (C. Harrison et al.,, 2011), while
the LT helicase could be elucidated for SV40 and JCPyV (Bonafoux et al., 2016; D. Li et al., 2003). Next
to antiviral treatment development, atomic protein structures serve in understanding the protein
function, molecular mechanism of action, and protein-protein interaction. This is particularly
interesting since the absence of a fully permissive replication system and suitable in vivo and in vitro
transformation models impede the contextualized examination of the T antigens and their underlying
mechanisms. Therefore, the aim of this study is the structural characterization of the MCPyV
oncoproteins, sT and LT, using two protein structure elucidation methods. X-ray crystallography of
in cellulo grown crystals of tLT244, sT, and 122tsT will be implemented as in vitro crystallization of
tLT244 was unsuccessful due to low protein concentration and high polydispersity. These challenges
will be addressed by in cellulo crystallization since laborious and error prone high yield protein
purification and the screening of in vitro crystallization conditions can be circumvented. CryoEM SPA
will be applied on full-length LT as it can be analyzed under near physiological conditions and does
not require crystallization, which its flexible MURs may impede. Additionally, LT forms large

complexes, benefiting cryoEM SPA by increasing the signal-to-noise ratio. To improve protein
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conditions, the biochemical characterization of LT will precede its TEM analysis to give insights into

its stability, DNA-binding behavior, and oligomeric state.
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5. Material and methods

5.1.Devices

Table 1: Devices

Device

Manufacturer

Accu-jet® pro

Agarose gel electrophoresis chamber
AKTApurifier 10

AKTATM pure

Cell counting chamber Neubauer
Cell incubator

Centrifuges: Eppendorf 5810R Rotor A-4-81,
5424R Rotor F 45-24-11, 5417R Rotor F 45-30-
11; Megafuge 3.0 R; Sigma 3-18K

Clean bench Hera Safe
Digital Sonifier 250-D
Eclipse TS100

Electroblotter CTI

Electron microscope CM120 with LaB6 source
and MultiScan 794 CCD camera

Electron microscope Talos Arctica 200kV with
field emission gun source and Falcon 3EC direct
detector

Electron microscope Talos L120C 120kV with
LaB6 thermionic source with CETA camera
Electrophoresis chamber Mini Protean ® Tetra
System

Film cassette

Fluorescence microscope

Fraction collector Frac-950

Freezer -20 °C

GloQube glow discharger

Hi 2211 pH/ORP meter

High Precision Cell Quartz SUPRASIL® cuvette
[lluminator Intensilight C-HGFI

Image QuantTM 800 Westernblot imaging
system

Incubator Multitron pro

Brand, Wertheim, Germany
PeqLab, Erlangen, Germany
Cytiva, Marlborough, USA

Cytiva, Marlborough, USA
Hartenstein, Wiirzburg, Germnay
Binder, Tuttlingen, Germany

Eppendorf, Hamburg, Germany; Heraeus,
Hanau, Germany; Sigma, Osterode am Harz,
Germany

Heraeus, Hanau, Germany
Branson, Danbury, USA
Nikon GmbH, Diisseldorf, Germany

Hartenstein, Wiirzburg, Germany

Philipps/FEI, Eindhoven, Netherlands

Thermo Fisher Scientific, Waltham, USA

Thermo Fisher Scientific, Waltham, USA

Biorad, Munich, Germany

Hartenstein, Wiirzburg, Germany

Zeiss, Jena, Germany

Cytiva, Marlborough, USA

Liebherr, Hamburg, Germany

Quorum Technologies Ltd, Laughton, UK
Hanna instruments, Woonsocket, USA
Hellma Analytics, Miillheim, Germany
Nikon GmbH, Diisseldorf, Germany

Amersham Bioscience/Cytiva, Marlborough,
USA

Infors HT; Einsbach, Germany
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Incubator shaker Certomat ® BS-1;
Thermomixer 5436, Thermomixer compact

Microscope Axiovert 25

Microscope Leica DMI 6000 TCS SP5 Tandem
NanoDrop® ND-1000

PCR bench

Photometer Ultrospec 3000 pro

Pipettes: 2, 10, 20, 100, 200, 1000 pul Research
Plus

Plate reader Infinite M2000

Powersupply Power Pac 1000, Power Pac
Universal

Prometheus NT.48 fluorometer

Qubit® 2.0 Fluorometer
Rotilabo-Block-Heater H250
Sample loop 1ml
SpectroSize 300

Superloop 10 ml, 50 ml
Thermocycler ep gradients

Thermomixer compact
Tweezers Nr 5

Ultramicrotome Leica Ultracut EM UCT
UV-Transilluminator and Detector
Vitrobot Mark IV plunge freezer
Vortex-Genie2

Water bath GFL Typ 1013

Weighing scales

X-ray film developer Curix 60

Satorius, Gottingen, Germany; Eppendorf,
Germany

Zeiss, Jena, Germany

Leica, Wetzlar, Germany

PeqLab, Erlangen, Germany

LFT Labortechnik, Wasserburg, Germany

Amersham Bioscience/Cytiva, Marlborough,
USA

Eppendorf, Hamburg, Germany
Tecan, Mannedorf, Switzerland
Biorad, Munich, Germany

NanoTemper Technologies, Munich,
Germany

Invitrogen, Darmstadt, Germany
Roth, Karlsruhe, Germany

Cytiva, Marlborough, USA

Xtal Concepts, Hamburg, Germany
Cytiva, Marlborough, USA
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

Manufactures D’Outils Dumont SA,
Montignez, Switzerland

Leica Microsystems, Vienna, Austria
Polaroid, Dreieich-Sprendlingen, Germany
FEI/Thermo Fisher Scientific, Waltham, USA
Scientific Industries, Bohemia, USA

GFL, Burgwedel, Germany

Sartorius, Gottingen, Germany

Agfa, Cologne, Germany
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5.2.Disposables and reagents

Pipette tips, serological pipettes, cell culture dishes and flasks, reagent flasks and falcons were
obtained from Falcon (Becton and Dickinson Europe; Le Pont de Claix, France), Sarstedt (Niirnberg,

Germany), Greiner (Kremsmiinster, Osterreich) and Eppendorf (Hamburg, Germany).

Table 2: Disposables and reagents

Name

Manufacturer

10x FastDigest® Green buffer

2% Uranyl acetate solution in H,0

30% Acrylamide/Bis-acrylamide solution
6x DNA loading dye

ABTS™ solution

Alkaline Phosphatase

Amicon® Ultra Centrifugal Filter Units 100K, 50k,
30k, 10k, 3k

Ampicillin Sodium Salt

AMP-PNP

Aqua

Benzonase Nuclease

Biotin

Bromophenol blue

BSA

C-flat™ holey carbon-coated copper grid; 2/2
hole diameter/hole spacing; 400 mesh

Color Protein Marker

cOmplete™ Protease Inhibitor Cocktail, Mini
Coverslips

Cryo autogrid box

Cryo autogrid C-clip

Cryo autogrid C-clip rings

Distilled Water DNase/ RNase free

DNA loading buffer

dNTPs (dATP, dCTP, dGTP, dTTP)

DTT

EM grid with continuous carbon film 300 mesh,
Cu

Thermo Fisher Scientific, Waltham, USA
Electron Microscopy Sciences, Hatfield, USA
Sigma, Munich, Germany

Thermo Fisher Scientific, Waltham, USA
Roche Diagnostics, Mannheim, Germany

Roche Diagnostics, Mannheim, Germany
Merk Millipore, Darmstadt, Germany

Sigma, Munich, Germany

Sigma, Munich, Germany

B. Braun, Melsungen, Germany

Sigma, Munich, Germany

Thermo Fisher Scientific, Waltham, USA
Serva, Heidelberg, Germany

GE Healthcare, Freiburg, Germany
Tools, Grofdlobichau,

Quantifoil Micro

Germany

New England Biolabs, Frankfurt am Main;
Germany

Roche Diagnostics, Mannheim, Germany
A. Hartenstein, Wiirzburg, Germany
SubAngstrom, New York City, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Life Technologies, Carlsbad, USA
Thermo Fisher Scientific, Waltham, USA
Invitrogen, Karlsruhe, Germany

Sigma, Munich, Germany

Electron Microscopy Sciences, Hatfield, USA
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Epon 812

FastDigest® restriction enzymes

Gel filtration protein standard 1.35-670 kDa
GeneRuler™ 1kb DNA Ladder

Gentamycin sulfate

IPTG

Kanamycin sulfate

Laboratory film

Maltose

Maxima SYBR Green/ROX®qPCR Master Mix (2x)

Paraformaldehyde (16%)
PEI

Restriction enzymes

Roti® GelStain
Roti® -PVDF-Membrane (0,45 um)

Skimmed milk powder Sucofin®

Slide-A-Lyzer® Dialysis Cassette G2 Dialysis Unit,

20K 3 ml, 2K 0.5 ml
Sonicated Sperm DNA

Specimen slide

Steritop Filter Units (0.22 um), Sterilfilter Millex-
GP (0,22 pm); Whatman GD, X 25 Syringe Filter

(0,45 pm)

T4-DNA-Ligase (400U/ml); T4-DNA-Ligase

(2000 000U/ml)

Tetracycline hydrochloride

TEV protease, recombinant 10 U/l

Ultra Pure™ Agarose

Vectashield mounting medium with DAPI
Whatman 3MM paper

X-Gal

X-ray films

X-tremeGENE™ HP DNA Transfection Reagent

p-Dish 35 mM, high Grid-500, ibiTreat

Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Waltham, USA
BioRad, Biorad, Munich, Germany
Thermo Fisher Scientific, Waltham, USA
Serva, Heidelberg, Germany

Thermo Fisher Scientific, Waltham, USA
Roth, Karlsruhe, Germany

Parafilm, Neenah, USA

Sigma, Munich, Germany

Thermo Fisher Scientific, Waltham, USA
Electron Microscopy Sciences, Hatfield, USA
Polyscience Inc., Washington, USA

New England Biolabs, Frankfurt am Main;
Germany

Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany

Tsi GmbH & Co. KG, Zeven, Germany
Thermo Fisher Scientific, Waltham, USA

Invitrogen, Karlsruhe, Germany

Glaswarenfabrik Karl Hecht, Sondheim,
Germany

Merck Millipore, Darmstadt, Germany; GE
Healthcare, Freiburg, Germany

Invitrogen, Karlsruhe, Germany;
NewEngland Biolabs GmbH, Frankfurt am
Main, Germany

Roth, Karlsruhe, Germany

Serva, Heidelberg, Germany

Invitrogen, Karlsruhe, Germany

Vektor Laboratories Inc, Burlingame, USA
A. Hartenstein, Wiirzburg, Germany
Thermo Fisher Scientific, Waltham, USA
Fuji-Film Europe, Diisseldorf, Germany
Roche Diagnostics, Mannheim, Germany

Ibidi, Grafelfing, Germany
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5.3.Columns and matrices for protein purification

Table 3: Columns and matrices

Name

Manufacturer

HiLoad Superdex 200 10/300 GL

HisTrap HP 1ml], 5 ml
HiTrap Heparin HP 1 ml
HiTrap™ Q FF 5 ml

MBP amylose

MBPTrap 1ml, 5 ml
NiNTA agarose

Polypropylene column 1ml, 5 ml

Protein G Sepharose
StrepTactin Sepharose
Superose 6 Increase 10/300 GL

Cytiva, Marlborough, USA
Cytiva, Marlborough, USA
Cytiva, Marlborough, USA
Cytiva, Marlborough, USA

New England Biolabs, Frankfurt am Main,
Germany

Cytiva, Marlborough, USA

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Cytiva, Marlborough, USA

Iba Lifesciences GmbH, Gottingen, Germany

Cytiva, Marlborough, USA

5.4. Buffers

Chemicals were obtained from Roth (Karlsruhe, Germany), Sigma (Munich, Germany), Fluka (Neu-

Ulm, Germany) or Merk (Darmstadt, Germany). Buffers were prepared in double distilled water,

autoclaved or sterile filtered.

Table 4: Buffers for various applications

Name

Buffer

5x annealing buffer

500 mM TRIS-HCI
50 mM MgCl;
17 mM DTT

Blocking buffer (IF)

1x PBS

1% Triton X-100
0.5% Tween 20
3% BSA

Coomassie destaining solution

50% (v/v) H20
40% (v/v) Ethanol
10% (v/v) Acetic acid (96%)

Coomassie staining solution

50% (v/v) H20

40% (v/v) Ethanol

10% (v/v) Acetic acid (96%)

0.25% (w/v) Coomassie Brilliant Blue G-250

Fixing solution (DPI-ELISA)

100 mM Na.CO3
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pH 9.7

PBS, pH 7.5

10 mM NazHPO,
140 mM NacCl
25 mM KCl

1 mM CaCl;

0.5 mM MgCl;

PBS-Tween

1x PBS
0.05% (v/v) Tween 20

PDBB (DPI-ELISA)

4 mM HEPES, pH 7.9

100 mM KClI

8% Glycerol

0.2% BSA

5.5mM DTT

1 pmol/100 pl unbiotinylated ori
2 mM MgCl,

4 mM ADP

Permeabilization buffer (IF)

1x PBS
1% Triton X-100
0.1% sodium citrate

Running gel

4-12% (v/v) Acryl-Bisacrylamide
375 mM TRIS-HC], pH 8.8

0.1% (w/v) SDS

0.1% (w/v) APS

0.04% (v/v) TEMED

SDS running buffer

25 mM Tris
0.192 M glycine
3.5 mM SDS

Stacking gel

4% (v/v) Acryl-Bisacrylamide
125 mM TRIS-HC], pH 6.8
0.1% (w/v) SDS

0.1% (w/v) APS

0.1% (v/v) TEMED

TAE, pH 7.8

2 M TRIS-HCI
0.2 M sodium acetate
1 mM EDTA

TBS, pH 7.5

50 mM TRIS-HCI
150 mM NaCl

TBS-T

1x TBS
0.05% (v/v) Tween 20

TFB1, pH 5.8

15% (v/v) Glycerol

10 mM CaCl;

30 mM Potassium acetate
100 mM RbCl;

50 mM MHC12

TFB2

15% (v/v) Glycerol
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10 mM MOPS
75 mM CaCl;
10 mM RbCl;

WB blocking solution

5% (w/v) milk in PBS-T or TBS-T

WB Buffer A, pH 10.4

0.3 M Tris
10% (v/v) methanol

WB Buffer B, pH 10.4

0.025 M Tris
10% (v/v) methanol

WB Buffer C, pH 9.4

0.025 M Tris
0.025 M aminohexanoic acid
10% (v/v) methanol

Table 5: Buffer for protein purification

Name

Buffer

Bl

50 mM TRIS-HCl

30 mM NazHPO4

250 M Na(Cl

5% Glycerol

1 mMDTT

2 mM MgCl,

2 mM AMP-PnP

0.01% (w/v) Triton X-100
pH 8.0

EB1

50 mM TRIS-HCI
30 mM Na;HPO,
250 M NacCl

5% Glycerol

1 mM DTT

10 mM Maltose
pH 8.0

EB2

50 mM TRIS-HCI
250 M NaCl

5% Glycerol

1 mM DTT

10 mM Maltose
pH 8.5

EB3

50 mM TRIS-HCI
1 M NaCl

5% Glycerol

1 mMDTT

pH 8.5

EB4

50 mM TRIS-HCIl
250 M NaCl

5% Glycerol

1 mMDTT
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pH 8.5

EB5

50 mM TRIS-HCl
30 mM Na;HPO,
250 M NaCl

5% Glycerol

1 mM DTT

pH 8.0

IEXB1

50 mM TRIS-HCI
100 mM NacCl
5% Glycerol

1 mM DTT

pH 8.5

LB1

50 mM TRIS-HCl

30 mM Na;HPO,

1 M NacCl

5% Glycerol

1 mMDTT

0.1% (v/v) Triton X-100

1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail/50 ml

pH 8.0

LB2

50 mM TRIS-HCI

30 mM Na;HPO,

250 M Na(Cl

5% Glycerol

1 mMDTT

0.1% (v/v) Triton X-100

1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail /50 ml

pH 8.0

LB3

50 mM TRIS-HCl

250 M Na(Cl

5% Glycerol

1 mMDTT

0.1% (v/v) Triton X-100

1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail /50 ml

pH 8.5

LB4

50 mM TRIS-HCI

1 M NaCl

10% Glycerol

1 mMDTT

10U/ml Benzonase

0.1% (v/v) Triton X-100

1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail /50 ml

pH 8.5
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LB5

50 mM TRIS-HCI

1 M NacCl

10% Glycerol

1 mMDTT

10U/ml Benzonase

1% (v/v) Nonidet P-40

1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail /50 ml

pH 8.5

LB6a

10 mM TRIS-HCI

10 mM KCl

0.1 mM EDTA

2.5 mM DTT

1 mM PMSF

1 mM NaF

1 mM NasVO,

2 mM B-glycerolphosphate
1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail/50 ml

pH 8.5

LB6b

50 mM TRIS-HCI

420 mM NaCl

1 mM EDTA

2.5 mM DTT

1 mM PMSF

1 mM NaF

1 mM N33V04

2 mM B-glycerolphosphate
10% Glycerol

1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail/50 ml

pH 8.5

LB7

50 mM TRIS-HCI

1 M NaCl

5% Glycerol

1 mMDTT

10U/ml Benzonase

0.1% (v/v) Triton X-100

1 cOmplete™, EDTA-free Protease Inhibitor
Cocktail /50 ml

pH 8.5

RIPA buffer

50 mM TRIS-HCI pH 7.5
150 mM NaCl

1% NP40

0.5% DOC

0.1% SDS

2 mM B-glycerolphosphate
1 mM Na3V04

0.4 mM PMSF
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1 mM NaF
1 mM EGTA
Protease inhibitor 1 tablet/50mL

5.5.Commercial systems

Table 6: Commercial systems

Kit

Manufacturer

AccuStart™ I GelTrack PCR SuperMix

Biorad Protein Assay

DNA Plasmid Purification Kit NucleoBond
PC100

DNeasy® Blood & Tissue Kit
femto LUCENT™ PLUS-HRP Kit

NEBuilder HiFi DNA Assembly Master Mix

NucleoSpin® Gel and PCR Clean-up
PeqGold Plasmid Miniprep Kit

Phusion® High-Fidelity PCR Kit

Qubit® Protein Assay Kit
Western Lightning® Plus-ECL

Quantabio, Beverly, USA

Biorad, Munich, Germany
Macherey-Nagel, Diiren, Germany

Quiagen, Hilden, Germany
Biosciences, St. Louis, USA

New England Biolabs, Frankfurt am Main;
Germany

Macherey-Nagel, Diiren, Germany
Peqlab, Erlangen, Germany

New England Biolabs, Frankfurt am Main,
Germany

Invitrogen, Darmstadt, Germany

PerkinElmer, Waltham, USA

5.6.Growth media and additives

Table 7: Growth media and additives

Name Manufacturer
DMEM + Glutamax Life Technologies, Carlsbad, USA
DPBS Life Technologies, Carlsbad, USA

ESF921 Insect Cell Culture Medium (for High

Five™)

Ex-Cell® 420 Serum-free Medium (for Sf9)
FBS

Gelatine solution Type b 2% in H,0
HEPES 1 M

LB agar

LB medium

L-glutamine, 200 mM

OptiMEM™] Reduced Serum Medium

Expression Systems, Davis, USA

Sigma, Munich, Germany

Life Technologies, Carlsbad, USA
Sigma, Munich, Germany

Life Technologies, Carlsbad, USA
Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Life Technologies, Carlsbad, USA
Life Technologies, Carlsbad, USA
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Pen/Strep (10
streptomycin)

U/ul  penicillin/10 pg/pl

Sodium pyruvate 100 mM
Trypsin + EDTA 0.05%

Life Technologies, Carlsbad, USA

Thermo Fisher Scientific, Waltham, USA
Life Technologies, Carlsbad, USA

5.7.Plasmids

Table 8: Plasmids

Name

Description

pFastBac1-LT-His-Strepll

pFastBac1-LT-His-Strepll-MBP

pFastBac1-ori

pFastBac1-tLT244-iBox-PAK4cat

pFastBacHT-His-sT-iBox-PAK4cat

pXJ40-122tsT-Inkal

pXJ40-Flag-PAK4cat

pXJ40-HA-Inkal

cDNA of MCPyV LT 1-817 with mutated
splice sites to inhibit 57K expression; C-
terminal his, and Strepll tag, which are
cleavable via TEV recognition site;
polyhedrin promoter; amp resistance;

cDNA of MCPyV LT aa 1-817 with mutated
splice sites to inhibit 57K expression; C-
terminal his, Strepll, and MBP tag, which are
cleavable via TEV recognition site;
polyhedrin promoter; amp resistance;

MCPyV ori with a size of 66 bp, including M1-
6; polyhedrin promoter; amp resistance;

cDNA of MCPyV LT aa 1-244; C-terminally
linked to the interaction site of the PAK4
inhibitor (iBox) aa 166-203 and the catalytic
domain of PAK4 (PAK4cat) aa 278-591;
polyhedrin promoter; amp resistance;

cDNA of MCPyV sT aa 1-186; C-terminally
linked to the interaction site of the PAK4
inhibitor (iBox) aa 166-203 and the catalytic
center of PAK4 (PAK4cat) aa 278-591, which
are separated by an EcoRl restriction site; N-
terminal his tag; polyhedrin promoter; amp
resistance;

PAK4 inhibitor (Inkal) N-terminally linked
to 122tsT aa 122-186; CMV promoter; amp
resistance;

Catalytic domain of PAK4 (PAK4cat) aa 278-
591; N-terminal Flag tag; CMV promoter;
amp resistance; kindly provided by
Yohendran Baskaran (Institute of Molecular
and Cell Biology, Singapore);

PAK4 inhibitor (Inkal); N-terminal HA tag;
CMV promoter; amp resistance; kindly
provided by Yohendran Baskaran (Institute
of Molecular and Cell Biology, Singapore);
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pXJ40-Inkal-122tsT

pXJ40-sT-Inkal

pXJ40-tLT244-Inkal

PAK4 inhibitor (Inkal) C-terminally linked
to 122tsT aa 122-186; CMV promoter; amp
resistance;

PAK4 inhibitor (Inkal) N-terminally linked
to sT; N-terminal HA tag; CMV promoter;
amp resistance;

PAK4 inhibitor (Inkal) N-terminally linked
to tLT244 aa 1-244; N-terminal HA tag CMV
promoter; amp resistance;

5.8.0ligonucleotides

All oligonucleotides were purchased from Eurofins Genomics or Sigma.

Table 9: Oligonucleotides

Name

Sequence

MCPyV ori
MCPyV ori -

MCPyV VP1

MCyV ori scr
MCyV viral miR-
M1 promoter
pUC/M13 -
pUC/M13 +

TP53INP1
promoter

GGCAGAGGCTTGGGGCTCCTAGCCTCCGAGGCCTCTGGAAAAAAAAGAGAGAG
GCCTCTGAGGCTTAAGAGGCTTAATTA

CGGGATCCTCTTTTTTTTCCAGAGGCC

TCAGACTCCTACAGTTCTTCAATTTAGTAATACTCTAACTACTGTCCTTTTAGA
TGAGAATGGAGTGGGCCCTCTATGCA

GCTCTCTCGTCACACCTGCATCACCAGGAGACGTGACTGCTCACACCTTGGTAT
TCTCACACGTCGTATGGTCGTCTATG

GCCTGAGGAGCCCCCCTCCTCAAGAAGCTCGCCCCGGCAGCCCCCGTCTTCCTCT
GCCGAGGAGGCCTCGTCATCTCAGT

AGCGGATAACAATTTCACACAGG
CCCAGTCACGACGTTGTAAAACG

TGCTGGGAGGGGGCCGCTGCTGGGCCCCAGATAGAGGGGTAGAGGCCGCTCAA
TCACGGAGCCAGGCCCCACCTGCTGTA

Table 10: Primers for cloning

Name Sequence Purpose

CGAATCTAGAGCCTGCAGTCATGGAT

p753 Gib+ TTAGTCCTAAATAG Generation of the plasmid pFastBacl-
53gip.  CTGGTACCGCATGCCTCGATTGAGAA — LT-His-Strepll
p AAAGTACCAGAATC
753 Gipe  COAATCTAGAGCCTGCAGTCATGGAT
p TTAGTCCTAAATAG
_ CTGGTACCGCATGCCTCGATTGAGAA Generation of the plasmid pFastBacl-
p753 Gib- A GTACCAGAATC LT-His-Strepll-MBP
0771 Gib+ CACCCGCAGTTCGAAAAACCCGGGAA
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CTAGTACTTCTCGACAAGCTTTATGTC

P771GIb- G CGTCTTTCAGG
CCGTCCCACCATCGGGCGCGGATCCAC
P646 Gib+  CGGTATGGATTTAGTCCTAAATAGGA  Generation of the plasmid pFastBacl-
AAGAAAGAGAGG tLT244-iBox-PAK4cat
p660 Gib- GTCCTCTGCTTCCATCTCGAGTCTGGG
CTGCCGGGGCGAG
CCTGTATTTTCAGGGCGCCATACCGGT
p653 Gib+ GGATCCATGGATTTAGTCCTAAATAG Generation of the plasmid pFastBacHT-
G His-sT-iBox-PAK4cat
p653 Gib- GATCCTCTAGTACTTCTCGACCCCGGG
AAGCTTTCATCTGGTGCGGTTCTG
. GCCAGACTACGCAGGATCCATTAGCTG
p721 Gib+ TAAGTTGTCTCG Generation of the plasmid pXJ40-
Inkal_sT CGAGCGCTGTGCATAAGCTTGAAAAG ~ 122tsT-Inkal
Gib- GTGCAGATGCAGTAAGC
Inkal_tsT GATGTCAGCTACCTCGGTACCATTAGC
Gib+ TGTAAGTTGTCTC Generation of the plasmid pXJ40-Inkal-
tsT_pX] GTTCTGCTTTAATAagatctCTAGAAAA ~ 122tsT
Gib- GGTGCAGATGC
. GACTCACTATAGGGCGAATTCCACCAT
p697 Gib+ GGATTTAGTCCTAAATAG Generation of the plasmid pX]J40-sT-
p693 Gib- CCGAGCGCTGTGCATAAGCGGATCCA Inkal
AAAGGTGCAGATGCAGTAAG
. GACTCACTATAGGGCGAATTCCACCAT
p697 Gib+ GGATTTAGTCCTAAATAG Generation of the plasmid pX]J40-
0697 Gib.  CCGAGCGCTGTGCATCGAAGCGGATCC tLT244-Inkal
TCTGGGCTGCCGGGGCGAGC
5.9.Antibodies
Table 11: Primary and secondary antibodies
Target Name Concentration Manufacturer
Biolegend, San Diego,
Anti-His tag 1:10,000 (WB) USA

ANTI-FLAG® M2

Monoclonal 1:3000 (WB) Sigma, Munich, German
) ) y
Flag tag Antibody, 1:500 (IF)
mouse
H ?nti-H(lj&— 1:1000 (WB) Roche Diagnostics,
atag eroxidase, rat . Mannheim, Germany
(3F10) 1:200 (IF)
1:1000 (WB, DPI- Santa Cruz
MCPyV LT CM2Bd4, mouse by 1oy Biotechnology,
(sc-136172) 1:500 (IF) Heidelberg, Germany
self-made (supernatant
MCPyV sT/tLT 2T2, mouse 1:1 (WB) from 2T2 hybridoma cell

line)

39



Material and methods

Mouse IgG- Se.mta Cruz
Fluorescein 1:1000 (IF) qutechnology,
Isothiocyanate (FITC) Heidelberg, Germany
Peroxidase- Santa Cruz
Mouse IgG-HRP AffiniPure goat 1:;8'5)(?0])(1\3/\{?LISA Biotechnology,
Anti-Mouse IgG : (DPI- ) Heidelberg, Germany
Santa Cruz
Mouse IgG-TRITC 1:500 (IF) Biotechnology,
Heidelberg, Germany
Rhodamine Jackson
TM-X -
Rat IgG-Rhodamine Red™-X ImmunoResearch
Red conjugated 1:2000 (IF) Laboratories Inc, West
AffiniPure Goat Grove, USA
Anti-Rat IgG
5.10. Bacteria strains
Table 12: Bacteria strains
Name Manufacturer

E. coli TOP10

MAX Efficiency® DH10Bac™ Competent cells

Invitrogen, Karlsruhe, Germany

New England Biolabs, Frankfurt am Main;

Germany

5.11. Eukaryotic cell lines

Table 13: Mammalian cell lines

Name Description Manufacturer
Hybrid of murine immunized Kindly provided by
2T2 hybridoma cell line B-cells and myelloma cells * Christopher Buck (NIH,
(SP2/mlIL-6), required for the  yp, USA)
sT antibody 2T2 production
Human embryonic kidney cell
line, transformed via the
HEK293 integration of the first 4344 bp

of the AdV5 genome (ATCC no:
CRL-1573)
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Table 14: Insect cell lines

Name Description Manufacturer
Immortalized ovarian cells of Kindly prov"ided by Lars
High Five™ (BTI-Tn-5B1-4) the cabbage looper Trichoplusia Redecke (Liibeck,
ni Germany)

Sf9

Clonal isolate of immortalized
ovarian cells of the Spodoptera
frugiperda SF21 cell strain
(IPLB-Sf21-AE) (ATCC no: CRL-

Thermo Fisher Scientific,
Waltham, USA

1711)

5.12. Data processing

Table 15: Software

Name Implementation Manufacturer

AlphaFold2 Protein molecqlar (Jumper et al., 2021)
structure prediction

CLC DNA Workbench 20 Sequence data Quiagen, Venlo, Netherlands

Clustal Omega
EPU software
ExPASy
GraphPad Prism 5
Image]

[UPred3

JPred 4

Microsoft Office

Relion 3.1

ResMap

UCSF ChimeraX

processing
Multiple sequence
alignment

cryoEM SPA data
acquisition

Protein characteristics
prediction

Data visualization and
statistics

Image processing and
analysis

Prediction of intrinsically
disordered regions
Protein secondary
structure prediction

Text and numerical data
processing

EM data processing

cryoEM SPA local
resolution estimation of
the model

Protein structure
analysis and
visualization

(Goujon et al,, 2010)

Thermo Fisher Scientific,

Waltham, USA
(Gasteiger et al.,, 2003)

GraphPad Software, San Diego,
USA

(Schneider etal., 2012)
(Erdés et al,, 2021)
(Drozdetskiy et al., 2015)
Microsoft, Redmond, USA

(Scheres, 2012)

(Kucukelbir et al., 2014)

(Pettersen et al.,, 2021)
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5.13. Procaryotic cell culture

Bacteria were used for plasmid amplification and the generation of bacmids. They were maintained
in LB medium or on agar plates. The medium and agar were prepared by using the indicated
manufacturer’s instructions and autoclaved for 20 min at 121°C and 1.4 bar. Plasmid-specific
antibiotics were added according to Table 16. All bacteria were cultivated overnight at 37 °C.

Suspension cultures were additionally stirred at 180 rpm.

Table 16: Antibiotic concentrations used in procaryotic cell culture

Name Final concentration [mg/l1]
Ampicillin 100

Kanamycin 50

Tetracycline 10

Gentamycin 7

5.13.1. Production of chemically competent bacteria

The introduction of exogenous DNA into E. coli prerequisites a permeable cell wall, which is attained
by the treatment with buffer TFB1 and TFB2 (Table 4).

A single colony of E. coli TOP10 or DH10Bac was cultivated in 20 ml LB medium overnight at 37 °C,
followed by dilution with fresh LB medium at a ratio of 1:100. The culture was complemented with
4 mM MgS04 and 10 mM KCI and incubated at 37 °C until it reached an ODeoo between 0.3-0.5. The
cells were stored on ice for 15 min and pelleted at 6000 xg for 5 min at 4 °C. Subsequently, the pellet
was resuspended in 60 ml TFB1, incubated on ice for 1 h, and centrifuged at 6000 xg for 5 min at 4 °C.
The final pellet was resuspended in 8 ml TFB2 and aliquots of 100 pl were immediately flash-frozen

with liquid nitrogen and stored at -80 °C.

5.13.2. Transformation of chemically competent bacteria

Chemically competent cells are treated with heat to increase the uptake of exogenous DNA by
inducing the fusion of the inner and outer cell membrane, leading to pore formation in the cell wall.
E. coli cells (100 pl) were thawed on ice and mixed with the entire ligation batch, or with 100 ng of
plasmid DNA, and incubated for 30 min at 4 °C. A heat shock was performed for 45 sec at 42 °C,
followed by diluting the mixture with 500 pl LB medium (TOP10) or 900 pl SOC medium (DH10Bac).
The transformants were incubated for 1 h (TOP10) or 4 h (DH10Bac) at 37 °C and plated on LB agar,
which was supplemented with antibiotics (Table 16).
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5.13.3. Blue-white selection

The successful insertion of DNA fragments into a vector, including the lacZ gene, is examined via blue-
white selection. The lacZ gene, encoding for (-galactosidase, is disrupted during DNA insertion,
leading to the loss of the chromogenic substrate X-Gal (5-Bromo-4-chloro-3-indoxyl-3-D-
galactopyranosid) conversion into its blue product. IPTG controls the (-galactosidase expression.
DH10bac transformants (30 pl) were plated onto LB agar plates, which were complemented with
gentamycin, tetracycline, and kanamycin as well as coated with 20 pl [PTG (0.1 M) and 20 pl X-Gal (40
mg/ml). The plates were incubated overnight at 37 °C, and white clones were picked for baculovirus

production.
5.14. Eukaryotic cell culture

5.14.1. Cultivation and storage of mammalian cells
Mammalian cells (Table 13) were cultured at 37 °C, 5% CO3, and 95% humidity in polystyrene dishes.

Different media and specific supplements were used, which are summarized in Table 17.

Table 17 Cell culture media and additives used for different mammalian cell lines

Cell line Cell culture medium Supplements

HEK?293 DMEM (Dulbecco’s Modified 1094 FCS, 1% P/S
Eagle Medium)

2T2 hybridoma cell line RPMI 1640, 1x HFCS 10% FCS, 1% P/S

All cells were passaged twice a week at a ratio of 1:10. They were washed with DPBS and detached
with trypsin/EDTA. After 5 min incubation at 37 °C, the cells were suspended in supplemented DMEM
and re-seeded at the desired concentration.

For cryopreservation, 5-10 x 10¢ cells were pelleted at 200 xg for 5 min and resuspended in sterile
filtered FBS supplemented with 10% DMSO. The cells were stored in cryotubes and gently cooled
down to -80 °C, using a Mr. Frosty™ freezing container. After 24 h, the cells were transferred to -
196 °C for long term storage.

Cells were thawed at 37 °C, washed in fresh medium to remove DMSO, and transferred to a 10 cm
polystyrene dish with 10 ml pre-warmed medium. The medium was changed after 12 h to remove

cell debris.

43



Material and methods

5.14.2. Cultivation and storage of insect cells

Sf9 and High Five™ insect cells were grown either as suspension or adherent culture at 27 °C in
polystyrene flasks or Erlenmeyer glass flasks, respectively. Suspension cultures were shaken at 100
rpm. Different media with distinct supplement concentrations were used, which are summarized in

Table 18.

Table 18 Cell culture media and additives used for different insect cell lines

Cell line Cell culture medium Supplements
Insect-XPRESS™ Protein-free

Sf9 Insect Cell Medium + L- 0.25%P/S
glutamine

High Five™ ESF921 1% P/S

Cells were passaged twice (High Five™) or once (Sf9) a week by reseeding them to a concentration of
5 x 105 cells/ml into pre-warmed, fresh medium with additives.

For cryopreservation, 107 cells were pelleted at 200 xg for 5 min. The cells were resuspended in 1.5 ml
sterile filtered freezing medium, comprising 46.25% fresh medium, 46.25% cell culture supernatant,
and 7.5% DMSO, followed by the transfer into a cryotube. Gentle freezing to -80 °C was secured by
using a Mr. Frosty™ freezing container. After 24 h, the cells were transferred to -196 °C for long-term
storage.

Cells were thawed by incubation at RT, washed with fresh medium, and transferred to a T75 flask

with 10 ml pre-warmed medium. After 1 h, the medium was changed to remove cell debris.

5.14.3. Transfection of eukaryotic cells
The non-viral introduction of nucleic acid into eukaryotic cells is called transfection. Thereby,
negatively charged nucleic acids form complexes with specific chemicals, such as polyethyleneimine

(PEI) or X-tremeGENE™ HP, to improve their uptake into the cell.

Transfection of mammalian cells with polyethyleneimine

HEK293 cells were seeded one day pre-transfection to obtain a confluency of 60-90% (Table 19). The
desired DNA amount (Table 19), diluted with the hundredfold quantity of DMEM without additives,
was mixed with the tenfold amount of PEI, incubated for 30 min and added drop by drop to the cells.
Prior to transfection, the cell medium was substituted with DMEM without supplements. After 12 h,

the medium was changed to DMEM with supplements (Table 17).
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Table 19: DNA amount and cell seeding density used for transfection

Format Seeded cell density :rr::lfrfletc[t:; DNA
12-well plate 2.5x105 1

u-Dish 35 mM/6-well plate 6.0 x 105 1.5

T25 flask 1.4 x 106 4.5

10 cm dish 4.4x106 10

Transfection of insect cells with X-tremeGENE™ HP

For the generation of recombinant baculovirus (P1), Sf9 cells were seeded at a density of 5 x 105 cells

in a 12-well format, filled with 1 ml supplemented medium (Table 18). After 1 h incubation at 27 °C,

the cells were transfected with a transfection mixture composed of 1,5 pg DNA, 100 pl OptiMEM™,

and 8 ul X-tremGENE™, The mixture was incubated for 30 min at RT and added dropwise to the cells.

5.14.4. Generation and amplification of recombinant baculovirus

The baculovirus expression system is used to express recombinant proteins in insect cells. In this

work, the Bac-to-Bac® Baculovirus expression system of Invitrogen was used, summarized in Figure

9.

45



Material and methods

pFastBac™ donor plasmid

Clone Gene of Interest

Gene of
Interest
PP

|
Transformation 3 T l iti ' N
’ = ranspjosition !‘
T Antibiatic|Selection
).
N .
o Pey
Recombinant
Donor Plasmid Competent DH10Bac™ E coli Cells E. coli(LacZ™)

Containing Recombinant Bacmid

Mini-prep of High
Molecular Weight DNA

|
|
|
|
|
|
|
|
|
|
|
|
__________________________________ ————— g —————
|
|
|
|
|
|
|
|

Determine Viral Titer
Recombinant
by Plaque Assay Baculovirus
Particles
O

| Transfection of
'i ! Insect Cells with

Cellfectin® Il Reagent

Infection of
Insect Cells

OO0 0O0OO0OO0OO0OO0 O

v

Recombinant Gene Expression
or Viral Amplification

Recombinant
Bacmid DNA

Figure 9: Bac-to-Bac® Baculovirus expression system. The donor plasmid pFastBac, containing the gene of interest under
the control of the polyhedrin promoter (Pen), which is flanked by the right and left arm of the Tn7 transposon (Tn7R,L), is
transformed into DH10Bac™. These cells carry a baculovirus shuttle vector (bacmid), which harbors a lacZ gene with an
inserted transposon attachment site (mini-attTn7) and a transposase encoded helper plasmid. A site-specific transposition
of the gene cassette of interest causes the lacZ disruption, which can be monitored via blue-white selection. Thereafter, the
recombinant bacmid is isolated and used to transfect Sf9 cells for recombinant baculovirus production. These viral particles
can be utilized to determine the viral titer via plaque assay or to transduce insect cells for either virus amplification or for
recombinant protein production.

The donor plasmid (pFastBac, gentamycin resistance), containing the gene of interest under the
control of the late polyhedrin promoter and a mini-Tn7 element, was transformed into DH10bac™ E.
coli cells (5.13.2). These cells are equipped with the transposase encoded helper plasmid (tetracycline
resistance) and a baculovirus shuttle vector (bacmid, kanamycin resistance). The bacmid harbors the
lacZ gene, in which a mini-attTn7 target site is inserted. During recombination, the gene cassette of
interest is transposed into the mini-attTn7 site and disrupts the lacZ gene. The successful
transposition was monitored via blue-white selection (5.13.3). Bacmid DNA was extracted from white
colonies via alkaline lysis (5.15.9) with the following modification. A volume of 300 pl of the buffer
S1-3 were used to lyse the cells, to precipitate nucleic acid, and to resolubilize plasmid DNA,
respectively. After centrifugation at 11,000 xg for 10 min at 4 °C, plasmid DNA was precipitated with
700 pl isopropanol (100%) and centrifuged with the above stated conditions. The pellet was washed
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with 200 pl EtOH (70%), centrifuged, and resuspended in 50 pl TE buffer. A control PCR verified the
successful transposition of the gene of interest by using the insert site flanking primers, pUC/M13
forward and reverse. The PCR product was analyzed via agarose gel electrophoresis (5.15.4). The
production of the first baculovirus generation (P1) was carried out by transfecting 5 x 105 Sf9 cells in
a 12-well plate with bacmid DNA and X-tremeGENE™ (5.14.3). After 4-5 days incubation at 27 °C, the
supernatant was harvested and centrifuged at 200 xg for 5 min at RT. 500 pl of P1 were used to
transduce 20 x 10¢ Sf9 cells in a T175 flask, filled with 20 ml supplemented medium (Table 18), for
virus amplification (P2). The supernatant was harvested after 4-5 days of incubation at 27 °C by
centrifugation, using the above stated conditions. The virus stock was supplemented with 2% FCS,

sterile filtered, and stored for a maximum of two months at 4 °C.

5.14.5. Protein expression in insect cells

Protein expression in insect cells is generally used for proteins exhibiting posttranslational
modifications (PTMs) in combination with high yield expression. Nevertheless, several PTMs differ
between mammalian and insect cells such as N-glycosylation (X. Shi & Jarvis, 2007), which is less
complex in insect expressed proteins. High Five™ cells, featuring mostly higher protein expression in
comparison to Sf9 cells, were used in combination with the Bac-to-Bac® Baculovirus expression
system to express the majority of proteins used in this work.

Cells were seeded at a density of 5 x 105 cells/ml in the required volume as suspension culture
(5.14.2), followed by their transduction with 0.5% (v/v) recombinant baculovirus P2. The culture was
incubated for 3-4 days at 100 rpm and 27 °C, prior to harvesting at 1,000 xg for 10 min and 4 °C.

Thereafter, the pellet was used for protein purification.

5.14.6. Production of 2T2 antibody
The T antigen antibody 2T2 was produced in the 2T2 hybridoma cell line, provided by Christopher

Buck (NIH, Bethesda, USA). These cells are myeloma cells, fused with sT-immunized murine B
lymphocytes, which show infinite cell growth and produce 2T2 antibody. The cell suspension was
grown in complete RPMI medium, supplemented with 1x HFCS, in T175 flasks at 37 °C and constantly
expanded until reaching 108 cells. Cells were centrifuged at 500 xg for 5 min and resuspended in 50 ml
1x hybridoma-SFM for monoclonal antibody selection. After the medium turned yellow, cells were
centrifuged, the supernatant aliquoted and supplemented with NaN3z (1:1000). The aliquots were
stored at 4 °C and used for up to 6 months. For subsequent antibody productions, hybridoma cells
were frozen as described in 5.14.1 with freezing medium composed of 50% conditioned supernatant,

40% FCS, and 10% DMSO.
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5.15. Molecular biology techniques

5.15.1. Polymerase chain reaction

The polymerase chain reaction (PCR) allows DNA amplification and was used for cloning experiments
as well as for baculoviral bacmid verification (5.14.4). Specific primers (Table 10), polymerases, PCR
mixtures (Table 20 and Table 22) and temperature profiles (Table 21 and Table 23) were used. The
Phusion® High-Fidelity PCR Kit, equipped with a 3"=5’exonuclease active polymerase, was utilized
for all cloning experiments due to its high precision, whereas the AccuStart™ [ SuperMix, comprising
a hot-start Taqg-Polymerase with a lower accuracy, was used to verify the insertion of the gene
cassette of interest into the baculoviral bacmid backbone. The annealing temperature depends on the

primer length and content, while the elongation time results from the DNA fragment length. PCR

products were generally subjected to agarose gel electrophoresis for analysis (5.15.4).

Table 20 Phusion PCR reaction mix

Component Amount
Phusion polymerase 1U
Template DNA 100 ng
Primer forward 10 pmol
Primer reverse 10 pmol
dNTP mix 10 nmol
5x Phusion HF buffer 10 pl
DMSO 3%
DNAse/RNAse freeH,0 ad 50 pl

Table 21 Phusion PCR temperature profile

Step Time [min] Temperature [°C] Cycles
Initiation 00:30 98 1
Denaturation 00:10 98 35
Annealing 00:30 45-72 35
Elongation 00:30/kb 72 35
Termination 05:00 72 1
Storage o) 4 1
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Table 22 PCR reaction mixture for bacmid verification

Component Amount
AccuStart™ II PCR SuperMix 12.5 pl
Template DNA 100 ng
pUC/M13 forward 10 pmol
pUC/M13 reverse 10 pmol
DNAse/RNAse free H,0 ad 25 pl

Table 23 PCR temperature profile for bacmid verification

Step Time [min] Temperature [°C] Cycles
Initiation 10:00 93 1
Denaturation 00:45 94 30
Annealing 00:45 55 30
Elongation 00:30/kb 72 30
Termination 07:00 72 1
Storage o) 4 1

5.15.2. Oligonucleotide annealing

Single-stranded DNA oligonucleotides were annealed to obtain double-stranded DNA
oligonucleotides, used for DPI-ELISA (5.16.15), nanoDSF (5.16.14), negative stain TEM (5.18.1), and
cryoEM (5.18.3). Two complementary single-stranded oligonucleotides, with a concentration of
100 pmol/ul, were mixed with 5x annealing buffer (Table 4) to the desired concentration of 1 pmol/pl
and heated to 95 °C for 5 min. Thereafter, the temperature was successively decreased by 5°C per

minute to 25 °C. The annealed oligonucleotides were stored at 4 °C until usage.

5.15.3. Restriction enzyme digest

Restriction endonucleases cleave enzyme specific at primarily palindromic recognition sites within
the DNA and produce either sticky (single-stranded DNA overhangs) or blunt (no DNA overhangs)
ends. In this work, the method was used to verify the correctness of, for example, newly synthesized
plasmids and to prepare the insert and vector during cloning experiments for ligation (5.15.6).

The reaction mixture, which is summarized in Table 24, was incubated at 37 °C for 30 min and stored

at 4 °C, prior subjection to agarose gel electrophoresis (5.15.4).
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Table 24 Restriction enzyme digest reaction mixture
Component Amount
DNA 1 pg or entire purified PCR product (5.15.5)

FastDigest® restriction enzyme 1pl
10x FastDigest® Green buffer 2plor3ul
DNAse/RNAse free H,0 ad 20 or 30 ul

5.15.4. Agarose gel electrophoresis

The agarose gel electrophoresis allows horizontal separation of DNA fragments according to their size
in an electric field, based on their negative charged sugar-phosphate backbone. Smaller fragments
migrate faster in comparison to larger ones, depending on the agarose concentration (0.8-2% (w/v)),
the applied voltage (90-100 V), and the size and conformation of the examined DNA. In this work, the
method was used to separate and visualize restriction digests (5.15.3) and PCR products (5.15.1).
Agarose was boiled in 1x TAE buffer and complemented with 0.005% of the DNA intercalating agent
Roti® GelStain. The mixture was polymerized in a gel chamber at RT and covered with 1x TAE buffer.
Next to the sample, which was mixed with 6x DNA loading buffer, a size standard (GeneRuler™ 1kb
DNA Ladder) was applied onto the gel, which was run at 90-100 V for 50 min. The separated DNA was

visualized with UV light using a GelDoc-station.

5.15.5. DNA purification out of agarose gels and other reaction mixtures

DNA was purified via the NucleoSpin® Gel and PCR Clean-up Kit to reduce potential interference of
components from preceded reactions, such as restriction enzyme digests (5.15.3), with follow-up
reactions. The isolation of DNA out of an agarose gel was carried out with the same kit, following

manufacturer’s instruction.

5.15.6. Ligation

Ligation is used to form phosphodiester bonds between complementary digested insert and vector
DNA ends. The method was applied during cloning experiments and a molecular ratio of 1:5 between
the vector and insert DNA was implemented. All experiments were carried out with the T4-DNA ligase
and the reaction mixture shown in Table 25. The sample was incubated overnight at 16 °C and used

to transform chemically competent E. coli cells (5.13.2).
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Table 25 Ligation reaction mixture

Component Amount
Vector DNA 100 ng
Insert DNA 500 ng
T4-DNA ligase 04U
10x ligase buffer 1ul
DNAse/RNAse freeH,0 ad 10 ul

5.15.7. Gibson assembly

Gibson assembly is a cloning technique, in which multiple DNA inserts can be combined
simultaneously into a vector. This is independent of producing complementary DNA ends by
restriction enzymes. Therefore, the inserts require 15-20 nt long overlaps with the adjacent
vector/insert, which is accomplished by using 30-40 nt long primers with approximately 20 nt
complementary to the insert and the adjacent vector/insert. The PCR-produced inserts are cloned
into the vector by using a Gibson assembly reaction mixture. This mixture comprises a 3’-overhang
producing 5’-exonuclease, which is a polymerase filling in any gaps, and a ligase, which covalently
joins the DNA fragments.

A PCR was carried out to equip the inserts with 5’-overlaps (5.15.1), followed by the analysis and
purification of the insert via agarose gel electrophoresis (5.15.4) and PCR clean-up (5.15.5),
respectively. The insert was mixed with linearized vector in a 2:1 ratio and complemented with 10 pl
NEBuilder HiFi DNA Assembly Master Mix in a total volume of 20 pl. The reaction mixture was
incubated for 30 min at 50 °C. Subsequently, 2 ul of the sample were used for E. coli transformation

(5.13.2).

5.15.8. DNA sequencing

Plasmid sequences were verified by Sanger Sequencing with help of the company Seqlab (Géttingen,
Germany). Therefore, 30 pmol primer, which bound close to the sequence of interest, was mixed with
0.9-1.2 pg plasmid in a total volume of 15 pl and sent to Seqlab overnight. The obtained sequence was

analyzed via CLC DNA Workbench 8.0.1.

5.15.9. Isolation of plasmid DNA

Plasmid DNA needs to be isolated out of the prokaryotic producer cells to be utilized for further
experiments, such as transfection (5.14.3) or PCR (5.15.1). A single colony of plated E. coli cells was
used to inoculate 2 ml LB medium, supplemented with antibiotics (Table 16), which was incubated

overnight at 37 °C while shaking. E. coli DH10Bac cells were used for baculovirus bacmid isolation
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(5.14.4) and E. coli TOP10 cells for all other applications. The PeqGold Plasmid Miniprep Kit was used
for small scale isolation out of 2 ml overnight cultures, whereas the DNA Plasmid Purification Kit
NucleoBond® PC100 was used for large scale isolation out of 200 ml overnight cultures. Both kits
were used according to the manufacturer’s instructions. The final DNA concentration was determined

using the NanoDrop2000 (5.15.10).

5.15.10. Determination of DNA and protein concentration

The concentration of nucleic acid and proteins was determined by measuring the absorption at 260
and 280 nm, respectively, using the NanoDrop2000. Following the manufacturer’s instructions, 1.5 pl
sample was measured against the sample buffer. The sample was considered pure if it exhibited a
260/230 ratio of 22.0-2.2 and a 260/280 ratio of 21.8 for DNA and <0.6 for protein samples.

The Qubit® 2.0 Fluorometer provides an alternative method for nucleic acids and protein
concentration measurements. It exhibits ahigher accuracy, in comparison to NanoDrop2000
measurements, and was used to determine protein concentrations with help of the Qubit® Protein

Assay Kit, following the manufacturer’s instructions.
5.16. Protein biochemical techniques

5.16.1. Protein concentration via filtration

Protein concentration via filtration is facilitated by volume reduction with help of Amicon® Ultra
centrifugal filter units (0.5 ml, 4 ml and 15 ml) with a molecular weight cut-off (MWCO) of 10-100K.
The filter was equilibrated with protein buffer, followed by sample filtration steps at 2,500 xg (4 ml
and 15 ml filter units) or 14,000 xg (0.5 ml filter unit) for 5 min at 4 °C. In between centrifugation
steps, the sample was carefully inverted to avoid spatial concentration differences. The protein

solution could be concentrated to a final volume of 50 pl.

5.16.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a method to separate
denaturized proteins according to their molecular weight in an electrical field. The anionic detergent
SDS denaturizes the proteins and applies a negative charge to the sample. This enables all proteins to
migrate towards the anode at a velocity proportional to their size. The protein mixture was
supplemented with 4x SDS loading buffer and incubated for 5 min at 95 °C, prior to loading onto a
discontinuous 8-15% polyacrylamide gel. The composition of the gel, comprising a stacking gel to
focus and a resolving gel to separate the sample, as well as the composition of all buffers are

summarized in Table 4. For size estimation, a protein size standard was added. The electrophoresis
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was carried out in SDS running buffer at 180 V for 40-70 min, depending on the protein size and gel

concentration.

5.16.3. Coomassie staining

Proteins, which are separated via SDS-PAGE, can be visualized by Coomassie staining. The resolving
gel was incubated with Coomassie staining solution for 15 min while shaking. Thereafter, the gel was
destained with destaining solution, which was exchanged repeatedly until the protein bands
appeared in a pronounced contrast to the gel. The composition of the used solutions is summarized

in Table 4.

5.16.4. Western Blot

Western Blot (WB) facilitates specific immunodetection of proteins. The sample, separated by SDS-
PAGE, was blotted via a semi-dry blotting system onto a polyvinylidene difluoride (PVDF) membrane.
Therefore, the membrane was activated in 100% methanol, and Whatman paper was soaked in WB
buffer A-C. The acrylamide gel, the PVDF membrane, and the Whatman paper were arranged
according to Figure 10 and run at 400 mA for 40 min. The blotted membrane was blocked for 30 min
in WB blocking solution to inhibit unspecific antibody binding, followed by the addition of primary
antibody. The antibody was diluted in WB blocking solution and incubated overnight at 4 °C.
Thereafter, the membrane was washed three times with PBS-T or TBS-T for 5 min. The secondary
antibody, conjugated to horseradish peroxidase (HPR) and diluted in WB blocking solution, was
added onto the membrane, and incubated for 1h at room temperature. The antibody dilution
specifications can be found in Table 11. The washing step was repeated three times for 10 min to
remove unbound antibody, followed by chemiluminescence imaging. Depending on the protein
concentration, femto LUCENT™ PLUS-HPR or Western Lightning® Plus-ECL reagent was used for
signal development according to the manufacturer’s instructions. These solutions allowed the
oxidation of luminol in the presence of peroxide by the HPR, resulting in light emission, which was
detected via X-ray films and the Curix 60 or Image Quant™ 800. All used buffers are summarized in

(Table 4).

} Whatman paperin buffer C

] Acrylamid gel
L 1 PVDF membrane

Whatman paperin buffer B

} Whatman paperin buffer A

Figure 10: Scheme of Western Blot assembly
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5.16.5. Cell lysis

Cell lysis is used to disrupt cell membranes, which is a prerequisite for the extraction of intracellular
proteins. Different cell lysis methods exist, such as French press, freeze-thawing, or high-pressure
homogenization. These methods represent physical lysis methods, while detergents are used in the
chemical lysis. In this work, the physical method ultrasonication, in combination with detergents, was
predominantly used to disrupt insect cell membranes, followed by protein purification. Cells were
harvested at 1,000 xg for 10 min at 4 °C and resuspended in lysis buffer, containing 0.1% Triton X-
100, cOmplete™ Protease Inhibitor Cocktail, and 1 mM DTT. The sample was incubated for 15 min-
1.5 h at 4 °C and sonified. Therefore, an amplitude of 30% was applied six times for 10 sec, with an
interruption of 10 sec between each cycle. The cell debris was separated by centrifugation at
20,000 xg for 15 min at 4 °C, followed by ultrafiltration of the soluble fraction. The supernatant was

thereafter subjected to chromatography.

5.16.6. Affinity chromatography

Affinity chromatography is used to purify recombinant proteins by utilizing specific binding
interactions between an immobilized ligand and its binding partner, called affinity tag. The hexa-
histidin (6xHis), the strep tag (Strepll) and the maltose binding protein (MBP) were used for the
fusion protein production. Their advantages, eluents, and the suitable resin are summarized in Table

26.

Table 26: Overview of affinity tags used in this work

tA;gmty Resin Eluent Size [aa] Advantage
His Nickel-nitrilotriacetic acid 250 mM 6 Small size
(NiNTA) agarose imidazole
Small size and high
Strepll StrepTactin Sepharose g?oi?lllv[ 8 specificity
Amylose agarose (small High specificity and
MBP scale purification) 10 mM 370 enhancementof
Dextrin Sepharose (Large maltose recorr_lt.)mant protein
scale purification) solubility

Small scale purification

Cell culture volumes of 10-100 ml were used for gravity flow affinity chromatography with a resin to
cell culture ratio of 1:100. The resin was transferred into a polypropylene column (1 ml or 5 ml),
equipped with a filter and a valve, and washed with 5 column volume (CV) H-O, followed by the
equilibration with 5 CV lysis buffer without protease inhibitors. The cell lysate (5.16.5) was

transferred to the column and incubated with the resin for 1-2 h at 4 °C, while shaking. The bound

54



Material and methods

recombinant protein was washed with 10 CV wash buffer and eluted with 1 CV per fraction of elution

buffer. All steps were carried out on ice.

Large scale purification

Cell culture volumes of 2250 ml were used for automized affinity chromatography using the Akta
Pure or Purifier 10 and prepacked columns with a CV of 1 ml and 5 ml. The column was washed with
5 CV H;0, followed by equilibration with 5 CV lysis buffer without protease inhibitors at a flow rate
of 0.7 ml/min (1 ml CV column) or 4 ml/min (5 CV column). The cell lysate was applied onto the
column at a flow rate of 0.2 ml/min, followed by a 3 CV wash step with wash buffer and a flow rate of
0.5 ml/min (1 CV column) or 2 ml/min (5 CV column). A buffer exchange was carried out with 4 CV
at a flow rate of 0.1 ml/min. Thereafter, the recombinant protein was eluted with 5 CV elution buffer
and a flow rate of 0.1 ml/min (1 CV column) or 0.25 ml/min (5 CV column). The eluate was
spectroscopically detected at a wavelength of 280 nm and 260 nm. The purification was carried out
with degassed and sterile filtered liquids and at 4 °C. The collected fractions were analyzed via

Coomassie staining (5.16.3) and/or WB (5.16.4).

5.16.7. 2T2 immunoaffinity chromatography

Immunoaffinity chromatography is used to purify proteins via immobilized antibodies.
Unconcentrated, self-made MCPyV T antigen antibody 2T2 (5.14.6) was coupled to 4% cross-linked
agarose-bound protein G in aratio of 100:1 on a rotary shaker overnight at 4 °C. The resin was washed
with 100 CV EB4 (Table 5), centrifuged at 500 xg for 5 min, and resuspended in 4 CV EB4. LT, pre-
purified by affinity chromatography, was incubated with the resin at a ratio of approximately 2:1
(ug:CV) on a rotary shaker for 2h at 4 °C. The immobilized LT was washed with 60 CV EB4,

centrifuged, and analyzed via WB.

5.16.8. lon exchange chromatography

Ion exchange chromatography is a protein purification method utilizing electrostatic interactions
between charged proteins and the oppositely charged immobile phase. Elution is facilitated by
increasing the ionic strength. The sample was loaded onto the strong anion exchange column HiTrap
Q FF (5 ml CV) with 2 CV in low salt buffer (100 mM). Thereafter, the bound protein was washed with
8 CV low salt buffer, followed by a gradient elution with 10 CV with high salt buffer (1 M). The eluate
was monitored spectroscopically at 280 nm and analyzed via SDS-PAGE (5.16.3). Elution was
performed at a flow rate of 2.5 ml/min and the chromatography was carried out at 4 °C with an Akta

Purifier 10.
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5.16.9. Adsorption chromatography

Adsorption chromatography facilitates protein fractionation upon the adsorption of proteins onto a
stationary phase. In this work, the negatively charged linear polysaccharide heparin was used as an
adsorbent, which binds, among others, specifically DNA-binding proteins by mimicking the
polyanionic structure of nucleic acid. The sample was loaded onto a HiTrap Heparin HP (1ml CV) and
washed with 5 CV binding buffer (300 mM NacCl), followed by a gradient elution over 19 CV with
eluent (1 M NaCl). The elution was performed at a flow rate of 0.5 ml/min and monitored
spectroscopically at 280 nm and 260 nm. The chromatography was carried out at 4 °C with an Akta

Purifier 10.

5.16.10. Size exclusion chromatography

Size exclusion chromatography (SEC) fractionates proteins according to their hydrodynamic radius
(Ru) by passing a porous matrix. Thereby, small proteins exhibit longer retention times since they
penetrate the matrix deeper, in comparison to larger proteins. The Akta system Pure and Purifier 10
were used together with the column Superose™ 6 Increase (24 ml CV). This column exhibits an
exclusion limit of 4 x 107 kDa and a separation range of 5-5,000 kDa, making it ideal for the separation
of large protein complexes. The sample, with a final volume of 0.5 ml, was centrifuged at 17,000 xg
for 10 min at 4 °C, prior application. Gel filtrations were carried out at a flow rate of 0.25 ml/min at
4 °C and with degassed and sterile filtered buffers. Protein elution and nucleic acid contamination
was spectroscopically monitored by measuring the absorbance at 280 nm and 260 nm. The collected

fractions were analyzed via Coomassie staining (5.16.3) and/or WB (5.16.4).

5.16.11. Proteolytic cleavage of affinity tags

Proteolytic cleavage is used to remove affinity tags from the recombinant protein via a specific
cleavage site. In this work, the recombinant TEV protease with its recognition sequence ENLYFQS was
used according to the manufacturer’s instructions. Therefore, the affinity purified protein of interest
was concentrated with an Amicon® Ultra centrifugal filter unit (5.16.1) to approximately 300 pl. The
concentrated protein was supplemented with TEV protease and manufacturer supplied buffer to a
concentration of 8 U/20 pug recombinant protein. The reaction was carried out in a final volume of
500 pl overnight at 4 °C, while shaking. Thereafter, the sample was applied onto the SEC column to

remove the affinity tags and the TEV protease.
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5.16.12. Dialysis

Dialysis facilitates buffer exchange and the removal of small molecular weight compounds from
protein solutions by passive and selective diffusion through a cellulose membrane. The sample was
transferred to a dialysis cassette with a MWCO of 20K and incubated in the appropriate buffer at a

ratio of 1:100 (v/v) overnight at 4 °C, while stirring.

5.16.13. Thermal stability assay

The thermal stability assay is used to assess the thermal stability of proteins as a function of different
buffers, additives, and pH. The fluorescent dye Sypro orange, emitting light at a wavelength of 570 nm
by binding to hydrophobic protein patches, was used to detect protein unfolding during incremental
temperature increase. In this work, an optimized assay for large protein complexes, called ProteoPlex
(Chari et al., 2015), was implemented in cooperation with the research group of Dr. Ashwin Chari,
located at the Max Planck Institute for Biophysical Chemistry in Gottingen, Germany. Thereby,
parameters such as the enthalpy, entropy, and cooperativity of unfolding were included in the
analysis to consider multiple protein unfolding states in the final melting curve. The assay was carried
out in a 96-well format with a total volume of 20 pl/reaction. One well contained 2 pl Sypro orange,
16 pl protein solution (0.2 mg/ml), and 2 pl of the additive under investigation (1M) (Table S4). After
mixing, the plate was transferred to a real-time PCR machine and equilibrated to 20 °C. A successive
heating of 1 °C steps to a final temperature of 100 °C, with equilibration times of 30 sec, secured a
controlled unfolding transition. The fluorescence was measured after every equilibration cycle at 570

nm. The underlying analysis is described in detail in the above stated publication.

5.16.14. Nano differential scanning fluorimetry

Nano differential scanning fluorimetry (nanoDSF) is applied to analyze the thermal stability of
proteins in the presence of various buffers and additives by detecting the intrinsic fluorescence of
tryptophane and tyrosine as a function of temperature. 10 pl protein solution, with a concentration
of 0.1 mg/ml, was applied to a capillary and placed into a NanoTemper Prometheus NT.48.
Temperature was successively increased from 20 °C-95 °C in 1 °C steps per minute, while protein
unfolding was measured at 330 nm and 350 nm. The first deviation of the 330/350 nm ratio was

normalized, depicting the melting temperature as inflection point.

5.16.15. DNA-protein interaction enzyme-linked immunosorbent assay

The DNA-protein interaction enzyme-linked immunosorbent assay (DPI-ELISA) is used to detect
direct and specific protein-DNA interaction. 1pmol of biotinylated and annealed (5.15.2)
oligonucleotides were immobilized for 1 h at RT onto an avidin-coated 96-well plate, which was fixed

with fixing buffer (Table 4) overnight at 4 °C. The plate was washed three times with PBS-T, blocked
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with 5% milk in PBS-T for 30 min at RT, and incubated with 1 pg purified LT for 1 h at RT. Following
3 washing steps, 100 pl/well of the LT-antibody Cm2B4 (Table 11) were incubated for 2 h, while
shaking. Wells were washed three times, prior to the incubation of 100 pl/well of the secondary
antibody (Table 11) for 1 h, while shaking. The wells were washed 6 times and 100 pl/well of ABTS
substrate at RT was added. After 30 min incubation under light exclusion, DNA-protein interaction

was calorimetrically detected at 405 nm with the plate reader Infinite M2000.

5.16.16. Immunofluorescence staining

Immunofluorescence (IF) staining allows the detection and localization of macromolecules inside
fixed cells via fluorophore conjugated antibodies. A 24-well plate format, equipped with sterile glass
coverslips, was coated with 2% gelatine solution for 5 min and washed with PBS. HEK293 cells were
seeded at a concentration of 105 cells/well and transfected with PEI one day post seeding (5.14.3).
The cells were incubated 2-4 days, washed with cold PBS, and fixed with 4% (v/v) paraformaldehyde
(PFA) in PBS for 30 min at 4 °C. All subsequent steps were implemented at room temperature. The
sample was washed twice with PBS and incubated with permeabilization buffer for 10 min to allow
antibodies to penetrate the cell. The wash step was repeated, followed by incubation with blocking
buffer for 30 min to inhibit unspecific antibody binding. The coverslips were moistened with primary
antibody, which was diluted in blocking solution for 1.5 h in a humid chamber to prevent evaporation.
Unbound antibody was removed by washing with PBS three times and secondary antibody was added
to the sample for 1 h under light exclusion. All utilized buffers as well as antibodies and their dilutions
are summarized in Table 4 and Table 11, respectively. After a final PBS wash step, the coverslips were
mounted onto microscope slides with Vectashield, containing the cell nucleus dye DAPI. The sample
was stored at 4 °C for microscopic analysis using the confocal laser scanning microscope Leica TCS

SP5 and a 63x oil immersion objective.

5.16.17. Dynamic light scattering

Dynamic light scattering (DLS) is a non-invasive method to assess the Ry of macromolecules by
measuring the Brownian motion. The scattered light of laser-illuminated particles is detected over
time, and the resulting intensity fluctuation can be correlated to the particle size, considering
viscosity and temperature. The sample, with a concentration of 0.2 mg/ml, was centrifuged at
17,000 xg for 10 min at 4 °C, and 13 pl were placed into a quartz glass SUPRASIL® cuvette. The
measurement was carried out on a Xtal Concepts SpectroSize 300 with 10 sec acquisition time and 20

iterations at 20 °C.
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5.17. In cellulo crystallization

The formation of endogenous protein crystals in cells is a long-known phenomenon first described in
the Brazilian nut seed in 1855 (Hartig, 1855). They hold a plethora of functions such as protein storage
(Papassideri, 2007), protection (Coulibaly et al., 2007), and solid-state catalysis (Veenhuis et al., 2003;
Tsukada et al., 1966). Besides many benefits of native crystalline proteins, non-native in cellulo
crystals can be the causative agent of diseases such as congenital cataracts (Pande et al., 2001). Given
the vast amount of native and non-native in cellulo protein crystals, it is evident that scientists aim to
synthesize heterologously expressed in cellulo protein crystals for structure analysis.

The elucidation of the atomic structure of proteins applying in vitro crystallization is laborious and
often unsuccessful, as no comprehensive theory of crystallization conditions exists. They need to be
determined empirically for each protein anew. In addition, proteins must be expressed in vast
amounts, isolated, and purified before crystallization occurs. The necessity of high protein
concentration and high purity often leads to crystallization failure, as the protein solubility restricts
its concentration. To increase protein solubility, buffer composition, including pH, ionic strength, and
additives, such as reducing or stabilizing agents, must be screened and optimized. Using in cellulo
crystals for structure analysis holds the potential to circumvent these challenges.

Polyhedrin, expressed in the cytoplasm of insect cells, was the first atomic structure elucidated from
in cellulo-derived crystals (Coulibaly et al., 2007). Long time, in cellulo-derived crystals were difficult
to use for structure elucidation because their size ranged between 0.75 - 3500 pm3 (Schonherr et al.,
2018). Applying conventional X-ray crystallography, they were too small to provide sufficient
diffraction signals within the tolerable dose limit of >30 MGy at cryo conditions and 1 MGy at room
temperature (Southworth-Davies et al., 2007). Only the establishment of high-brilliance synchrotron
radiation, enabling microfocus beams, the advent of X-ray free-electron laser (XFEL), and the
development of serial femtosecond crystallography (SFX) applying the “diffraction-before-
destruction” principle (Chapman et al,, 2011; Barty et al., 2012), gave rise to the analysis of in cellulo
grown microcrystals. In cellulo crystals could be observed in expression systems with bacterial
(Sawaya et al.,, 2014), yeast (Vonck & van Bruggen, 1992), insect (Schonherr et al, 2015), and
mammalian origin (Hasegawa et al., 2011). Likewise, protein crystals emerged in various cellular
organelles, such as the peroxisome (Schonherr et al,, 2015), the nucleus (Tsutsui et al., 2015) or the
ER (Hasegawa et al., 2014). However, despite the versatile occurrence of in cellulo crystals, the
physicochemical specifications and the molecular mechanism driving in cellulo crystallization remain
elusive. A promising hypothesis to enhance intracellular protein crystallization suggests the co-
expression of the protein of interest with a proteinogenic crystallization matrix (Baskaran et al,,

2015). The concept of crystalline molecular flasks has been used for a long time to analyze solid-state
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chemical reactions and is reviewed by Inokuma and colleagues (Inokuma et al., 2011). To apply this
concept to protein crystallography, the catalytic site of the metazoan-specific serine/threonine p21-
activated kinase 4 (PAK4cat) and its endogenous inhibitor Inkal have been co-crystallized and used
as a potential proteinogenic crystalline molecular flask (Baskaran et al, 2015). Upon their
overexpression in various mammalian cell lines, such as HEK293, U20S, and COS-7, PAK4cat and
Inka1 build intracellular, up to 50 pm, needle-like crystals with a hollow tube spanning 80 A. Their
molecular structure could be solved to a resolution of 2.95 A by transferring the fully integrated cells,
harboring the protein crystals, directly to synchrotron radiation. PAK4:Inkal was the first human
protein structure to be solved intracellularly. The void volume of the crystal is spacious enough to
accommodate assorted proteins with a size of maximum 30 kDa, such as the green fluorescent protein
(GFP), the cell division control protein 42 homolog, or the actin modulating cofilin, without impairing
in cellulo crystal growth. As proof of principle, PAK4cat and fusion proteins of Inkal, or its N-
terminally truncated version iBox, were co-expressed with the above stated proteins. Figure 11
shows a schematic representation of the potential packing arrangements of GFP-Inkal:PAK4cat. The
cross-section of the crystal is built out of twelve PAK4cat units providing all crystal contacts, whereas
Inkal, located close to the PAK4 C-terminus, is exposed to the solvent channel without any crystal
contacts. It features a perfect target to clonally engineer proteins of interest to its C- or N-terminus.
The protein of interest aligns inside the crystal cavity, which may enhance its arrangement in a single
state. It remains uncovered whether the proposed concept of a proteinogenic crystalline molecular
flask can be applied for protein structure analysis since the published in cellulo fusion crystals of

Baskaran and colleagues were not analyzed by synchrotron radiation so far.

. R o 3 80A

Figure 11: Modeling of GFP into the crystal lattice of Inkal:PAK4cat. GFP (green), fused to Inkal (orange), is aligned inside
the central cavity of in cellulo crystals which are produced by co-expressing PAK4cat (yellow) and Inkal in mammalian cells.
The crystal cross-section is built out of twelve PAK4cat and Inkal protein subunits whereas Inkal does not contribute to
crystal contacts. The central cavity spans a diameter of 80 A and theoretically could incorporate six GFP molecules. The
accommodation of a protein of interest inside the crystalline matrix hypothetically enhances its crystallization propensity
making it suitable for structure analysis. Modified from (Baskaran et al., 2015).
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Intracellularly synthesized protein crystals can either be isolated from the expression system prior
to analysis or subjected directly to X-ray radiation with the cellular reservoir. It depends on their
sensitivity to environmental changes and ability to withstand harsh buffer conditions (Redecke et al.,
2013; Gati et al,, 2014; Boudes et al,, 2016). Taken together, in cellulo crystallization constitutes a
promising alternative to in vitro crystallization if universally applicable in cellulo crystallization

protocols will be developed in the future.

5.17.1. In cellulo crystal production in insect cells

The production of in cellulo crystals in insect cells was predominantly established for large scale
crystal production, used for crystal purification. The cultivation of insect cells is cost-effective and can
be realized as suspension and adherent cell culture, which is advantageous over HEK293 and COS7
cells. Test expressions, comprising a volume of 0.5-4 ml, were carried out with Sf9 cells at 27 °C. Their
enhanced adherence, compared to High Five™ cells, simplified the monitoring of crystal growth.
Large scale expressions were performed in High Five™ cells as suspension cell culture, comprising a
volume of 20-100 ml, at 100 rpm and 4 °C. The crystalline matrix was provided by the expression of
the protein constructs PAK4 and its inhibitor Inkal. To facilitate co-crystallization of the crystalline
matrix and the protein of interest, the constructs were co-transduced with 0.5% (v/v) of each
recombinant baculovirus P2, 1 h post seeding. Further analysis via WB was realized 2-10 days post

transduction.

5.17.2. In cellulo crystal production in mammalian cells

HEK293 and COS7 cells were mainly used for in cellulo crystallization since they were most successful
in crystal production, compared to insect cells, and provide authentic PTMs of mammalian and viral
proteins. Cells were seeded and co-transfected (5.14.3) with the protein of interest and the crystalline
matrix providing PAK4 and Inkal constructs. The transfected cells were incubated for 3-6 days at
37 °C, prior analysis via WB (5.16.4), IF (5.16.16), synchrotron X-ray radiation (5.19.1), and

transmission electron microscopy (TEM) of ultra-thin sections of resin embedded cells (5.18.2).
5.18. Electron microscopy

5.18.1. Negative stain transmission electron microscopy

Negative stain TEM is used to visualize structural details of macromolecules or viruses, which are
embedded in opaque heavy metal salts. The sample is adsorbed on an electron transparent sample
support and can be resolved to up to 15 A. A 300-mesh copper grid, coated with a continuous carbon
layer (Table 2), was glow-discharged for 30 sec at 25 mA with a Quorum GloQube glow discharger to

obtain a negatively charged surface. The grid was next incubated with 4 pl purified protein solution
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with a concentration of 0.12 mg/ml for 30 sec, followed by blotting with Whatman paper to enhance
sample adsorption and to remove excess liquid. The sample was washed twice with H;0, prior
staining with a 2% uranyl acetate solution. To secure exhaustive sample staining, the protein was
incubated a second time with the heavy metal salt for 30 sec. Excess liquid was removed by Whatman
paper between each step and the entire staining was conducted at room temperature. The sample
was air-dried for 15 min and analyzed with the electron microscope Talos L120C (FEI/Fischer
Scientific), equipped with a LaB6 cathode and a CETA camera and operated at 120 kV. For single
particle analysis (SPA) of negatively stained proteins, approximately 100 micrographs were recorded
at a nominal magnification of 92k x and a pixel size of 1.53 A with a defocus range of -0.3 to -4.7 um,

which were analyzed with Relion 3.1.

5.18.2. Transmission electron microscopy of ultra-thin sections of resin-embedded
cells

TEM of ultra-thin sections of resin-embedded cells allows to analyze subcellular structures within
their native environment. The restriction of low electron penetration depth is overcome by slicing
resin embedded cells into ultra-thin sections by ultramicrotomy. In this work, the method was used
to analyze the crystalline structure of in cellulo protein crystals. HEK293 cells were grown in p-Dish
35 mM ibiTreat and transfected with the respective plasmids (5.14.3). 3 d.p.t, the cells were fixed
with 2% (v/v) formaldehyde and 2.5% (v/v) glutaraldehyde in PBS for 60 min, followed by five
washing steps in PBS for 2 min on ice. The specimen was stained with 1% (w/v) osmium tetroxide in
PBS for 30 min and washed twice in PBS and H,0 for 10 min. A second staining step with 1% (w/v)
uranyl acetate for 30 min was carried out, followed by two washing steps in H20 for 10 min. The
sample was dehydrated with 50%, 70%, 90% (v/v), and 100% EtOH, each step for 10 min with two
additional dehydration steps in 100% EtOH for 10 min. Thereafter, the cells were embedded in 50%
(v/v) Epon 812 epoxy resin (Table 2) in EtOH for 30 min. Embedding was repeated with 70% (v/v)
Epon 812 epoxy resin in EtOH for 90 min and with 100% Epon 812 epoxy resin overnight, for 3 h, 5 h,
overnight, and again for 5 h. Polymerization was conducted in 100% Epon 812 epoxy resin at 60 °C
overnight and areas of interest were recovered with a 6 mM disc punch. A four-sided, flat-top pyramid
with approximately 30° angles was formed with a scalpel and transferred onto an ultramicrotome to
remove the ibidi polymer culture dish layer and to slice 50 nm sections. The slices were placed on
copper grides (200 mesh), post-contrasted with saturated uranyl acetated in 70% (v/v) EtOH,
washed extensively with H,0, dried on filter paper, and imaged on the transmission electron
microscope CM120 (Philips/FEI). The microscope, equipped with a LaB6 cathode, was operated at
80 kV. Micrographs were recorded using a MultiScan 794 CCD camera.
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5.18.3. Transmission electron cryo-microscopy single particle analysis

CryoEM SPA is used to gain high-resolution information of macromolecular structures. Electrons,
emitted by a field emission gun, will be highly accelerated in a vacuum to interact with the specimen.
The elastically scattered electrons are detected on a direct electron detector, producing 2D projection
images of the sample, which are used to construct a 3D structure of the sample. The imaging is carried
out under cryogenic conditions by imaging frozen hydrated specimens, which are cooled by liquid
nitrogen. Since many biological samples are radiation sensitive, the imaging has to be carried out at
low electron dose (L. A. Baker & Rubinstein, 2010). This results in poor signal-to-noise ratios in the
corresponding micrographs, leading to reduced contrast. By averaging large numbers of identical
projection images, the challenge of poor signal-to-noise ratio can be counteracted. Specimens were
previously vitrified by plunge freezing the sample in an ethane-propane mixture using a Vitrobot
Mark IV (FEI/Thermo Fischer Scientific). 4 pl of purified LT, with a protein concentration of 0.8
mg/ml, were added on a C-flat™ holey carbon copper grid (Protochips) and plunge-frozen using
blotting conditions of 100% humidity, 4 sec blot time, and a blot force of 0. Thereafter, the sample
was constantly kept at liquid nitrogen temperature to prevent ice crystal formation and
devitrification of the sample. The data set was recorded on a Talos Arctica 200KV electron microscope,
equipped with a Falcon 3EC direct detector (FEI/Thermo Fischer Scientific). Images were recorded
with a total dose of 42 e-/Az?, at a magnification of 150k x with the EPU software (Table 15), using a
defocus range of -0.6 to -2.9 um (Table 27). The SPA was carried out with Relion 3.1 (Scheres,
2012)(Figure 12). 37 frames were motion corrected to form one micrograph, followed by CTF
correction, using CTFFIND4.1 (Rohou & Grigorieff, 2015). 21 micrographs were selected to define
parameters for automated reference-free auto-picking based on a Laplacian-of-Gaussian (LoG) filter
with a diameter of 200 x 100 A. The parameters were applied onto the entire dataset, and the picked
particles were classified in 2D, according to their shape and structural features, applying a soft
circular mask diameter of 160 A. By aligning particles with the same orientation and conformation,
the signal-to-noise ratio was drastically increased and randomly distributed noise could be
eliminated. Broken particles and ice crystals were discarded, while the remaining particles were used
for a subsequent 2D classification. This procedure was iteratively performed until the quality of the
alignments did not improve anymore. These particles (18,442 particles) were utilized for an initial
3D model, out of which a 3D reference with no applied symmetry was built. The 3D reference was
utilized for 3D alignment and the reconstruction of five 3D classes. The class with the highest particle
distribution and the best alignment parameters (11,981 particles) was selected for auto-refinement
to improve the resolution. For gold-standard Fourier Shell Correlation (FSC) calculations of resolution

estimates and to avoid overfitting, the dataset was split into two independent subsets and their

63



Material and methods

consistency as a function of special frequency was compared (van Heel & Schatz, 2005). The final
model was not submitted to postprocessing since overfitting was observed. Similarly, particle

polishing was not applied.
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Figure 12: The Relion 3.1 workflow applied for the cryoEM SPA.

5.19. Synchrotron radiation-based X-ray techniques

5.19.1. X-ray scattering of in cellulo protein crystals

Protein X-ray crystallography is used to elucidate the atomic structure of protein crystals by exposing
them to X-ray radiation. The monochromatic, focused, and coherent X-ray beam interacts with
electrons of the protein atoms. Since the interaction of X-rays with electrons is low, a periodic lattice
is vital to amplify the signal. X-rays are scattered by the crystal plane with a reflection angle 8. If the
path length difference, dependent on the crystal plane distance and the reflection angle, is equal to an
integer multiple of the wavelength, constructive interference occurs. This is described by the Bragg’s
law and is a prerequisite to detect scattering events (Bragg & Bragg, 1913). The elastically scattered
photons are recorded as diffraction patterns in reciprocal space and used to calculate the electron
density map in real space by its Fourier transformation. Thereby, phases and structure factors are
important, of which the latter can be obtained by the recorded scattering intensity, depending on the
scattering atom. However, it is difficult to calculate the phase of the incoming beam from the
diffraction data, known as the phase problem (R. W. Harrison, 1993). The phase problem can be
solved, for example, by isomorphous replacement (Green et al., 1954) or molecular replacement

(Rossmann & Blow, 1962). Despite the long tradition of X-ray crystallography, sample crystallization
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is still a “trial and error” procedure and reflects the main bottle neck of this method. As a consequence,
in cellulo grown crystals (5.17) were analyzed via X-ray radiation in this work. The crystals, grown in
T25 flasks-cultured HEK293 and COS7 cells, were trypsinized 4 d.p.t.. 2 ul crystal-cell suspension
were mixed with 4 pl 37.5 % polyethylene glycol (PEG) 400 and mounted on a nylon micro mesh,
comprising 400 10 x 10 pm pores. Thereafter, the crystals were examined via the synchrotron X-ray
source of PETRAIIL, EMBL P14, Hamburg. The analysis was performed under cryo-conditions with a
microbeam (5 x 10 yum) with 12.7 photons/sec and a wavelength of 0.98 A.
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6. Results

6.1. In cellulo crystallization of MCPyV sT and LT

Solving the structure of MCPyV oncoproteins is of great interest as it constitutes an important step
towards developing specific antiviral treatment against MCC and discloses unknown structure-
function relationships helping to reveal how MCPyV T antigens contribute to the establishment of
MCC. Hitherto, no full-length LT structure is known and only single domains of related PyV LTs, such
as the DnaJ, OBD, and helicase have been solved (Meinke et al., 2014; D. Li et al,, 2003; H.-Y. Kim et al,,
2001). For MCPyV LT, only the OBD could be crystallized, which shows the intricacy of solving its full-
length structure (C. Harrison et al., 2011). The LT MURI/Il domains, which constitute one-third of the
protein and are predicted to be unstructured, pose a major challenge in solving their structure.

The truncated version of LT (tLT244), comprising the first 244 amino acids without the C-terminal
helicase and OBD, derived from the MCC cell line 12 (MCCL12), was tried to be crystallized in a
previous dissertation work (Borchert, 2013). The protein was expressed in E. coli, purified via affinity
chromatography (NiNTA) and SEC, followed by in vitro crystallizing experiments. Unfortunately, the
approach failed due to the need for a monodispersed and sufficiently concentrated LT solution.
Similarly, there is no full-length structure available for MCPyV sT. In this work, in cellulo
crystallization (5.17) was applied to solve the structure of the MCPyV T antigens, which is an essential

prerequisite to develop antiviral drug targets.

6.1.1. MCPyV T antigen constructs screened for in cellulo crystallization

The concept of a proteinogenic crystalline molecular flask was applied to increase the propensity of
sT and LT to crystallize (Baskaran et al., 2015) (5.17). The catalytic site of PAK4 and its endogenous
inhibitor Inkal spontaneously form intracellular protein crystals, which can harbor proteins of
interest in their central solvent channel to stabilize them in a single state. The size restriction of the
cavity of 80 A may lead to an erroneous alignment of the T antigens, impairing the crystal packaging.
Therefore, Baskaran and colleagues proposed an upper molecular weight limit for proteins residing
inside the channel of 30 kDa, which was applied to design the T antigen constructs (Table 8 and Table
9). The MCCL12 LT variant tLT244 (27 kDa), sT (22 kDa), and 122tsT (8 kDa) were fused to Inkal
(31 kDa) and co-expressed with PAK4cat (35 kDa) (Figure 13A). The possibility of inadequate crystal
packaging arising from the protein size was further reduced by designing the protein 122tsT. ST was
N-terminally truncated, comprising the amino acids 122-186. With the tool Jpred 4, this protein part

was predicted to harbor mainly alpha helices and beta sheets, which provide protein stability.
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Additionally, the N-terminal Dna] domain, shared with LT, and the LSD domain, flanked by
unstructured regions, were omitted.

An approach to increase the solvent channel capacity was the substitution of Inka1l, protruding into
the cavity, with its truncated version iBOX (Figure 11). This peptide comprises only the C-terminal
PAK4cat interacting site, residing in the region of the Inkal amino acids 166-203 with a molecular
weight of 4 kDa. The HA, His, and FLAG tag, fused C-terminally or N-terminally to the protein
constructs (Figure 13A), were used to validate the protein expression by WB (Figure 13B and C) and
IF (Figure 14). Next to the co-expression of Inkal fusion proteins with PAK4cat, T antigens were
expressed as complete fusion proteins, coupled to iBox and PAK4cat (Figure 13A). It was anticipated
to increase crystal formation by providing all crystal components on one construct.

Next to the principle of the proteinogenic crystalline molecular flask, crystallization propensity may
be enhanced by expressing the T antigens in different cellular compartments, thereby increasing their
local concentration, or exploiting different cellular environments such as pH, protein composition or
a proteinogenic crystallization starter such as crystalline oxidases in peroxisomes (Veenhuis et al,,
2003). For example, intracellular crystals of exogenously expressed firefly luciferase could be
observed in the peroxisome of Sf9 cells (Schonherr et al., 2015), and crystals of cathepsin B were built
in the ER of the same cell system (Koopmann et al., 2012). Various N-terminal LT truncations,
comprising the OBD, zinc finger, and helicase (tLT328), the zinc finger and helicase (tLT430), or only
the helicase (tLT544) as well as sT and 122tsT, were sorted in different cell compartments. The
constructs were C-terminally tagged with the peroxisomal target sequence serine-lysine-leucine
(SKL) or fused to the ER signal peptide lysine-aspartic acid-glutamic acid-leucine (KDEL),
accompanied with an N-terminal ER signal sequence of 22 amino acids. Unmodified tLT244 and sT
were expressed to screen crystal formation in the nucleus as their nuclear localization was published
in different human cell lines (Borchert et al., 2014; Tsang et al,, 2016).

All constructs expressed in mammalian cells were cloned in the p]JX vector under the control of a CMV
promoter (Table 8). In contrast, proteins expressed in insect cells were cloned into the pFastBacl
vector, harboring the polyhedrin promoter (Table 8). A tabular overview of all engineered constructs

is given in Table S 2.
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6.1.2. Co-expression of a crystalline matrix and MCPyV oncoprotein variants result in
in cellulo crystals in mammalian cells

The protein constructs used for the proteinogenic crystalline molecular flask approach were either
transfected ina 1:1 ratio into HEK293 cells or COS7 monkey kidney fibroblasts (5.14.3) or transduced
via recombinant baculoviruses into Sf9 insect cells by using 0.5% (v/v) of each virus stock (5.14.4).
COS7 cells were utilized in this work since the proof of principle to exploit Inkal:PAK4cat as
crystalline matrix was performed in these cells (Baskaran et al., 2015). Next to COS7, HEK293 cells
were chosen to circumvent the presence of the polyomavirus SV40 LT, resembling the MCPyV LT,
which was utilized to immortalize COS7 cells. The insect cell line Sf9 provided a robust and cheaper
production system compared to mammalian cells and is generally used as a model cell line for in
cellulo crystallization (Redecke et al, 2013; Schonherr et al, 2015). However, an altered post
translational N-glycosylation, summarized in (X. Shi & Jarvis, 2007), could be a disadvantage for
highly post-translational modified proteins, which applies to many proteins of viral origin.

Crystal formation was observed 2-5 d.p.t,, depending on the protein construct and the cell line. All
constructs which successfully built in cellulo crystals (Figure 13A, construct 2-7) were expressed in
HEK293 cells and detected 3 d.p.t. via WB, using the FLAG antibody to visualize PAK4cat, the HA
antibody for Inkal and 122tsT, the 2T2 antibody for sT and the Cm2B4 antibody for tLT244 (Figure
13B). Interestingly, the 122tsT-Inkal variants (lanes 6 and 7) do not appear at the same size of
approximately 41 kDa. As all proteins, besides PAK4cat, run slightly higher than their theoretical
molecular weight shown in Figure 134, it was anticipated that 122tsT-Inkal (lane 6) may have
undergone degradation. Thus, it was excluded from further analysis. In cellulo crystals of the protein
constructs 2-7, grown in HEK293 cells and analyzed 3 d.p.t., are exhibited in Figure 13D. All crystals
formed acicular structures whereas the number per cell and the size ranging from 10 - 100 pm was
protein-dependent. However, crystals of the individual proteins did not differ between COS7 and
HEK293 cells, which is why crystal formation in COS7 cells is not shown. All crystals arose
predominantly as bundles or as single, elongated spicules (micrographs 2, 3, 4, and 5), except for
those incorporating 122tsT. These crystals were highly abundant per cell and frequently grew
radially next to bundle formation (micrographs 6 and 7). Non-impaired cell integrity by punctuating
the plasma membrane, but all eventually led to cell detachment. Since Inkal does not contribute to
any crystal contacts (Baskaran et al.,, 2015), but functions as a linker between PAK4cat and the protein
of interest, crystal formation could be observed in the absence of the inhibitor (micrograph 2). Table
S 2 summarizes all constructs screened for in cellulo crystallization and evaluates their ability to build

in cellulo crystals in mammalian and insect cells.
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Figure 13: Formation of in cellulo crystals of various protein constructs. (A) Co-expression (colon) of the catalytic site of
PAK4 (PAK4cat, blue) with sT (green), truncated sT of amino acids 122-186, (122tsT, light green) or truncated LT of amino
acids 1-244 (tLT244, yellow) fused N- or C-terminally to Inkal (red). The HA, FLAG and His tag (purple) were used for
protein detection by IF and WB. Additionally, sT and tLT244 were expressed as fusion proteins of the PAK4cat interacting
domain iBOX (light red), residing in Inkal, and PAK4cat. The molecular weight, the expression system (COS7/HEK293:
mammalian origin; Sf9: insect origin) and crystal formation (successful: green check; unsuccessful: red cross) are exhibited
on the left of the constructs. The construct numbers being used in (B), (C) and (D) are assigned on the right. (B) HEK293
cells were co-transfected with 500 ng DNA of the constructs in a 6-well format. Successful protein expression was shown by
WB using the FLAG, HA, sT (2T2) and LT (Cm2B4) antibody for PAK4cat, Inkal and 122tsT, sT and LT detection, respectively,
3 d.p.t.. (C) Sf9 insect cells were transfected with 1.5 ug recombinant bacmid DNA for baculovirus production in a 12-well
format. Successful protein expression was shown by WB using the FLAG, His and LT (Cm2B4) antibody for PAK4cat, sT and
tLT244 detection, respectively, 4 d.p.t.. The stars mark potential degradation products. (D) Bright field light microscopy (40x
objective) shows in cellulo crystals of construct 2-7, 3 d.p.t..

The expression of PAK4cat alone as well as the T antigen-iBox-PAK4cat fusion proteins (Figure 134,
2, 8 and 9), whose expression was verified via WB, using the FLAG, His and LT (Cm2B4) antibody for
the detection of PAK4cat, sT-iBox-PAK4cat, and tLT244-iBox-PAK4cat, respectively, did not result in
in cellulo crystals in insect cells (Figure 13C). In addition, the expression of the constructs, being
sorted into the peroxisome, ER, or nucleus, also being performed in insect cells, did not yield in cellulo
crystals after up to 8 d.p.t. (data not shown). These results demonstrate that insect cells were not a
suitable expression system to produce in cellulo crystals of the MCPyV T antigens. Moreover, the
expression of GFP-iBox-PAK4, which served as a model construct since expression and crystal
formation could be easily monitored, did not result in in cellulo crystals in mammalian cells (data not
shown). Therefore, the expression of the entire crystalline matrix together with the protein of interest
as multi-domain protein was not considered further.

In summary, the approach of the proteinogenic crystalline molecular flask, by co-expressing the T
antigen-Inkal with PAK4cat, led to successful crystal formation in mammalian cells. In contrast, the
expression of the crystalline matrix as fusion proteins did not result in intracellular crystals in any

expression system. In addition, neither the proteinogenic crystalline molecular flask principle nor the
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utilization of different cellular compartments induced in cellulo crystals in insect cells, which is why

all subsequent analyses were performed in mammalian cells.

6.1.3. In cellulo crystals harbor T antigens but exhibit morphological heterogeneity
Since PAK4cat built crystals without the inhibitor Inkal, shown in Figure 13C, the presence of the T
antigens in in cellulo crystals was verified by immunofluorescence staining (5.16.16). The T antigens
fused to HA-Inkal were co-expressed with PAK4cat in COS7 cells, which grew on gelatin-coated glass
coverslips, in a 24-well plate. The cells were fixed 3 d.p.t,, stained against LT or HA, and analyzed with
confocal microscopy. Figure 14 shows the presence of tLT244 (A), sT (B), 122tsT (C), and Inka1l alone
(D) in the intracellular PAK4cat crystals. In contrast, the sT variants were detected indirectly via the
HA tag since no sT antibody was available for IF experiments. The antibodies did not penetrate the
crystals and stained only their exterior, resembling the positive control Inkal alone, whose atomic
structure had already been solved, providing first indications towards a dense crystal packaging and
the suitability of the engineered crystals for high-resolution structure analyses.

Summarized, crystals which arose from the expression of the T antigens and the crystalline matrix
incorporated the protein of interest and were not solely built out of PAK4cat subunits. Furthermore,
the crystal staining of the positive control and the T antigen harboring crystals was comparable,

indicating their suitability for structure analysis.

A tLT244*Inkal + -sT-Inkal +

1

-Inkal-122tsT + -Inkal +

Figure 14: Immunofluorescence staining of T antigen variants incorporated in intracellular crystals. COS7 cells were co-
transfected with HA-Inka1 fused to tLT244 (A), sT (B), 122tsT (C) or without fusion protein (D) and PAK4cat in a DNA ratio
of 1:5. Cells were fixed 3 d.p.t. and stained with HA (red) or LT (Cm2B4, green) antibody and DAPI (blue) and analyzed with
confocal microscopy. Scale bar: 30 um.
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After the presence of the T antigens in in cellulo crystals was verified, their crystallinity was analyzed.
Ultra-thin sections of resin-embedded cells incorporating recombinant crystals were examined via
TEM. HEK293 cells were grown in ibiTreat 35 mM p-Dishes and co-transfected with sT-Inka1 or Inkal
alone and PAK4cat, which were analyzed 5 d.p.t. or 2 d.p.t., respectively. TEM analysis was restricted
to sT-Inkal:PAK4cat due to its higher abundance and higher molecular weight, compared to the
tLT244 and 122tsT construct, respectively. Thereby, high abundance abridged detection of crystal
harboring cells and higher molecular weight increased the probability that the protein of interest
affects crystal packaging, which could be revealed by TEM. Figure 15A shows the cross-section of a
sT-Inkal:PAK4 hexagonal crystal with a visible crystal lattice, showing the solvent channels built by
twelve PAK4cat units (Figure 11). The longitudinal section of these crystals (Figure 15B) represents
the characteristic acicular shape, confirming the observation by light microscopy and
immunofluorescence staining (Figure 13 and Figure 14). They are packed in bundles with a crystal
width of approximately 75-250 nm. The cross-section of an Inkal:PAK4cat crystal alone is shown in
Figure 15D. These crystals resemble the hexagonal shape seen in micrograph A, suggesting that sT is
suitable for high-resolution structure analysis. However, next to crystals with a visible crystal lattice
and defined shape, many crystals of sT-Inkal:PAK4cat showed frayed edges and an incomplete or
missing hexagonal shape, indicating insufficient crystal packaging upon T antigen incorporation
(Figure 15C).

It can be stated that the incorporation of sT into the Inkal:PAK4cat crystal matrix led to a crystal
heterogeneity, including those with hexagonal shapes and visible crystal lattice, resembling the

positive control as well as crystals missing hexagonality and with frayed edges.
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Figure 15: Transmission electron microscopy of in cellulo crystals of Inkal:PAK4cat variants. HEK293 cells were co-
transfected with sT-Inkal (A-C) or Inkal alone (D) and PAK4cat in a DNA ratio of 1:5 and analyzed 5 d.p.t. and 2 d.p.t,
respectively. Cells were stained with 1% osmium tetroxide and 1% uranyl acetate, followed by Epon 812 epoxy resin
embedding and 50 nm sectioning. Cross (A) and longitudinal (B) section of sT-Inkal:PAK4cat crystals, showing the crystal
lattice and an acicular shape. (C) Cross-section of sT-Inkal:PAK4cat crystals without hexagonal shape and with fraying
edges. (D) Cross-section of the positive control Inkal:PAK4 crystals.

The crystals were examined with the synchrotron X-ray source of PETRAIII, EMBL P14, Hamburg to
obtain diffraction patterns for the molecular structure elucidation of the T antigens. HEK293 and
COS7 cells, containing crystals described in 6.1.2, were grown in T25 flasks and trypsinized 4 d.p.t..
Single cells were mounted onto a nylon loop, using PEG400 as cryo protectant and analyzed with a
12.7 keV micro beam (5 x 10 pm) with a wavelength of 0.98 A. None of the T antigens containing
crystals provided sufficient diffraction signals for analysis. The crystals did not diffract or diffracted
only to very low resolution, associated with a very low crystal-hit rate.

In parallel to in cellulo diffraction, attempts were made to use isolated crystals for diffraction to
increase the crystal concentration and the signal-to-noise ratio. However, crystals could not be
recovered after chemical cell lysis (buffer composition is shown in Table S 3) or sonication (15%
amplitude, 30 s) and were thus not used for synchrotron analysis.

In summary, the production of in cellulo crystals of T antigen variants was successful by utilizing the
proteinogenic crystalline molecular flask approach. The presence of the T antigens within the crystals
could be verified and the crystal lattice of sT containing crystals was revealed even though a crystal
heterogeneity was observed, including those with missing hexagonality and frayed edges. Despite the
successful crystal production and their promising characterization, no diffraction data could be

collected to obtain high-resolution structure information of the MCPyV T antigens.
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6.2.Expression, purification, characterization, and optimization of MCPyV LT for
structure analysis with TEM

The lack of intracellular crystal diffraction, protein polydispersity, and high protein precipitation
(results shown in the following) made the approach of in cellulo and in vitro crystallization unsuitable
for structure elucidation of the MCPyV T antigens. In the following, the focus is set on TEM to gain
structural insights into LT. The advantage of cryoEM SPA is the small sample volume and low protein
concentration required. Additionally, crystallization is dispensable, heterogeneity is tolerated to an
extent, and large protein complexes, such as the full-length LT hexamer with a size of 552 kDa, are
beneficial to increase the signal-to-noise ratio during data acquisition. ST was not further analyzed
due to its small size of 22 kDa. The structure of the full-length LT is of great interest, as no
comprehensive LT structure of any PyV is available. In addition, domains of the full-length protein
may stabilize its unstructured MURI/II regions. These regions hold no similarity to any protein and
may be involved in the exceptional characteristic of MCPyV to induce carcinogenesis in its host. Taken
together, the structure of the full-length LT might reveal intradomain interactions and extensive
structure-function relationships, leading to a better understanding of the function of LT and its
involvement in MCC. In addition, the atomic protein structure would provide a starting point for

targeted antiviral treatment development.

6.2.1. Relative domain position and unstructured regions of LT cannot be predicted
by in silico analysis
First insights into the full-length MCPyV LT were obtained by sequence alignments with SV40 and
MPyV LT, greatly varying in the presence of an N-terminal unstructured region (Figure 4B), and
AlphaFold2 prediction. LT sequence alignment of all three PyV revealed a sequence identity between
30-40%, verifying protein homology with greater proximity between MCPyV and MPyV. Single
domains, such as the OBD and helicase, showed higher sequence identity of up to 52% (MCPyV:5V40)
and 62% (MCPyV:MPyV), respectively. The unique regions of MCPyV and MPyV revealed sequence
identity below 30% and were not considered homologous. The DnaJ domain also showed low
sequence identity between 28-31% (Figure 16A). To assess whether the high sequence similarity of
single PyV domains was linked to structure homology, MCPyV LT OBD, the only published crystal
structure of MCPyV LT, was aligned to the SV40 equivalent (Figure 16B). The domains showed high
structure similarity with a root mean square deviation (RMSD) of 1.01 A, providing evidence that
SV40 LT can serve as a model protein for MCPyV LT buffer optimization and structure analysis.
AlphaFold2 prediction resulted in compact DnaJ, OBD, and helicase domains with high local
prediction confidence of pLDDTs (predicted local distance difference tests) up to 98.1, reflecting
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accurate backbone prediction and a frequent correct side chain orientation. However, the MURI/II
and the C-terminus were predicted to be ribbon-like with pLDDTs below 50, considering these parts
as unpredictable and disordered in isolation (Figure 16C and D). Further, low confidence in the
relative domain positions of the predicted LT was demonstrated by the predicted aligned error (PAE)
plot, assessing the confidence in the relative position of residue pairs measured in A (Figure 16E).

These results emphasized the necessity of experimental data for comprehensive structure analysis.
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Figure 16: In silico analyses of MCPyV LT. (A) Pairwise sequence comparison of MCPyV, MPyV, and SV40 LT. Multiple
sequence alignment of full-length LT and all single domains (Dna], unique region, OBD, and helicase) was performed in CLC.
Sequence identity was color-coded in blue (MCPyV:SV40), orange (MCPyV:MPyV), and grey (MPyV:SV40). Low sequence
homology was considered below 30% sequence identity (dashed line). (B) Structure alignment of MCPyV and SV40 LT OBD.
The MCPyV crystal structure (green, PDB: 3QFQ) was aligned to the SV40 crystal structure (purple, PDB: 2ITL), and the
associated root mean square deviation (RMSD) was depicted. N- and C-terminus were marked with N” and C’, respectively,
and the alignment was performed and visualized by ChimeraX. (C) AlphaFold2 prediction of LT. The protein was rainbow
color-coded from blue (N-terminus) to red (C-terminus), and domain names were depicted next to the associated structures.
(D) Predicted local distance difference test (pLDDT) plot of (C). PLDDTs of all LT residues, depicted on the x-axis, can be
correlated to the LT domains (DnaJ: blue; MURI/II: green; OBD: light blue; Zinc finger: purple; Helicase: orange), which were
arranged above the plot. (E) Predicted aligned error (PAE) plot of (C). The expected position error of each residue, given
in A, was color-coded in blue (high position confidence) and red (low position confidence).

6.2.2. Determination of optimal LT expression and cell lysis conditions

Full-length LT was expressed via the baculovirus expression system in insect cells (5.14.5), which
provides most posttranslational modifications administered in mammalian cells, but shows higher
expression rates, and is economically favored compared to mammalian expression systems. LT, with
a size of 92 kDa and an isoelectric point (pl) of 6.9, was C-terminally coupled to a His, Strepll, and
MBP tag (Table 8 and Table 9), which were cleaved prior to SEC via a TEV cleavage site (Figure 17A).
MBP was utilized to increase the protein solubility, as vast amounts of the protein, tagged solely with
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His and Strepll (Table 8 and Table 9), were found in the cell pellet (Figure S 2A and B). Moreover,
despite verified LT expression (Figure S 2C), His and Strepll tag could not be detected by WB (results
not shown) and the protein failed to be purified via NiNTA or StrepTactin affinity chromatography.
LT was found in the flowthrough and wash fractions, which is shown exemplarily for the StrepTactin
affinity chromatography in Figure S 2B.

The expression endpoint and the P2 baculovirus transduction volume were determined to maximize
protein yield. LT-His-Strepll-MBP expression was observed over seven days after transducing High
Five™ cells with 0.2%, 0.5%, or 1% (v/v) P2 baculovirus supernatant. The pellet was resuspended in
lysis buffer (Table 5), sonified, and the resulting supernatant and pellet were analyzed for soluble
protein expression by SDS-PAGE and verified by WB. The use of 0.5% (v/v) P2 baculovirus
supernatant provided the highest soluble protein expression, which was generally low and
comparable to cellular protein expression (Figure 17B). LT was detected on day 2 at the expected size
of approximately 137 kDa. It had its maximum expression between day 2-3 and only a small fraction
could be found in the insoluble pellet. Therefore, all following LT expressions were carried out with

0.5% (v/v) P2 baculovirus supernatant and harvested 3 d.p.t..
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Figure 17: LT test expression to determine the day of harvest and the P2 baculovirus volume for high LT yield. (A) LT
construct used for expression and purification. LT (yellow) was C-terminally tagged with 6xHis (light green), Strepll (green)
and MBP (dark green), which were cleavable via a TEV cleavage site (grey). The amino acid length is depicted under the
construct and the molecular weight of LT with and without tags is indicated in kDa. (B) SDS-PAGE and WB of LT test
expression using 0.5% (v/v) P2 baculovirus supernatant. 10¢ transduced (LT) or untransduced (mock) High Five™ cells
were incubated up to 6 days post-transduction (dpt), lysed in 200 ul RIPA buffer (Table 5), and sonified. The pellet (P) was
dissolved in 200 ul RIPA buffer and same volumes of supernatant (SN) and P were analyzed via SDS-PAGE (8% gel) and
Coomassie staining. LT expression was verified by WB using the Cm2B4 LT-antibody (aLT).

Thereafter, optimal cell lysis conditions were tested. LT is a DNA-binding protein, making purification
without nucleic acid contamination challenging. It harbors two nuclear localization signals (NLS) in
the MURII domain, leading to nuclear localization in the viral replicative life cycle (Borchert et al,,
2014), which necessitates nucleus disintegration during cell lysis. Therefore, three different lysis
approaches were applied, and protein yield, protein solubility, and nucleic acid contamination were

examined. The production of nuclear extracts in two steps, by varying the salt concentration (LB6a
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and b, Table 5) and excluding the cytosolic fraction for protein purification, was used as a first
approach (1). Degradation of the cytoplasmic membrane using Triton X-100, high salt concentration,
and sonication (LB5, Table 5) was adapted as the second lysis method (2). Nonidet P-40, also
disintegrating the cytoplasmic membrane, and high salt concentration (LB4, Table 5) was applied as
a third approach (3) (Figure 18). High Five™ cells were transduced with recombinant baculovirus,
followed by LT recovery 3 d.p.t. via cell lysis and MBP gravity flow affinity chromatography. Lysis
method 2 showed no insoluble LT protein and resulted in the highest protein yield after affinity
chromatography with the lowest nucleic acid contamination, showing a 260/280 ratio of 0.67. LT
purification was also successful with method 3, but insoluble LT emerged and nucleic acid
contamination with a 260/280 ratio of 0.76 was elevated compared to method 2. The sole use of the
nuclear extract of method 1 led to high protein aggregation, apparent above 250 kDa, insoluble LT,

and only low protein amounts could be recovered from the resin.
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Figure 18: Determination of the optimal cell lysis method for LT recovery. (A) WB of LT-His-StreplI-MBP MBP gravity flow
affinity chromatography, based on different lysis methods. 5 x 107 High Five™ cells were transduced with recombinant
baculovirus and analyzed 3 d.p.t.. The lysis methods are exhibited on the right and include: (1) the production of nuclear
extracts in two steps by increasing the salt concentration (LB6a and b, Table 5) and excluding the cytosolic fraction for
protein purification; (2) Triton X-100, high salt concentration and sonication (LB5, Table 5); (3) Nonidet P-40 and high salt
concentration (LB4, Table 5). The chromatography was carried out with 500 pul amylose resin and same volumes of the
resulting cytosolic supernatant (SNc), nucleic supernatant for (1), and combined supernatant for (2 and 3) (SN), pellet (P)
which was resuspended in equal volumes as SN, flowthrough (FT), wash, and elution fractions were applied to an SDS-PAGE
(8% gel). LT was visualized via WB, using the LT-antibody Cm2B4. (B) Protein concentration of combined elution fractions
of (A). The eluate was concentrated via a 100 K amicon filter to approximately 110 pl and measured by NanoDrop. The
260/280 ratio is depicted above each column.

Summarized, LT was successfully expressed in High Five™ insect cells, obtaining the highest
expression rate by using 0.5% (v/v) recombinant baculovirus and recovery 3 d.p.t. The highest
protein concentration and lowest nucleic acid contamination after affinity chromatography was
accomplished by lysing the cells with Triton X-100 in high salt buffer and sonication. Additionally to
lysis method 2 and 1 M NaCl, protein purification was realized with the same method and 250 mM
NaCl to stabilize LT during purification by unspecific DNA binding, which was inhibited in the

presence of high salt buffer (results not shown).
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6.2.3. Affinity and size exclusion chromatography are applied for LT purification
Affinity chromatography using the MBP tag was applied as a first purification step to recover LT from
the crude cell lysate. It showed improved binding specificity compared to NiNTA and is economically
favored over StrepTactin, although the purification exploiting the Strepll tag was effective as well
(results not shown). Figure 19A shows the successful purification and enrichment of LT-His-StreplI-
MBP, which was exogenously expressed in High Five™ cells, lysed as described in 6.2.2 with the lysis
buffer LB7 (Table 5), and purified by an Akta-coupled MBPTrap (5.16.6). However, vast amounts of
LT, present in the flowthrough and pellet, could not be recovered and many proteins co-eluted,
requiring further purification steps. Additionally, LT attached irreversibly to the resin and could not
be eluted without compromising its biological integrity (Figure 19B).

Following initial purification, the affinity tags were removed by TEV protease (5.16.11). Proteolytic
cleavage was examined up to 38 h at 4 °C and 21 °C (Figure 19C). Comprehensive tag removal was
observed after 6 h at 21 °C and 38 h at 4 °C. Since the majority of LT was cleaved after 16 h, all

subsequent tag removals were carried out overnight at 4 °C to decrease purification time.
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Figure 19: MBPTrap affinity chromatography of LT and its tag removal. (A) MBPTrap affinity chromatography of LT-His-
Strepll-MBP. 2.5 x 108 High Five™ cells were transduced with recombinant baculovirus. Cells were lysed in LB7 (Table 5),
3 d.p.t, and purified with an MBPTrap on an AktaPurifier system with the elution buffer EB2 (Table 5). Similar volumes of
resuspended pellet (P), supernatant (SN), flowthrough (FT), and pooled and concentrated elution fractions (E) were
separated via an SDS-PAGE (8% gel) and Coomassie stained. (B) MBP gravity flow affinity chromatography of LT-His-
StreplI-MBP. 3 x 108 High Five™ cells were transduced with recombinant baculovirus. Cells were lysed in LB3 (Table 5), 3
d.p.t, and purified using 1 ml amylose resin and the elution buffer EB2 (Table 5). Similar volumes of elution fractions and
resin (1:1 ratio of resin:buffer) were separated via SDS-PAGE (8% gel) and Coomassie stained. (C) Similar volumes of LT,
purified via affinity chromatography and incubated with TEV at 4°C or 21 °C, were taken at 4-38 h. Time 0 shows the elution
fraction of the preceded affinity chromatography.

After initial affinity chromatography, various purification methods were examined to improve LT
purity. SV40 LT was mainly purified by immunoaffinity chromatography, resulting in 95% pure
protein with high homogeneity, showing ATPase activity, sequence-specific DNA binding, and p53
binding (Dixon & Nathans, 1985; Simanis & Lane, 1985). Since SV40 LT served as a model protein,
immunoaffinity purification was also applied to MCPyV LT. Protein G was linked to the self-made T
antigen binding monoclonal antibody 2T2 (5.14.6) and incubated with LT-His-Strepll-MBP, which
was pre-purified via MBP gravity flow affinity chromatography (5.16.6). WB of the immunoaffinity

chromatography showed successful 2T2-coupling onto Protein G (Ps-2T2), but the co-purification of
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high molecular weight aggregate could not be excluded thoroughly, and only a minor fraction of LT-
His-Strepll-MBP was captured by the antibody (Pg-2T2-LT) (Figure 20A). The majority of LT was
found in the flowthrough and wash fractions, wherefore immunoaffinity chromatography using the
2T2 antibody was not suitable for MCPyV LT purification.

For anion exchange chromatography (5.16.8), the salt concentration of the protein buffer (EB2, Table
5) was reduced by overnight dialysis from 250 mM to 100 mM (IEXB1, Table 5), resulting in vast LT
precipitation of 70% from 2.2 mg to 1.5 mg (Figure 20C, P). The remaining protein was applied to a
HiTrap Q FF at a conductivity of 13 mS/cm. LT eluted at 36% and 62% EB3 (Table 5) and a
conductivity of 30 mS/cm and 46 ms/cm, respectively (Figure 20B and C,2 and 3). Impurities could
not be removed entirely, and most of the applied LT was not captured by the resin and was found in
the flowthrough (Figure 20C, FT). LT instability in moderate salt buffer and low protein-resin
interaction led to the fact that ion exchange chromatography as well as heparin adsorption
chromatography (results not shown) were not further pursued. Therefore, structure analyzing
methods, such as SEC, DLS, or EM were not applied to analyze potential differences in LT

conformation of the elution fraction 1 and 2.
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Figure 20: Challenging LT purification approaches. (A) Immunoaffinity chromatography of LT. 50 ul Protein G (Pc) was
coupled to 5 ml of unconcentrated T antigen-antibody 2T2. Resin was incubated with 78 pug LT-His-Strepll-MBP, purified by
MBP gravity flow affinity chromatography, for 2 h in EB4 (Table 5). LT-bound resin (P¢-2T2-LT) was washed with 2x 1 ml
EB4 (Wash). LT was visualized via WB (8% gel), using the T antigen-antibody 2T2. Sample volumes added onto the gel: Pc:
5ul; 2T2: 27 pl; Pe-2T2: 15 pl; Flowthrough (FT): 10% of total FT; Wash: 3% of each wash fraction; Ps-2T2-LT: 20% of LT-
bound resin. (B) Anion exchange chromatography of LT. 2.2 mg LT-His-Strepll-MBP, purified by MBPTrap affinity
chromatography, were dialyzed overnight from 250 mM (EB2, Table 5) to 100 mM NaCl (IEXB1, Table 5), and applied to an
Akta-coupled HiTrap Q FF column. LT was gradually eluted with 1 M NaCl (EB3, Table 5) over 50 ml with a flow rate of
0.25 ml/min. The absorption at 280 nm was measured (blue) and, together with the conductivity (orange), plotted against
the elution volume. (C) SDS-PAGE of (B). Similar volumes of dialyzed LT (SN) and resuspended precipitated LT after dialysis
(P) as well as similar volumes of the anion exchange chromatography flowthrough (FT) and the absorption peaks 1 and 2
were applied to an 8% gel and Coomassie stained.
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Since immunoaffinity, anion exchange, and heparin chromatography failed for LT purification, the
protein, previously purified via MBPTrap and proteolytically cleaved, was subjected to SEC to
examine its oligomeric state and to increase purity. The sample was applied to a HiLoad Superdex
200 10/300 GL and eluted with EB4 (Table 5). The theoretical elution volume of 10 ml for the LT
hexamer (552 kDa) and 31.1 ml for the LT monomer (92 kDa) was calculated by utilizing the SEC
calibration chromatogram (Figure S 3). However, LT elution was observed at a volume of 7.42 ml,
which was within the column void volume of 8 ml, indicating protein aggregation (Figure 21A). In
addition, LT could not be comprehensively purified, and contaminations were still visible by
Coomassie staining (Figure 21B). A 260/280 ratio of 0.64 and 1.4 was observed for LT after SEC,
depending on the use of 1 M or 250 mM NaCl for cell lysis, respectively. Exploitation of a Superose 6
Increase 10/300 GL, beneficial for the separation of large protein complexes with a fractionation
range of 5-5000 kDa, also showed LT elution within the void volume (results not shown). This
observation excluded the concern of an insufficient separation capacity to fractionate spacious LT
complexes such as double-hexamers (1.1 MDa), which are known for SP3 helicases and have been

described previously for SV40 LT (Mastrangelo et al., 1989; Valle et al., 2000).
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Figure 21: Size exclusion chromatography of LT. (A) 1.2 mg LT, purified by MBPTrap and proteolytically cleaved, was applied
to a Superdex 200 10/300 GL and eluted in EB4 (Table 5) with a flow rate of 0.25 ml/min. The elution volume of
thyroglobulin (670 kDa) and y-globulin (158 kDa) from the column calibration (Figure S 3) are depicted with dashed lines
(gray). The void volume is marked with a continuous line (gray). (B) Fractions of 280 nm absorption peaks (1 and 2) were
analyzed by SDS-PAGE (8% gel) and Coomassie stained.

Summarized, MBPTrap affinity chromatography was utilized as initial LT purification step, although
vast protein amounts were not captured by the resin or were irreversibly attached to the matrix. Poor
LT-resin interaction and its instability in moderate salt buffer disqualified immunoaffinity and anion
exchange chromatography for further LT purification and affinity tag segregation, which was realized

by SEC, whereby protein aggregation was observed.
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6.2.4. The viral ori, MgCl;, ADP, and phosphate stabilize LT and reduce polydispersity
The Ry of purified LT was assessed by DLS. For SV40 LT, the formation of various oligomers was
observed in the absence of MgCl, and ATP. By adding these compounds, LT assembled into hexamers,
or double-hexamers in the presence of the viral ori (Gai, Li, et al., 2004; D. Li et al., 2003; Reynisdoéttir
etal, 1993; Dean et al,, 1992; Mastrangelo et al.,, 1989). Therefore, the addition of the viral ori (Figure
23(C), MgCly, and ADP was examined to reduce MCPyV LT aggregation and polydispersity. ADP was
substituted with ATP to mimic a post-hydrolytic state, diminishing ATPase activity. The inhibition of
ATP hydrolysis was hypothesized to reduce conformational changes, leading to helicase activation, as
shown for SV40 LT (Gai, Zhao, et al.,, 2004), which possibly increases polydispersity. In addition,
hexamer formation and LT-DNA interaction is independent of ATP hydrolysis and require only
ATP/ADP binding (Reynisdottir et al., 1993; Borowiec & Hurwitz, 1988).

LT with and without additives was incubated in EB4 (Table 5) for 1 h at 37 °C to enhance protein-
DNA interaction prior to examination. The mean Ry calculated by averaging the autocorrelation
functions (ACF) of LT without additives resulted in two distinct populations with an Ry of 20 nm and
47 nm (Figure 22A, green). The addition of MgCl, and ADP changed the ratio of the populations to
approximately 2:1, respectively (Figure 22B, green). The incubation of LT with MgCl,, ADP, and the
viral ori led to one dominant LT fraction with a peak maximum at 18 nm (Figure 22C, green). The
second fraction was strongly reduced and, in parallel, a small population at 8 nm appeared. The mean
Ry calculated by averaging the radii originating from non-averaged ACFs reflected a sharper peak
without shoulder upon the addition of MgCl,, ADP, and ori, indicating reduced polydispersity (Figure
22C, blue). All peaks appeared in the size range of oligomers or aggregates whereas monomers,
expected in the low to middle single-digit nm range, were not detected. Examination of the buffer with
additives but without LT did not show signals in the stated size range (Figure 22D). Comparison of
the radius plots also revealed that the addition of MgCl. and ADP reduced LT polydispersity, which
was further enhanced by adding the viral ori. However, no condition reflected a monodisperse LT

solution.
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Figure 22: DLS of purified LT in various conditions. (A) 0.2 mg/ml LT, (B) 0.2 mg/ml LT supplemented with 2 mM MgClz and
2 mM ADP, (C) 0.2 mg/ml LT supplemented with 2 mM MgClz, 2 mM ADP, and 0.6 pmol/pg LT ori (2.3 pmol), or (D) 2 mM
MgClz, 2 mM ADP, and 0.6 pmol/pg LT ori without LT were incubated at 37 °C for 1h and analyzed at 20 °C. The
measurements were carried out in EB4 (Table 5) with 10 sec acquisition time and 20 iterations. The mean radius
distribution plot shows the particle mean hydrodynamic radii (Ru) of the averaged autocorrelation function (ACF) (green)
or averaged Ry originating from non-averaged ACFs (blue). The radius plot depicts Ru versus time, whereby the spot
diameters are proportional to the scattered light intensities.

Next to specific LT-ori binding between the OBD and the pentanucleotide GRGGC (C. Harrison et al,,
2011; Kwun et al, 2009), unpublished chromatin immunoprecipitation with subsequent DNA
sequencing (ChIP-Seq), performed in our group, revealed specific binding between LT and certain
cellular DNA promoters in various cell lines. In contrast, tLT244, lacking DNA interacting domains,
did not bind to DNA (Figure S 4A). A motif calling on the LT-bound cellular promoters revealed the
above stated LT-binding motif, though in varying number and arrangement (Figure S 4B). RNA-Seq
analysis showed only 14% differential gene expression of those genes located in close proximity to
the LT-bound promoters, excluding a direct impact of LT-cellular DNA binding on the expression of
those genes (Figure S 4C). In addition, the viral microRNA (miR-M1) promoter, identified by Theiss
et al, 2015 and located antisense in the early gene region, contains five GRGGC motifs and was
therefore also a target for LT binding. An LT-miR-M1 interaction, however, has not been published
thus far, but was observed in our group (data not shown). In this work, the binding behavior of LT to

various DNA oligos was investigated to determine the oligo with the strongest effect on LT stability,
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potentially leading to reduced aggregation and polydispersity. The viral ori, the viral miR-M1
promoter, and the cellular promoter of the p53 stabilizing tumor suppressor TP53INP1 (tumor
protein p53-inducible nuclear protein 1) (Tomasini et al., 2003), which showed pronounced LT
binding in the ChIP-Seq experiments, were analyzed and compared. Emphasis was placed on the
specific DNA binding, thermal stability, and conformation of LT (Figure 23C).

DPI-ELISA (5.16.14) was utilized to test whether LT purification compromised LT-DNA binding and
to verify specific LT-DNA interaction of the above stated, 80 bp long oligonucleotides (Figure 23C).
Biotin-labeled oligonucleotides were immobilized onto an avidin-coated 96-well format and
incubated with purified LT, whose binding was colorimetrically detected with the antibody Cm2B4.
Absorption was normalized to the MCPyV capsid protein VP1 oligonucleotide, lacking GRGGC-binding
motifs and having a GC content of 40%. DNA binding of purified LT could be detected, and it was
shown that this binding was specific, revealing the strongest interaction between LT and the viral ori.
Scrambled ori (ori scr), containing the same GC content but without GRGGC motifs, as a result of ori
sequence rearrangement, showed approximately 0.7-fold LT binding enhancement, which disclosed
an impact of the GC content on LT-DNA binding. No significant difference in the binding affinity
between viral miR-M1, cellular DNA promoter, and ori scr could be observed (Figure 23A).

NanoDSF (5.16.14) was used to assess the thermal stability of LT in the presence of the ori and ori scr
by measuring the change in fluorescence intensity of tryptophane and tyrosine upon successive
temperature increase. Since the binding affinity of LT to ori scr, the cellular DNA promoter, and viral
miR-M1 were comparable, the latter two were omitted for this analysis. Both, ori and ori scr,
increased the thermal stability of LT by 5 °C and 2 °C, respectively (Figure 23B).

Lastly, the conformational state of LT, bound to the above stated oligonucleotides, was examined to
determine the most suitable conformation for cryoEM SPA, favoring large protein complexes as they
increase the signal-to-noise ratio. Since the binding of LT to cellular promoters did not result in
pronounced expression changes of genes in their proximity (Figure S 4C), the function of this
phenomenon is still elusive. Whether LT acts as a helicase or holds a different feature most likely
aligns with a differed protein conformation compared to the expected LT-ori hexamer. Negative stain
TEM SPA was used to examine LT in the presence of the viral ori, miR-M1 promoter, cellular
TP53INP1 promoter, VP1, and without DNA. The final models comprised a maximum of 2400 (LT +
ori) and a minimum of 336 (LT + VP1) particles, all revealing a hexamer shape with a small hexamer
atop a larger one. Interestingly, LT in the absence of DNA also formed hexamers, indicating a DNA-
independent hexamer formation (Figure 23D). The above described results suggested to supplement
LT with ori for cryoEM SPA, showing the highest LT binding activity, the strongest LT thermal

stabilization, and no obvious conformation difference, compared to the other tested oligonucleotides.
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Figure 23: LT-DNA interaction. (A) DPI-ELISA of LT in the presence of oligonucleotides depicted in (C). 1 pg purified LT was
incubated with 1 pmol biotinylated, immobilized oligonucleotides in PDBB (Table 4). LT-DNA binding was colorimetrically
detected at 405 nm by using the antibody Cm2B4. The binding was normalized to VP1. Depicted is the standard deviation
of n=6 and the statistical significance, calculated using a one-way ANOVA test with GraphPad Prism. (B) NanoDSF of LT in
the presence of ori (dark green), ori scr (yellow), and without DNA (black) shown in (C). 2 pg of purified LT was incubated
with 1.2 pmol of ori or ori scr in EB4 (Table 5) and successively heated from 20-95 °C. The normalized first derivation of the
intensity ratio measured at 350 nm and 330 nm of the intrinsic fluorescence of tyrosine and tryptophane was measured and
the melting temperature determined (dashed line) (C) Oligonucleotides examined for specific LT-DNA binding, thermal
stability, and conformation of LT. All oligonucleotides had a length of 80 nucleotides (nts), and their GC content is depicted
behind each sequence. Intact GRGGC motifs (M, dark purple) and motifs with one mismatch (M, light purple) are depicted
above each oligonucleotide in sense and antisense (right-pointing arrow and left-pointing arrow, respectively). Exhibited is
the viral ori (dark green), the viral scrambled ori (ori scr, yellow), having demolished GRGGC motifs (dark purple) but the
same GC content compared to the wildtype ori, the viral miRNA promoter (miR-M1, light green), and the cellular promoter
of TP53INP1 (tumor protein p53-inducible nuclear protein 1) (red). The oligonucleotide of the MCPyV capsid protein VP1
fraction (blue) was used as negative control. (D) Reference-free 2D averages of negative stain TEM SPA of LT in the presence
of oligonucleotides depicted in (C). 0.5 pg LT in EB4 (Table 5) supplemented with 2 mM MgClz, 4 mM ADP, and 0.3 pmol
DNA were incubated at 37 °C for 15 min and centrifuged prior to staining with uranyl acetate. LT was applied onto a glow-
discharged carbon-coated copper grid and analyzed with a Talos L120C 120V electron microscope at 92k x nominal
magnification. 2D classification was performed with the software Relion 3.1 without applying C6 symmetry. LT + ori (dark
green), miR-M1 promoter (light green), cellular TP53INP promoter (red), MCPyV capsid protein VP1 (blue), and without
DNA (black) were analyzed. The particles (ptcs) included in the final model are depicted on the right side. The scale bar
represents 100 A.
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Definition of optimal LT conditions for cryoEM SPA was continued by buffer optimization, utilizing
the ProteoPlex thermal stability assay, specifically designed for large protein complexes (5.16.13). LT
was incubated with 88 different buffer conditions (Table S 3A), and its thermal stability was
determined with help of the fluorescent dye Sypro orange and a successive increase in temperature.
The most stabilizing buffer systems were sodium citrate (orange), succinic acid-phosphate-glycine
(SPG, yellow), and phosphate (green) (Figure 24A). Only one condition was depicted exemplarily for
sodium citrate, pH 6.0 (Tm 46.6 °C) and SPG, pH 8.0 (Tm 46.9 °C), showing an elevated LT stability of
1.7 °C and 2 °C, respectively, compared to the reference TRIS-HCI, pH 8.5 (black, Tm 44.9 °C). For the
most prominent stabilizing agent, phosphate, all conditions were shown. LT stabilization could be
observed over a broad pH range, inducing a thermal stability increase up to 3.5 °C at a pH of 6.4 (Tm
48.5 °C). The above stated buffer systems were tested for LT purification with varying pH, salt
concentration, and resin (Figure 24B). Sodium citrate and many phosphate buffers, mostly with acidic
or neutral pH, were not suitable for LT purification, leading to protein precipitation and low protein
yield (red). Purification in TRIS-HCl, SPG, and TRIS-HCl, supplemented with phosphate, was
successful, showing high protein yield after SEC (gray). The SEC elution profiles of LT in all
successfully tested conditions were similar to that of TRIS-HCI, depicted in Figure 21A (results not
shown). Negative stain TEM was applied to verify the above stated results and to assess the suitability
of LT for cryoEM. Micrographs of LT in TRIS-HCI pH 8.5 (black) and phosphate pH 7.3 (green), both
supplemented with ori, MgCl,, and ADP, are exemplarily shown in Figure 24C. Unfortunately, all
tested buffers revealed protein aggregation, and no uniform protein distribution could be observed
across the grid. However, next to aggregates, hexamers were the dominant protein conformation as
observed in Figure 23D already. Since phosphate showed LT stabilization at a broad pH range but did
not reduce protein aggregation and led to pronounced protein precipitation at neutral or acidic pH,
phosphate was applied only as a stabilizing supplement of the already employed TRIS-HCI buffer

system.
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Figure 24: LT buffer optimization. (A) ProteoPlex thermal stability assay. Purified LT was incubated with Sypro orange and
buffer, followed by successive heating to 100 °C in a CFX-connect real-time PCR machine. A custom-made buffer screen FEI
88 buffers/ligand screens with 1 M stock solutions was applied (Table S4). The experiments were carried out by Dr. Ashwin
Charis’ group, Max Planck Institute for Biophysical Chemistry, Gottingen, Germany. Melting temperatures (Tm) were
determined at 0.5 relative fluorescence (black dashed lines) for phosphate-based buffers (green), sodium citrate pH 6.0
(orange), succinic acid-phosphate-glycine pH 8.0 (SPG, yellow), and the reference TRIS-HCI pH 8.5 (black). (B) Summary of
tested LT purification conditions. Red highlighted conditions failed due to protein precipitation and low protein yield, those
in gray led to successful purification and high protein yield after SEC. (C) Negative stain TEM of LT in various buffer
conditions. 0.5 pg purified LT+2 mM MgCl2+2 mM AMP-PnP+0.3 pmol ori in TRIS-HCI pH 8.5 (micrograph outlined in black)
and phosphate pH 7.3 (micrograph outlined in green) were incubated at 37 °C for 15 min and centrifuged prior staining
with uranyl acetate. LT was applied onto a negatively glow-discharged carbon-coated copper grid and recorded with a Talos
L120C 120V electron microscope at 92k x magnification. The scale bar represents 100 nm.

Summarized, the experiments above showed a reduced LT polydispersity, by the addition of MgCl,,
ADP, and the viral ori, without establishing a monodisperse LT solution. Further, LT purification did
not impair specific DNA interaction. The highest binding affinity was observed between LT and the
viral ori, whereas no significant difference in LT-DNA interaction between the viral miR-M1, the
cellular DNA promoter TP53INP1, and ori scr could be detected. In addition, protein-DNA interaction
stabilized LT and increased its thermal stability up to 5 °C by binding the ori. Conformational studies
of LT via negative stain TEM revealed a hexamer shape in the presence of all tested oligonucleotides
as well as in the absence of DNA. Lastly, it could be shown that phosphate also increased the thermal
stability of LT up to 3.6 °C. However, LT purification in phosphate buffer at neutral and acidic pH led
to pronounced protein precipitation. As a result, one cryoEM SPA experiment was carried out in the
presence of ADP, MgCl,, and the viral ori in TRIS-HCI buffer, and a second was performed under the

same conditions, but with phosphate as a stabilizing agent.
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6.2.5. Co-expression of LT and ori shows only subtle reduction of LT aggregation

LT aggregation was not fully addressed by changing the buffer system from TRIS-HCI to phosphate or
by the addition of MgCl,, ADP, and ori post-purification, as delineated by SEC and negative stain TEM
(Figure 21A and Figure 24C, respectively). However, since a pronounced shift in the thermal stability
of LT in the presence of the viral ori could be demonstrated, the protein was co-expressed with the
ori to stabilize LT immediately after expression. Aggregation, as a consequence of DNA deprivation
during cell lysis with high salt buffer, could thus be prevented. The utilized ori sequence was trimmed
to a minimum of 66 bp, including site 1/2 with the motif M1-M6, flanked by the 5’- and 3"-AT-rich
region (Figure 25D). The early enhancer region M7-10, located downstream of the 3"-AT-rich region,
was omitted to reduce LT binding outside site 1/2. This binding was demonstrated for SV40 LT, which
could introduce polydispersity (Miiller et al., 1987; Cowie & Kamen, 1986). The dispensability of the
early enhancer region for LT-ori binding was demonstrated by crystallizing MCPyV LT OBD with an
ori sequence comprising only M1-4 (C. Harrison et al., 2011). The AT-rich regions were included since
the full-length LT was investigated, which may be stabilized by providing helicase-AT-rich region
interaction sites, similar to SV40 LT (Chang et al., 2013). Further, it has been shown that the SV40
core ori flanking regions enhanced LT-ori binding affinity (Miiller et al., 1987). LT and the trimmed
ori were cloned into independent vectors and expressed and distributed, respectively, in High Five™
insect cells via the baculovirus expression system. Purification was carried out 3 d.p.t. without using
high salt lysis buffer, which would disrupt LT-DNA interaction. Ori distribution was verified by
extracting DNA out of co-transduced High Five™ cells with the DNeasy® Blood & Tissue Kit and PCR,
using primers binding in the bacmid backbone and the ori (Figure 25A). Purification by MBPTrap and
SEC were successful, showing a similar LT elution profile compared to LT alone (chromatogram not
shown). SDS-PAGE showed concentrated LT, even though not all impurities could be removed (Figure
25B). Analysis by negative stain TEM revealed only subtle aggregation reduction and increased
occurrence of single hexamers compared to LT purified with high salt buffer and subsequent ori
addition (Figure 25C).

Summarized, LT, co-expressed with the trimmed ori, was successfully purified. However, impurities
could not be completely removed and only a minor reduction of LT aggregation was observed. Hence,

the co-expression of LT and ori was not further pursued.

86



Results

5" ACTTTTTTTTTTCAAGTTGGCAGAGGCTTGGGGCTCCTAGCCTCCGAGGCCTCTGGAAAAAAAAGA3’
AT-richregion Site 1/2 AT-richregion

Figure 25: Co-expression of LT and ori. (A) Verification of ori distribution in co-transduced High Five™ cells. DNA was
extracted out of 3.3 x 106 cells with the DNeasy® Blood & Tissue Kit, followed by PCR using the primer pUC/M13+ and
MCPyV ori-, binding in the bacmid backbone and ori, respectively (Table 9). (B) Coomassie-stained SDS-PAGE gel of purified
LT. 12.5 x 107 cells were co-transduced with LT and ori and purified 3 d.p.t.. Cell lysis was performed in LB2, MBPTrap in
EB5 and EB1, and SEC in EB5 (Table 5). (C) Negative stain TEM of LT purified with and without ori. LT, co-transduced with
ori and purified as described in (B) (purple), and LT, lysed in high salt buffer (LB1, Table 5), supplemented with 0.3 pmol
ori post-purification (black), were analyzed in B1 (Table 5). Samples were incubated at 37 °C for 15 min and centrifuged
prior to staining with uranyl acetate on a negatively glow-discharged carbon-coated copper grid. Micrographs were
recorded on a Talos L120C 120V electron microscope at 92k x magnification. The scale bar represents 100 nm. (D) The
trimmed ori sequence used for the LT:ori co-expression. The ori had a length of 66 bp, including site 1/2 and the 5’- and 3’-
AT-rich region. Intact GRGGC motifs (M1, 2, 4-6, dark purple) and the M3 with one mismatch (light purple) are depicted
above each oligonucleotide in sense and antisense (right-pointing arrow and left-pointing arrow, respectively).

6.3.Structural characterization of LT

6.3.1. CryoEM SPA of LT reveals helicase-zinc finger model

CryoEM SPA was performed after LT characterization and buffer optimization. Two cryoEM SPA
experiments were carried out, both with ADP/AMP-PnP, MgCl,, and the viral ori. Since the addition
of phosphate showed increased LT thermal stability, but did not result in reduced protein
aggregation, cyroEM SPA was performed in TRIS-HCI alone (A) and in TRIS-HCI supplemented with
phosphate (B). Additionally, high salt lysis was omitted in A to increase LT stability via unspecific DNA
binding during purification. The analysis of A resulted in a final 3D model, whereas approach B led to
noisy 2D class averages which could not be further analyzed. Therefore, only the results of approach
A are shown in the following. Purified LT with additives was incubated at 37 °C for 15 min and blotted
on holey carbon copper grids at 4 °C, prior to vitrification. 1682 micrographs, each consisting of 37
frames, were recorded on a Talos Arctica 200kV electron microscope (Table 1) and analyzed with
Relion 3.1 (Table 15). Parameters for data collection and cryoEM map reconstruction are summarized

in (Table 27).
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Table 27: Parameters for data collection and cryoEM map reconstruction.

Parameter Value

Microscope Talos Arctica 200kV with field emission gun
Detector Falcon 3EC direct detector
Accelerating voltage 200 kv

Total dose 42 e-/A2

Exposure time 40s

Pixel size 0.96 A

Nominal negative defocus range 0.6-2.9 pm

Nominal magnification 150k x

Number of frames per micrograph 37

Number of micrographs 1682

Particles used for 2D classification 332,321

Particles used for 3D classification 18,442

Particles comprised in the final 3D model 11,981

Symmetry group Cé
Final resolution (FSCo.143) 6.76 A
Final resolution (FSCos) 8.28 A

Micrographs were corrected for beam-induced motion by MotionCor2 1.3 (Zheng et al., 2017).
Exemplarily, a corrected micrograph with its corresponding contrast transfer function (CTF) fit of the
2D power spectrum, performed with CTFFIND4.1 (Rohou & Grigorieff, 2015), is shown in Figure 26A.
Next to single particles, large protein aggregates and ice contaminations were observed. However, an
average of 196 particles per micrograph and a total number of 332,321 particles were picked, based
on reference-free auto-picking with Laplacian of Gaussian (LoG) filtering. Repeated 2D classification,
thereby discarding low-quality particles, resulted in 16 distinct 2D classes, consisting of 18,442
particles (Figure 26B). These classes revealed a star-shape protein conformation in various views,
predominantly close to top views. The conformation comprised two different-sized hexamers,
arranged atop of each other, which were visible in the tilted classes. Unfortunately, no profile view
was observed, and top and bottom views could not be distinguished. An initial 3D model was
reconstructed out of the 2D classes and used as a reference for 3D classification. Further particle
discarding and alignment refinement resulted in five 3D classes, whose 2D representations are
depicted in Figure 26C. Classes were sorted after class distribution ranging from 63.8% (class 1) to
2.7% (class 5). 3D class comparison revealed a pronounced heterogeneity between the

reconstructions. Class 1 (red frame), including most particles and showing high translation and
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rotation accuracy of 3.28 ° and 1.53 A, respectively, was used for structure refinement. B-factor
sharpening, FSC calculation, and the application of C6 symmetry yielded the final model with a
resolution of 6.8/8.3 A (FSCo.143/FSCos) and dimensions of 140 x 80 A, including 11,981 particles. The
FSC curve, providing the final resolutions, is given in Figure S 5. The angular particle distribution of
the model showed preferred orientation of the top views from the C-terminus, while profile views
were underrepresented or absent (Figure 26D). Further, the local resolution (FSCo143) varied
asymmetrically within the model and showed values up to 5.7 A in its interior, which decreased
towards its periphery. The C-terminus reached a resolution of only 7.9 A and was, together with an

N-terminal region of 7.4 A, the least resolved part of the model (Figure 26E).

A

Figure 26: CryoEM SPA of LT. 0.8 mg/ml LT, lysed and purified in LB3 and EB4 (Table 5), respectively, was incubated with
4 mM ADP,2 mM MgClz, and 0.6 pmol/ug protein at 37°C for 15 min. The sample was applied onto holey carbon-coated
copper grids, plotted, and plunge frozen. 1682 micrographs were recorded on a Talos Arctica 200kV using EPU software
and subsequently analyzed with the software Relion 3.1. (A) Motion-corrected micrograph with its corresponding CTF-fitted
power spectrum. Rotational average (upper right quadrant) and Tone rings approximation (upper left quadrant) were
depicted within the Fourier spectrum of the image (lower quadrants). The scale bar represents 100 nm. (B) 2D averages
used for 3D classification, comprising 332,321 particles. (C) 2D representations of 3D classes from the final classification
iteration, comprising 18,442 particles. Classes are sorted according to the class distribution with 63.8%, 20.7%, 7.2%, 5.5%,
and 2.7% for class 1-5, respectively. (D) Angular particle distribution of class 1 depicted in (C). The model represents the
final 3D reconstruction with 11,981 particles and underwent 3D refinement, utilizing gold-standard Fourier shell
correlation (FSC) calculation. Low angular particle distribution is depicted by blue points and high angular particle
distribution with red columns. The C- and N-terminus are marked with C" and N’, and the scale bar represents 50 A. (E)
Local resolution of the 3D reconstruction shown in (D). Resolution (FSCo.143) of the final model ranged from 5.7 A (red) to
7.9 A (blue) and was depicted for the N-terminal top view (upper left), the cross-section of the profile view (upper right),
and the C-terminal bottom view (lower right) with its corresponding cross-section (lower left). The C- and N-terminus are
marked with C’ and N’. The estimation was performed with the software ResMap. The scale bar represents 50 A.
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Since no atomic structure of any MCPyV LT domain in its hexameric form exists, and only a dimeric
form of the SV40 helicase-zinc finger-OBD is published (Y. P. Chang et al., 2013), AlphaFold2
prediction of the MCPyV LTs16.817 homo-hexamer was performed. The prediction, representing the
OBD, zinc finger, and helicase, was compared to the cryoEM model to identify LT domains comprised
in the model. The prediction showed overall high confidence with pLDDT values up to 97.2 (Figure
27A). However, residues of the DNA-interacting 3-hairpin (aa679-683), the N- (aa327-328) and C-
terminus (aa799-817), the zinc finger-OBD interdomain region (aa427-328), and a region within the
zinc finger (aa479-481), showed low prediction confidence with pLDDT values below 60. Especially
the C-terminus, with pLDDT values of 15, was not predictable and considered unstructured, as shown
in Figure 4. Similar to other SF3 helicases, the center of the hexamer comprised a hollow tube where
DNA unwinding takes place. Superposition of the LT cryoEM model and the LT prediction revealed a
similar shape and dimension to the helicase-zinc finger (Figure 27B). Single alpha helices of the
helicase-zinc finger could be fitted into the electron density map. Interestingly, also the helicase DNA-
interacting (-hairpins (aa679-683), predicted with low confidence, could be aligned to the cryoEM
SPA model and coupled the centrally located DNA to the helicase body. Hitherto, the obtained model
is the first PyV hexamer helicase model with bound DNA. Unfortunately, the OBD and the C-terminus
could not be aligned to the model. Further, the cryoEM model was superimposed to the crystal
structure of the SV40 LT helicase-zinc finger hexamer in various nucleotide binding states (Gai, Zhao,
et al, 2004) to verify the AlphaFold2 prediction-based results with an experimentally obtained
protein structure (Figure 27C-E). High shape and dimension similarities were also observed for these
superpositions, which enqueues with high structure similarity of SV40 and MCPyV LT OBD shown in
Figure 16B. Analyzing the superposition with SV40 LT bound to ATP revealed an overlap between the
cryoEM model and the helicase DNA-interacting loops (aa510-515), protruding towards the DNA
density, similar to Figure 27B (Figure 27C). The distance between the DNA density and the helicase
DNA-interacting loops increased for SV40 LT bound to ADP, reflecting the condition used for the
cryoEM SPA (Figure 27D). Between the superposition of the ADP-bound and the apo state, no
pronounced differences could be detected (Figure 27E).

Taken together, the results provided strong evidence that the model obtained by cryoEM SPA
represents the MCPyV LT helicase and zinc finger, holding high similarities to the SV40 analog. For
the first time, a model of the MCPyV LT helicase-zinc finger could be obtained, paving the road
towards structure-based antiviral drug development. Additionally, it is the first PyV hexamer helicase

model with bound DNA.
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Figure 27 Structure superposition of the LT cryoEM SPA model. (A) AlphaFold2 prediction of the MCPyV LT316-817 homo-
hexamer. The atomic sphere representation included the OBD, zinc finger, and helicase (dashed lines), the N- and C-terminus
are marked with N” and C’, and pLDDT is color-coded, showing high and low prediction confidence in red and blue,
respectively. Depicted is the N-terminal top (top), the profile (middle), and the C-terminal bottom view (bottom). The scale
bar represents 50 A. (B) Superposition of the cryoEM LT model (Figure 26) with the LT prediction of (A). Predicted LT316-
817 monomers were color-coded (green, red, blue, gray, orange, and yellow) and the cryoEM map is shown in transparent
gray. Depicted is the profile-view without OBD (top), including a scale bar of 50 A, and a magnified section (middle), showing
a scale bar of 25 A. The profile view, including the OBD, is shown at the bottom with a scale bar of 50 A. The N- and C-
terminus are marked with N”and C’, respectively. (C-E) Superposition of the cryoEM LT model with the SV40 LT251-627 homo-
hexamer crystal structure bound to ATP (C), ADP (D), or nucleotide-free (E). The top views of SV40 LT bound to ATP
(PDB:1SVM), ADP (PDB:1SVL), and without nucleotide (PDB:1SVO) are color coded in shades of green, the cryoEM model in
transparent gray. Bound nucleotides are depicted in stick style. The scale bar represents 50 A.
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7. Discussion

MCPyV was discovered in 2008 and has a seroprevalence of 60-70% in healthy adults (Paulson et al,,
2018; Garneski et al., 2009; Carter et al., 2009; Pastrana et al., 2009). Upon immune suppression or
old age, it causes the rare but highly aggressive skin cancer, MCC (Shuda et al., 2008). It is the only
hPyV driving tumorigenesis in its host. Approximately 80% of all MCC are viral-positive with a low
mutational burden (H. Feng et al,, 2008; Goh et al, 2015). VnMCCs are mainly induced by UV-
irradiation, revealing a high rate of mutations, including those in the well-known tumor suppressors
pRb and p53 (Goh et al., 2015; Harms et al.,, 2015; Erstad & Cusack, 2014). In vpMCC, the T antigens,
sT and tLT, are the predominant factor of tumorigenesis (Wendzicki et al., 2015). Contrarily to other
PyVs, MCPyV sT predominantly impacts tumorigenesis, as it was demonstrated to be sufficient to
transform rodent fibroblasts and to induce MCC-like tumors in p53 deficient transgenic mice
(Verhaegen et al., 2022; Shuda et al.,, 2011). However, tLT, which is solely expressed in MCC, is
essential for tumor maintenance. It could be shown that the tLT-pRB interaction drives MCC tumor
cells into the S-phase, causing their proliferation (Houben et al., 2012). Next to C-terminal LT
truncations, viral genome integration is observed during MCC initiation (H. Feng et al., 2008; Shuda
et al,, 2008). However, the underlying mechanisms are still elusive. The full-length LT is essential for
viral DNA replication and viral transcription (An et al., 2012). It recognizes the viral ori via its OBD
and unwinds the genome via its C-terminal helicase (C. Harrison et al., 2011; Kwun et al., 2009). To
date, only restricted knowledge of PyV T antigen structures is available since no full-length LT
structure of any PyV is known, and only the structure of the SV40 sT could be solved (Cho etal., 2007).
For MCPyV, solely its OBD could be elucidated (C. Harrison et al.,, 2011), although its full-length
structure is of particular interest due to its MURs, which are absent in other PyVs such as SV40. The
lack of specific antiviral treatment and the low 5-year survival rate of 62-25% urges the development
of new drug targets (Agelli etal., 2010; Albores-Saavedra et al.,, 2010). Since the T antigens play a vital
role in the viral life cycle and the clinical manifestation, they serve as ideal targets for therapeutic
treatment of MCC and preventive treatment for solid-organ transplant recipients. Their atomic
structure can thereby serve as starting point for drug development. Additionally, insights into the
function and molecular mechanisms of action can be gained, which would further help to understand
the development and maintenance of MCC.

In this work, two protein structure elucidation methods, X-ray crystallography of in cellulo grown
crystals and cryoEM SPA, were used to approach the atomic structure of the MCPyV T antigens. A
biochemical characterization of LT preceded its TEM analysis and gave insights into its stability, DNA-
binding behavior, and oligomeric state. This data was used for the cryoEM SPA of LT, resulting in the
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first model of the LT helicase hexamer with a resolution of 6.8 A (FSCo.143). The obtained results will

be discussed in the following.
7.1.In cellulo crystallization

7.1.1. Potential post translational modifications alter the molecular weight of tLT244
In cellulo crystallization of the T antigens was used to circumvent the challenges of protein
purification, concentration, and in vitro crystallization. This was necessary since in vitro
crystallization of MCC derived tLT244 failed in a previous PhD thesis due to low protein concentration
and polydispersity (Borchert, 2013). The propensity of in cellulo crystallization was increased by
using a proteinogenic crystalline molecular flask, consisting of the catalytic site of the metazoan-
specific kinase PAK4 and its endogenous inhibitor Inkal (Baskaran et al., 2015; Inokuma et al.,, 2011).
T antigen variants were linked to Inkal and co-expressed with PAK4cat, using the baculovirus
expression system. The successful protein expression of all constructs could be verified. However,
especially Inkal-linked tLT244, comprising the DnaJ domain, the entire MURI and the first part of the
MURI]I, exhibited an increased molecular weight displayed by WB. It was detected at a size of 72-
95 kDa, which is approximately 20 kDa above the theoretical molecular weight of 58 kDa (Figure
13B). The increased size could be linked to bulky PTMs, such as ubiquitination, which has been
described for MCPyV LT. The protein contains 82 predicted phosphorylation sites, including 15
minimum phosphodegron sites for SCF E3 ligases ubiquitination (Kwun et al, 2017). Those
recognition sites are primarily located within the MURs and could therefore significantly affect the
size of tLT244 by mediating the coupling of the 8.5 kDa sized ubiquitin. Alongside, LT C- and N-
terminal interactions with the cellular ubiquitin degrading enzyme Usp7 verifies LT-bound ubiquitin
(Czech-Sioli et al., 2019). A reduced stability of MCPyV LT (ti/2 of 4-6 h) compared to SV40 (ti/2 of
>36 h), displaying predominantly acetylation rather than ubiquitination, also argues for a dominant
MCPyV LT ubiquitination (Ortiz et al., 2021; Shimazu et al,, 2006). A second bulky PTM comprises
glycosylation, and it is known that S111 and S112 of SV40 LT are O-glycosylated (Medina et al., 1998).
It is conceivable that MCPyV LT is altered by similar glycosylation since the content of serine (26%)
and threonine (8%), the receptor amino acids of O-glycosylation, within the MURs is remarkably high.
Combining the data from SV40 and MCPyV, it can be hypothesized that MCPyV LT exhibits

ubiquitination and O-glycosylation as PTM, which increase its size by approximately 20 kDa.
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7.1.2. Improving in cellulo crystal quality and growth efficiency

Single, elongated spicules, crystal bundles, or radially grown crystals with a size of 10-100 nm were
observed in HEK293/COS7 cells, 3 d.p.t. (Figure 13D). The incorporation of tLT244, sT, and 122tsT
into the crystalline matrix was verified by IF (Figure 14), and the crystallinity of sT was examined via
TEM of ultra-thin sections of resin-embedded HEK293 cells (Figure 15). Although the dimensions, IF
staining, and crystallinity of some of the T antigen-harboring crystals were comparable to those of
Inkal:PAK4cat alone, no analyzable diffraction data could be recorded. It is hypothesized that the
integration of the T antigens into the crystal cavity may reduce crystal quality and obstruct lattice
formation, leading to low or no diffraction. A first indication for this hypothesis provided the
morphology of the 122tsT integrated crystals. Brightfield and IF analysis revealed a radial growth,
suggesting an altered nucleation process compared to the exclusively as single or in bundles grown
crystals of the positive control (Figure 13D 3,6, and 7; Figure 14C and D). Those cluster crystals could
indicate a low probability of 3D nucleation, leading to a 2D nuclear growth from another crystals
surface (Hashizume et al., 2020). Lowering the degree of supersaturation was a proposed solution to
increase crystal quality in in vitro crystallization. Reducing protein expression could also be adopted
for the in cellulo scenario, which will be discussed below. Next to structure elucidation, the crystalline
matrix of Inkal:PAK4cat was used to engineer a magnetic protein crystal by incorporating a ferritin
subunit into the solvent channel (T. L. Li et al., 2019). Similar to 122tsT crystals, ferritin inclusion
changed the crystal morphology, leading to shorter crystals with a tapered end together with a slower
nucleation rate. It is conceivable that in addition to morphological and growth behavior, the crystal
quality might also be affected by the incorporation of ferritin, which was not analyzed in this study.
These observations provided further evidence that the incorporation of proteins into the
Inkal:PAK4cat cavity can alter the crystal, potentially impeding diffraction. TEM analysis of sT-
Inkal:PAK4cat crystals provided an additional indication for the reduction of crystal quality upon the
integration of proteins of interest. Next to the positive control-resembling crystals with a hexagonal
shape and a clear crystal lattice, crystals without hexagonality and with frayed edges were observed.
This indicates insufficient crystal packaging which lowers diffraction. In in vitro crystallization
experiments, crystal packaging is often improved by increasing the intermolecular force. This is
realized by changing the pH, reducing the counter ion, or adding metal ions (Hashizume et al., 2020).
However, the restricted possibility to vary the crystallization environment is a major disadvantage in
in cellulo crystallization and makes it impossible to improve the crystal packaging of the T antigen
crystals by changing the buffer conditions. Another approach is to reduce the crystal growth rate. It
could be shown that high crystal growth rates lead to low crystal quality, as single molecules bind too

fast to the growing crystal, resulting in a non-productive configuration, which disables ordered crystal
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growth (Schmit & Dill, 2012). The protein expression rate is one of the few things, which is adjustable
in in cellulo crystallization. Together with reducing the transfected DNA, substitution of the strong
cytomegalovirus immediate-early (CMV) promoter with the weak human ubiquitin C (UBC) promoter
could improve the crystal packaging of T antigen-incorporated Inkal:PAK4cat crystals (Qin et al,,
2010). Despite all improvements, it is still unknown if the idea of a proteinogenic crystalline
molecular flask is viable. Hitherto, neither the proof of principle-serving GFP-incorporated crystals,
nor other examples of the system were analyzed via synchrotron radiation, wherefore a proof of
principle is still pending (Baskaran et al., 2015). However, sT-incorporated crystals with an ordered
lattice and perfect hexagonality were also observed, demonstrating that ordered crystal packaging is
possible in the presence of T antigens. This suggests additional factors for the insufficient data
collection such as a low crystal hit-rate. Koiwai and colleagues managed to overcome the low hit-rate
by increasing crystal production of the human lysosomal neuraminidase-1 (NEU-1). They evaluated
five mammalian cell lines, thereby detecting a 2-fold greater efficiency in HEK293FT cells over HeLa
cells (2019). Additionally, they re-transfected NEU-1-overexpressing cells with the same protein
construct, yielding a 6-fold crystal increase. In this work, HEK293, HeLa, COS7, and High Five™ insect
cells were screened for crystal production, revealing the highest efficiency within HEK293 and COS7
cells. Re-transfection to improve growth efficiency was not validated and needs to be tested. Using
truncated T antigens to increase the crystal growth efficiency, by reducing the possibility of spacious
clashes of the protein of interest within the solvent channel of 80 A, was not successful, as stated
above. Attempts to express the crystalline matrix together with the T antigens as a multi-domain
protein to maximize the possibility of protein interaction did not result in crystals in either
mammalian or insect cells. Since iBox-PAK4cat alone and the co-expression of Inkal-T
antigen:PAK4cat formed crystals (Table S 2), it is conceivable that the linker between the T antigen
and the iBox was not flexible enough to enable crystal formation. Extending this linker to more than
two amino acids could enable crystal formation, which are potentially increased in number. Another
method to increase crystal formation was reported by Hasegawa et al., who connected crystal size
and number with cell size (2019). Upon chemical induced cell enlargement by inhibiting cell division,
using the topoisomerase Il inhibitor dexrazoxane, they could show that the number per cell of NEU-
1 crystals and the size of crystalline gamma D (CRYGD) and Charcot-Leyden crystals (CLCs) increased
remarkably. However, a careful balancing between enhancing crystal growth to increase the crystal-
hit-rate and decelerating crystal growth to improving crystal quality is required. In summary, a
plethora of improvements in crystal quality and crystal abundance are available. However, whether
the application of a crystalline matrix to improve in cellulo crystal production is constructive remains

to be validated.
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7.2.Limitations of the LT prediction by AlphaFold2

The demand to predict the sequence-structure function has been present for decades, which is
illustrated by the low number of approximately 200,000 protein structures deposited in the PDB
(June 2023). Alone the human genome encodes approximately 20,000 non-modified proteins, which
increases to approximately 2,000,000 if alternative splicing, single amino acid morphisms, and PTMs
are taken into account (Ponomarenko et al., 2016). Protein structure prediction was long time only
possible via homology modeling or de novo modeling (Waterhouse et al.,, 2018; Rohl et al., 2004).
These methods require sequence similarity between the template and the target protein or are only
accurate for small proteins, ascribed to the fast conformational space and computational power
limitations (Fiser, 2010; D. E. Kim et al., 2009). Since 2021, the neuronal network-based program
AlphaFold2 can be used for accurate protein structure prediction (Jumper et al.,, 2021). For example,
the structural coverage of the human proteome was increased from 48% to 76% by AlphaFold2
(McCafferty et al., 2023; Tunyasuvunakool et al., 2021), and more than 2,000,000 predicted protein
structures are deposited in the AlphaFold2 Protein Structure Database (Varadi etal., 2022). However,
neuronal in silico predictions have their limitations and cannot substitute experimental structure
elucidating methods, such as cryoEM SPA, X-ray crystallography, or NMR spectroscopy. For example,
AlphaFold?2 is challenged by protein dynamics (Fowler & Williamson, 2022) and IDRs (Ruff & Pappu,
2021). The single domains of MCPyV LT could be predicted with high confidence, while the MURs
depicted pLDDT values below 50 (Figure 16D). Low pLDDT values correlate often with IDRs, which
was confirmed by the IDR prediction program [UPred3 (Figure 4B). It is known that 70% of all cancer
associated proteins harbor IDRs (Iakoucheva et al., 2002). It is therefore hypothesized that the MURs,
which are unique for the only human tumorigenic PyV, play a substantial role in tumorigenesis.
However, due to their conformational heterogeneity, which is encoded in their amino acid sequence
(Holehouse et al., 2017; Das et al.,, 2015), AlphaFold2 provided no information on their three-
dimensional structure. It would be of enormous interest to analyze their context specific folding,
depending on the binding partner and the cellular environment such as the pH (P. E. Wright & Dyson,
2009). An example for the adaptation of various conformations upon the binding of different proteins
provides p53. 71% of its interactions are ascribed to the N- and C-terminal IDR. Seven core amino
acids within the C-terminus were shown to transform into either a helix, a B-sheet, or a coil upon
binding of four different proteins (Oldfield et al., 2008).

Further, the lack of predicted MURs conformations disables docking experiments to identify small
molecules for the development of antiviral drugs. This is of particular interest as targeting the MURs
would provide high specificity and reduced off-target effects. It is also impossible to conclude on the

Ry of the protein, based on the size of the conformational cloud. However, a reliable Ry prediction
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would have been beneficial for the DLS analysis (Figure 22), which will be discussed in 7.6.1.
Unfortunately, it has been shown by small angle X-ray scattering (SAXS) that AlphaFold2 generally
overestimates the Ry (Ruff & Pappu, 2021). Likewise, the relative position and orientation of all LT
domains are unpredictable (Figure 16E). Consequently, interdomain interactions or insights on how
the IDRs enable multivalent interactions cannot be concluded from the LT prediction. Interestingly,
the predicted aligned error estimates between the helicase and the OBD are lower compared to those
of the Dnaj-helicase and the Dna]-OBD. The only crystal structure comprising the OBD and the
helicase revealed the involvement of both domains in the ori recognition and assembly (Y. P. Chang
etal, 2013) (Figure 5C). It is therefore not surprising that their cooperative action results in a higher
confidence in their relative position and orientation to each other. This is contrary to the LT domains,
which are separated by the MURs, acting as large flexible linker.

In summary, despite the high accuracy of single LT domains, the AlphaFold2 predicted structure still
leaves questions unanswered. These include the three-dimensional structure of the IDRs, the relative
positions of the LT domains, and the associated imprecision of the Ru. Nevertheless, valuable insights
into the single LT domains could be gained. Additionally, the predicted LT316.817 homo-hexamer

structure impacted the helicase identification within the cryoEM SPA model (Figure 27A and B).

7.3.LT is potentially involved in liquid-liquid phase separation via its MURs

Despite the low confidence of the LT MURs structure prediction via AlphaFold2, making it impossible
to follow the biochemical dogma “structure determines function”, presumptions on their mechanism
of action can be made. AlphaFold2 and [UPred3 defined the MURs as IDRs (7.2), which are often
described to be key elements in driving liquid-liquid phase separation (LLPS) (Uversky, 2017). LLPS
compartmentalizes proteins and nucleic acids spatiotemporally into liquid-like, membraneless
biomolecular condensates with various functions. It is involved in transcription control (Sabari et al.,
2018; Hnisz et al, 2017), genome organization (Gibson et al., 2019), and in the innate immune
response (B. Wang et al,, 2021; Du & Chen, 2018) by providing a reaction vessel, enrichment,
localization, or inactivation (]. Li et al., 2022; Alberti, 2017). Prominent examples display nucleoli and
promyelocytic leukemia (PML) bodies in the nucleus and cytoplasmic stress granules (Banani et al.,
2017). Molecular condensation is driven by weak, multivalent interactions between macromolecules.
Next to IDR mediated homotypic interactions, heterotypic interaction with nucleic acids and
multivalent proteins can act as trigger to induce LLPS (Caragliano et al.,, 2022; Y. Lin et al., 2015; P. Li
etal, 2012). In recent years, many studies showed that dsDNA viruses induce LLPS throughout their
life cycle. For example, LLPS could be associated with the formation of KSHV LANA-nuclear bodies
(Vladimirova et al, 2021). The EBV proteins EBNA2 and EBNALP, which are IDRs harboring
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transcription factors, modulated the EBV-host interaction by inducing LLPS at superenhancer sites to
control host gene expression (Peng et al, 2020). EBNA2-induced LLPS also regulated cancer-
associated alternative RNA splicing patterns (Peng et al,, 2021). Last, HSV-1 and HCMV replication
centers reveal liquid-like characteristics, conferred by the HSV-1 ICP4 and the HCMV UL112-113, both
harboring IDRs and binding DNA (Caragliano et al.,, 2022; Seyffert et al., 2021). Interestingly, the HPV
E2 protein, holding selected functions of LT, such as viral ori recognition and transcription regulation,
and which recruits the viral helicase E1 onto the genome, was reported to be involved in LLPS by p53-
binding (Borkosky et al., 2022; McBride, 2013). The heterotypic condensation was modulated by the
C-terminal DNA-binding domain of E2, which is structurally similar to the LT OBD with an RMSD value
of 3.1 A between the PDB structures 3QFQ and 2AYB. LT harbors next to the OBD the intrinsically
disordered MURs, which are both protein domain types known to induce LLPS. It is therefore highly
conceivable that LT does not only modulate LLPS, similar to E2, but induces LLPS by homotypic
interactions to drive key functions of MCPyVs. Alongside, it is known that PTMs play an essential role
in LLPS by affecting the driving forces of LLPS, including hydrophilic and hydrophobic forces,
electrostatic interactions, and non-covalent bonds (J. Li et al., 2022). It was demonstrated that self-
assembly of the fused in sarcoma (FUS) protein was restricted upon phosphorylation, resulting in
LLPS disruption (Monahan et al., 2017; Shorter, 2017). Ubiquitination was also reported do influence
LLPS by its multivalent binding potential, which has been studied in the formation of the proteasome
(Yasuda et al., 2020; Dao et al, 2018). LT modification by PTMs such as ubiquitination and
phosphorylation, which was partially discussed in 7.1.1 already, provided another indication that LT
isinvolved in LLPS. A possible LLPS participation could be in the formation of viral replication centers,
similar to HSV-1 and HCMV (Caragliano et al., 2022; Seyffert et al., 2021), while cancer association is
also possible, resembling KSHV and EBV (Xie et al., 2023; Vladimirova et al., 2021; Peng et al.,, 2021,
2020). Intriguingly, LT resembling proteins of other dsDNA viruses such as the HPV E1, harboring a
helicase domain and a DNA-binding domain (Bergvall et al., 2013) and the EBV EBNA1, comprising a
DNA-binding domain (Frappier, 2012), have not been reported to be involved in LLPS, suggesting that
the MURs may be the major factor of the hypothesized LLPS involvement of LT. However, this needs

to be experimentally investigated in the future.
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7.4. The salt concentration strongly influences LT stability

Protein purification often includes multiple steps of optimization since every protein behaves
differently, which needs to be experimentally examined. The ability of LT to bind DNA requires special
considerations since DNA stabilizes LT, demonstrated by the co-crystal of the DNA-bound LT OBD (C.
Harrison et al., 2011). At the same time, unspecific DNA binding contaminates the purified protein.
The second challenge are the LT MURs, which are predicted as IDRs, tending to self-interact and to
aggregate (Figure 4B, 7.2, 7.3). Together, these characteristics make it extremely difficult to purify LT
in a monodispersed, soluble, and pure form.

Cell lysis precedes protein purification and is of special interest since LT harbors two NLS signals and
resides in the nucleus. Three different cell lysis methods were examined to determine high cell lysis
efficiency, while maintaining sample integrity: (1) the removal of the cytosolic fraction prior nucleus
disruption and 420 mM salt; (2) the combination of 1 M NacCl, 0.1% Triton X-100, and sonication; (3)
1 M NaCl with 1% Nonidet P-40; The combination of chemical and physical disruption (2) showed the
highest protein yield and the lowest DNA contamination and was used for following experiments.
Intriguingly, (1) provoked high molecular weight structures, pronounced protein precipitation, and
irreversibly adsorbed to the resin (Figure 18). It is conceivable that the reduced salt concentration of
(1), compared to (2) and (3), caused these effects. Salt inhibits DNA-protein interaction but stabilizes
proteins via the salting-in phenomenon, depending on the protein of interest, the pH, and the salt ion
(Hofmeister, 1888). 420 mM NaCl could be sufficient to disable LT-DNA interactions but inefficient in
stabilizing the unbound LT, resulting in aggregation. For this reason, cell lysis (2) was also performed
with 250 mM NaCl next to 1 M NaCl. The stabilizing unspecific DNA interactions are thus supported
at the expense of LT purity. The high salt induced withdrawal of unspecific DNA, combined with a
potential lack of LT stabilization by reducing the salt concentration to 250 mM for cryoEM SPA,
possibly also accounts for the unsuccessful second cryoEM SPA (B) (6.3.1).

The elevated LT amount in (1) could be a result of transduction efficiency variations since the same
batch could not be applied for all lysis screens. The experiments were too laborious to be combined
in one day, and sample freezing led to protein damage (unpublished results).

LT purification method (3) was also successful but yielded a lower protein concentration. LT could
be detected in the cell pellet, indicating that sole chemical lysis with Nonidet P-40 may not be
sufficient to disintegrate the nucleus membrane, resulting in an incomplete LT release and reduced
protein yield.

In summary, high salt lysis reduces unspecific LT-DNA interaction, while stabilizing the protein.
However, withdrawing DNA with medium salt concentration or reducing the salt concentration after

cell lysis potentially leads to LT aggregation.
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7.5.Principles of LT aggregation and prevention approaches

Protein aggregation poses a challenge during purification, and laborious optimization steps are
required to reduce aggregation. The tendency of LT to aggregate was already evident during the cell
lysis screening, discussed in 7.4, in which high molecular weight structures could be detected via WB
(Figure 18A). Alongside, LT eluted in the void volume of the SEC column, indicating aggregation
(Figure 21A), which was verified via negative stain TEM (Figure 24C). Protein aggregation posed a
major challenge during cryoEM SPA, wherefore it is essential to analyze its driving force. One
approach to reduce aggregation was the co-expression of LT with the viral ori, which was not
successful (Figure 25). The presence of the ori within the cell suspension was verified via PCR, 3 d.p.t.
(Figure 25A), while it could not be detected via southern blot, utilizing the purified LT:ori complex
(results not shown). Unfortunately, no positive control was available to confirm correct handling of
the DNA detecting method. Next to the possibility that LT-ori interaction concomitant to protein
expression affected LT aggregation only marginally, it is also conceivable that LT-ori interaction did
not withstand purification, carried out at 250 mM NaCl. However, since LT, purified in 250 mM NaCl,
always revealed strong nucleic acid contaminations with a 260/280 ratio of approximately 1.4 (6.2.3),
the inhibition of LT-ori interaction by 250 mM salt is highly unlikely. An alternative explanation is a
weak or a complete absence of LT-ori interaction within insect cells. To reduce protein heterogeneity,
the GRGGC M1-6 and their flanking AT-rich regions were chosen as ori sequence, while M7-10 were
omitted. However, Kwun and colleagues showed that M7, located downstream of the 3" AT-rich
region, profoundly increased LT-ori affinity (2009). It is conceivable that M7 cannot be omitted in the
trimmed ori to ensure strong LT-ori interaction.

A second approach to reduce aggregation was to improve the buffer conditions, monitored by the
increase of LTs thermal stability (Figure 24A). Intriguingly, LT was stabilized in a broad pH range in
phosphate buffer, while its tendency to aggregate was not reduced (Figure 24C). It is conceivable that
phosphate mimics the interaction of LT with the negatively charged DNA phosphate backbone,
leading to increased LT thermal stability in the absence of DNA. However, DNA may displace
stabilizing phosphate ions from the LT-DNA binding pocket, resulting in an unchanged aggregation
behavior in the presence of DNA. Alongside, studies of SV40 indicated that LT interactions with the
DNA phosphate backbone are more important than those with the DNA bases (SenGupta & Borowiec,
1992). The ability of phosphate to affect protein-DNA interaction was already demonstrated for the
E. coli DNA-binding protein RecA, in which protein-dsDNA binding was impaired in phosphate buffer,
while protein stability was increased (Metrick et al., 2013). However, LT still aggregates in the
presence of phosphate and DNA (Figure 24C), indicating that aggregation does not predominantly

originate from the DNA-binding domains, OBD and helicase, but from additional domains such as the
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MURs. These regions, hypothesized to induce LLPS (7.3), could significantly impact aggregation via
their IDRs. IDRs are prone to self-interact and to aggregate, which can result in neurodegenerative
diseases such as Alzheimer’s disease (Tsoi et al., 2023). Mutations of LLPS involved amino acids, such
as disorder promoting proline residues (Uversky, 2017), which are highly enriched in EBNA2 and
EBNALP, were shown to disrupt droplet formation (Peng et al., 2020). The LT MURs have a proline
content of 12.8%, which is significantly increased compared to the average proline occurrence rate
of approximately 5% (X. Wu et al,, 2019; Mittal & Jayaram, 2011). Additionally, serine is a disorder
promoting residue (Uversky, 2017), also substantially increased within the LT MURs (25.9%),
compared to the average occurrence rate (7-8%) (Mittal & Jayaram, 2011; Tourasse & Li, 2000).
Consequently, proline and serine were suggested as auspicious targets to disrupt LLPS. I[UPred3
predictions of in silico mutated proline (B) and serine (C) residues to alanine within the MURs
revealed no pronounced IDR disruption (Figure 28). LT residue mutation for aggregation reduction

is therefore not suggested as an experimental setup.
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Figure 28: Intrinsically disordered region prediction of LT with mutations within the MURs. Predictions above a threshold
of 0.5 are considered intrinsically disordered. Depicted are unmodified LT (A), LT with mutated proline to alanine (P—A)
within the MURs (aa73-315) (B), and LT with mutated serine to alanine (S—A) within the MURs. The prediction was
performed with [UPred3 (Erdés et al.,, 2021).

Further, IDR interactions are often electrostatically driven (Mitrea & Kriwacki, 2016) and thus can be
influenced by PTMs, as stated in 7.3 already. It could be demonstrated that phosphorylation of the
LLPS model protein FUS, mainly composed of IDRs, disrupt FUS induced LLPS and reduce protein
aggregation (Monahan et al., 2017). Similar results have been observed by arginine methylation of
the protein DEAD-Box helicase 4 (Ddx4) (Nott et al,, 2015). Interestingly, the phosphorylation state
of SV40 LT was also observed to influence interprotein cooperativity. Hypophosphorylation enables
cooperative interactions between two hexamers to form an active double-hexamer, which undergoes
remodeling to initiate DNA unwinding. Hyperphosphorylation disrupts the double-hexamer to
license bidirectional unwinding (Sowd & Fanning, 2012). For MCPyV LT, phosphorylation was
reported to modulate protein-DNA interaction (Diaz et al., 2014), emphasizing the fundamental role
of electrostatic interactions in the regulation of PyV LT protein-protein and protein-DNA interaction.
Itis therefore suggested to alter the charge characteristics of MCPyV LT via PTM modulation to reduce

its aggregation tendency. Since LT does not contain many RGG/RG motifs, reported to function as
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methylation sites of Ddx4 (Nottetal., 2015), charge modulation via methylation may not be beneficial.
However, LT harbors 82 predicted phosphorylation sites (Kwun et al., 2017), which can be used for
phosphorylation alteration. For SV40 LT, several kinases were identified to specifically phosphorylate
protein residues, such as the cdc2/CDK1 kinase, casein Il kinase, and ATM kinase (Y. Shi et al., 2005;
Gotz et al,, 1995; McVey et al,, 1989). Similarly, ATM kinase was shown to specifically phosphorylate
S816 in MCPyV LT (J. Li et al,, 2015). An appropriate kinase for LT phosphorylation needs to be
determined, preceding the examination of an aggregation reduction by disrupting self-interacting
forces via phosphorylation. Conversely, preliminary experiments of LT dephosphorylation were
performed and analyzed via negative stain TEM (Figure 29). LT treatment with alkaline phosphatase
(AP) led to reduced aggregation and enhanced formation of single hexamers (green). These
preliminary results suggest that the reduction of negative charge, conferred by phosphorylation of
uncharged residues, such as serin, threonine, and tyrosine, introduced repulsive forces, leading to
reduced protein aggregation. However, this phenomenon has to be verified via DLS or SEC.
Additionally, it would be of interest to examine protein aggregation of E. coli-expressed LT, which
profoundly differs in its PTMs. Bacterial LT expression was shown to be successful for SV40 LT, while

losing its ability to activate bidirectional ori unwinding (Sowd & Fanning, 2012).

Figure 29: Negative stain TEM of LT with an altered phosphorylation state. 0.5 pg purified LT + 2 mM MgClz, 4 mM AMP-
PnP, and 0.9 pmol ori in TRIS-HCI pH 8.5 (red), and supplemented with 0.07 U alkaline phosphatase (AP) (green) were
incubated at 37 °C for 15 min and centrifuged prior staining with uranyl acetate. LT was applied onto a negatively glow-
discharged carbon-coated copper grid and recorded with a Talos L120C 120V electron microscope at 92k x magnification.
The scale bar represents 100 nm.

An alternative approach to reduce aggregation is the stabilization of LT via binding partners. PRb is
known to interact with the LT LxCXE motif, flanked by the MURs (Shuda et al., 2008) (Figure 4A). This
interaction could potentially stabilize the unstructured MURs by inducing specific folding upon pRb
binding. The existence of an SV40 LT structure bound to the pocket domain of pRb supports the

hypothesis (Figure 5A). In the context of a bachelor thesis, which was supervised within this project,
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the presumption was challenged by co-expressing MCPyV tLT244 with His-pRb AB Box. The pRb AB
Box is the minimal region for E2F interaction and was used to crystallize SV40 LT (H.-Y. Kim et al,,
2001). The two proteins were co-expressed in High Five™ insect cells via the baculovirus expression
system. Although a pronounced fraction of the proteins could be detected in the pellet, the
tLT244:pRb AB Box complex was successfully purified via NINTA (results not shown). Similar results
were reported in a PhD thesis, in which the complex formation of pRb AB Box was examined with E.
coli-expressed tLT244 (Borchert, 2013). Alongside, Czech-Sioli and colleagues could show that Usp7
binds to LT via multiple P/A/E-x-x-S motifs, predominantly located in the MURs. They further
reported an enhanced LT-ori affinity upon LT-Usp7 interaction (Czech-Sioli et al., 2019). This could
be of additional value since the LT-stabilizing ori was added for cryoEM SPA (6.3.1). Next steps
require the analysis of LT bound to pRb AB Box or Usp7 via DLS, SEC, or negative stain EM to assess
whether these protein-protein interactions reduce LT aggregation. Further, it has to be noted that
only tLT244 was used for the above stated co-expression experiments, while for cryoEM SPA the
stabilization of full-length LT is of interest. It is therefore suggested to repeat the co-expression
experiments with full-length LT.

Lastly, the deletion of the MURs could reduce LT aggregation. Unfortunately, contradictory results
have been reported on the LT stability upon the deletion of the MURs. Houben and colleagues stated
reduced protein stability and growth restriction of MCC cells (2015), while increased LT stability and
proliferation of the human BJ-hTERT fibroblasts have been demonstrated by others (Nwogu et al,,
2020a). Additionally, also the MURs-harboring chimeric SV40 LT showed increased expression in
MCC cells and reduced expression in B]-hTERT cells. Since the MURs are unique to MCPyV and show
no sequence similarity to any other protein, it is conceivable that they are involved in tumorigenesis.
The deletion of the MURs would prevent important structural findings about the unique mechanism
of action of the MCPyV LT and is therefore no suitable strategy.

In summary, LT aggregation could neither be resolved by the co-expression of LT:ori, nor by the
addition of stabilizing phosphate ions. It is hypothesized that the IDRs of the MURs largely account
for the LT aggregation, suggesting altering the charge distribution of those regions to disrupt
homotypic interactions. Further, the co-expression of the MURs binding partner Usp7, or the LxCxE
motif binding protein pRb, could stabilize LT, potentially leading to reduced aggregation.
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7.6.Structural characterization of LT

7.6.1. DLS analysis indicates the presence of LT hexamers and aggregates

DLS measurements of LT in the presence and absence of additives revealed that ADP, MgCl,, and ori
reduced polydispersity, showing a dominant protein population of 18 nm (Figure 22). The measured
Ry argues against the existence of LT monomers in solution, while it is difficult to conclude on the size
of the observed oligomer. Ry is calculated for globular proteins, which presumably does not account
for LT. Although the SV40 LT OBD-helicase, the most complete PyV LT hexamer structure available,
reveals near globular dimensions of 120x110 A, MCPyV LT additionally harbors the MURs. These
regions comprise approximately one quarter of the protein (Figure 4A) and are predicted to be
unstructured (Figure 4B), which is accompanied with the ability to attain compact or expanded
conformations. This characteristic most likely prevents a globular shape of the MCPyV LT, impeding
precise Ry determination. The peak at 47 nm may reflect aggregate or higher order oligomers such as
double-hexamers of 1.1 MDa. This species could be visualized via EM for SV40 LT (Cuesta et al., 2010;
Valle et al,, 2006, 2000), but was not observed via EM in this work, nor reported in literature for
MCPyV LT. The addition of the ori, ADP, and MgCl,, provoking SV40 LT double-hexamer formation
(Valle et al.,, 2000; Mastrangelo et al., 1989), reduced the fraction of potential double-hexamers in the
DLS analysis. This indicates that the Ry of 47 nm reflects aggregates rather than double-hexamers.
Taking the negative stain TEM analysis into account (Figure 23D and Figure 24C), in which the
predominant species were hexamers, it is presumable that the measured peak of 18 nm represents
LT hexamers. Extensive biochemical analyses of the SV40 LT oligomerization reveal hexamer
formation in the presence of nucleotides and MgCl; (D. Li et al., 2003; Reynisdéttir et al., 1993; Dean
etal, 1992; Mastrangelo et al.,, 1989). Several SV40 LT helicase structures in the presence and absence
of nucleotides and Mg2+ (Table S 5) provide structural explanations for this phenomenon. The zinc
finger, which is the main oligomerization component of the helicase via hydrophobic interactions, in
addition to polar and charged residues at the interface of two AAA+ subdomains, mediate primarily
hexamerization (D. Li et al.,, 2003). This illustrates, why PyV LT helicases hexamerize in the absence
of nucleotides and DNA, also observed in this DLS analysis (Gai, Zhao, et al., 2004; D. Li et al.,, 2003).
However, these interactions are not the only intermonomer interactions. Coordinated six-fold DNA-
B-hairpin interactions may also contribute to hexamer stabilization. Further, the ATP-binding pocket
contributes to oligomerization via the trans acting arginine finger (SV40 LT: R540) and additional five
charged residues (SV40 LT: K418, K419, D502, R498, and D499), shifting the SV40 LT
monomer:hexamer 1:2 ratio to only hexamers (Gai, Zhao, et al., 2004; D. Li et al., 2003). Intriguingly,

no MCPyV monomers were observed via SEC (6.2.3Figure 21) and DLS. It is hypothesized that
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monomeric MCPyV LT is not stable, attributed to the MURs, resulting in aggregates. However, the
addition of nucleotides, MgCl;, and DNA mediates auxiliary intermonomer interactions, enabling the

disengagement of LT from aggregates into ordered hexamers.

7.6.2. Flexible regions within LT possibly prevent the visualization of the full-length
protein

CryoEM SPA was applied on LT since X-ray crystallography of in cellulo grown crystals of various T
antigen constructs was not successful. The final model of 6.8 A (FSCo143) revealed the MCPyV LT
helicase, which was determined by superposing the model to the AlphaFold2 predicted MCPyV LT316-
g17 homo-hexamer and the crystal structure of the SV40 LT helicase (Figure 27). Although the full-
length LT was examined, the N-terminus and the OBD were missing in the model, possibly originating
from an increased flexibility of these regions. This hypothesis was supported by the results of the
superposition of the AlphaFold2 prediction and the MCPyV LT helicase. Regions with pLDDTs below
60 (blue), indicating low prediction confidence and high flexibility, are mostly not covered by the
model (Figure 30A and B). These regions include the C-terminus (magenta arrow), which is also
predicted as IDR via [UPred (Figure 4B) and the linker between the zinc finger and the helicase (green
arrow). It is conceivable that this linker together with the MURs provide such high flexibility that the
average of single particles did not result in a defined structure of the LT N-terminus. Interestingly,
Langston and colleagues managed to visualize the SV40 LTi31.627, comprising the OBD and the
helicase. The final model has a length of 110 A and a resolution of 5.6 A (Langston et al., 2022). The
size of the OBD-helicase linker is comparable between the two PyVs, while SV40 lacks the MURs. The
absence of the N-terminus in the MCPyV LT cryoEM SPA model is therefore hypothesized to be largely
linked to the MURs. In any case, an exclusion of the MCPyV LT OBD by the application of a too small
particle mask during 2D classification can be excluded since the applied diameter of 160 A exceeded
the length of the SV40 LT helicase-OBD by 50 A. This should be sufficient to account for differences
introduced by the MURs.

The only AlphaFold2 predicted region with low confidence, which could be superimposed to the
cryoEM SPA model, was the DNA-interacting $-hairpin (yellow arrow). For SV40 LT, it could be shown
that these regions move longitudinally along the hexameric helicase channel to translocate DNA (J.
Shen et al., 2005; Gai, Li, et al., 2004). Further, it was demonstrated that this movement is linked to
the occupancy of the ATP-binding pocket. ATP-binding resulted in a contracted channel with a
diameter of 14 A, while the apo state showed an expanded channel width of 22 A (Gai, Li, et al.,, 2004).
To stabilize the flexible predicted MCPyV LT f-hairpins, ADP and ori were supplemented for the
cryoEM SPA, resulting in a density, which could be aligned to the predicted B-hairpins (Figure 27B
and Figure 30A and B). Further, the presumed density of the MCPyV B-hairpins overlapped most
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precisely with those of SV40 LT bound to ATP, although ADP was supplemented for the cryoEM SPA
(Figure 27C). It is important to note that the SV40 LT helicases, displayed in Figure 27C-E, were
crystallized without DNA, contrary to the MCPyV LT. It is conceivable that the DNA-interacting 3-
hairpins behave differently in the presence of DNA, resulting in a contracted channel, similar to SV40
LT bound to ATP. The superposition of the model to SV40 LT bound to ADP revealed an overlap of
only two DNA-binding hairpins (Figure 27D). The central channel of SV40:ADP showed an asymmetry
with a diameter of 17x20 A, which possibly originates from three different conformations of the ADP
bound monomers within the hexamer (Gai, Li, et al., 2004). Such a channel asymmetry could not be

detected in the MCPyV model, possibly resulting from the applied C6 symmetry.

Figure 30: Superposition of the LT model to its predicted flexible regions and SV40 LT:ADP. (A) Top view of the LT cryoEM
SPA model (gray) superimposed to the MCPyV LT316-817 homo-hexamer AlphaFold2 prediction. PLDDT values are depicted
above 60 (red) and below 60 (blue). Regions below 60 include the C-terminus (magenta arrow), the OBD-zinc finger linker
(green arrow), and the DNA-binding f3-hairpin (yellow arrow). (B) Cropped profile view of (A). (C) Local resolution (FSCo.143)
of the LT cryoEM SPA model, superimposed to the SV40 LT helicase bound to ADP. The cross-section of the N-terminal view
is shown, and the resolution is color coded, ranging from 5.7 A (red) to 7.9 & (blue). The SV40 LT helicase hexamer (beige,
PDB: 1SVL) is depicted in ribbon representation, while ADP is shown as surface representation (black). The scale bar
represents 50 A.

7.6.3. Asymmetric anisotropic resolution of the LT helicase model suggests
mechanistic similarities to HPV E1

The MCPyV LT helicase model obtained by cryoEM SPA revealed an anisotropic resolution with higher
resolution in its interior compared to its exterior (Figure 26E and Figure 30C). Particularly, the
resolution decreased towards the C-terminus, which was expected since the C-terminus is predicted
as IDR, as aforementioned. Lower resolution at the protein-solvent interface is also comprehensible
since less stabilizing protein-protein interactions exist. However, an asymmetric resolution
anisotropy within a hexamer of a six-fold symmetry was not expected. The crystal structure of the
bovine papillomavirus (BPV) E1 ATPase, bound to ssDNA, deviated from a proper six-fold symmetry
and showed varying modes of Mg2+-ADP coordination of the single E1 subunits (Enemark & Joshua-

Tor, 2006). While the walker A and B motif from one subunit were consistently structured within the
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entire hexamer, the nucleotide-coordinating residues from the adjacent subunit adopted different
conformations, reflecting the ATP, ADP and apo state. This correlated with a staircase arrangement
of the B-hairpins. The ATP state revealed the most interactions, while the apo state showed no
interactions of nucleotide-coordinating residues between two adjacent subunits. Furthermore, it
could be demonstrated for several hexameric ATPases that the arginine finger serves as bridge
between two adjacent monomers, resulting in an asymmetry by the formation of a compact dimer
within the hexamer (Guo et al., 2019). It is conceivable that different modes of Mg?+-nucleotide
coordination also exist within the MCPyV LT ATPase. Pronounced interactions between two adjacent
subunits, mediated by the ATP-binding state, could stabilize this region, resulting in a higher local
resolution. Interestingly, by superimposing the SV40 LT helicase bound to ADP (black) to the MCPyV
LT cryoEM SPA model, increased resolution can be observed in proximity to the ATP-binding pocket
(Figure 30C). Only one LT monomer showed intermediate resolutions between 6.3-6.8 A in this area,
possibly reflecting the apo state. This would be contradictory to SV40 LT, which showed overall
reduced distances between the monomers in the presence of ATP, compared to the apo state, but was
suggested to follow an all-or-none ATP-binding mode and a concerted nucleotide hydrolysis, linked
to a planar arrangement of the DNA-binding (-hairpins (Gai, Li, et al., 2004). The argument that the
differences between SV40 LT and BPV E1 occur due to the absence of DNA in the SV40 LT structure
can be refuted by the preservation of the asymmetry in the DNA-free BPV E1 structure (Sanders et
al,, 2007). It is also conceivable that the different arrangements reflect distinct stages during DNA
unwinding. The planar arrangement of SV40:dsDNA could reflect the pre-initiation complex, while
the staircase arrangement of E1 represents the complex during DNA unwinding elongation (Gai et al.,
2016). However, the asymmetric anisotropic resolution of the MCPyV LT helicase model provides first
indications that an asymmetric hexamer is reasonable in the presence of dsDNA, arguing against the
hypothesize of different distinct stages of the SV40 LT and BPV E1 crystal structures, and suggests
mechanistic ATPase similarities between the papillomavirus E1 and MCPyV LT rather than SV40 and
MCPyV.

7.6.4. Approaches to increase the resolution of the MCPyV LT helicase model

The resolution of the final MCPyV LT helicase model reached 6.8 A (FSCo.143), which is insufficient to
elucidate its structure, routinely realized for resolutions below 4 A. Moreover, this resolution is
potentially slightly overestimated since explicit secondary structures such as alpha helices and beta
sheets, which become visible at approximately 8 A (M. L. Baker et al., 2007), were challenging to
detect. The model revealed preferred orientation of the helicase C-terminus, while profile views were
underrepresented (Figure 26D). The limited angular representations result in anisotropic resolution,

which can prevent structure elucidation. Preferred particle orientation is often associated with

107



Discussion

protein adsorption to the air-water interface (AWI), in which hydrophobic protein patches interact
with hydrophobicair (B. Lietal., 2021; ]. Chen etal., 2019; Noble, Wei, et al., 2018). Next to orientation
preference, proteins can denature upon AWI adsorption, shown for the yeast fatty acid synthase
(D’Imprima et al., 2018). It has been demonstrated that 90% of all examined proteins associate with
the AWI and that up to 94% of all particles of one data set are excluded from the final model
(D’Imprima & Kiihlbrandt, 2021; Noble, Dandey, et al., 2018). Together with the observed preferred
orientation of LT, these facts provide additional indications that LT suffers from the interaction with
the AWI. Based on Brownian motion, 100 kDa proteins need approximately 0.1 ms or less to reach
the AWI, leaving more than 1000 opportunities to adopt a preferred orientation or denature before
freezing (B. Li et al,, 2021; Naydenova & Russo, 2017). To overcome this challenge for LT and to
increase resolution, the time between protein blotting and freezing should be held at a minimum to
decrease protein exposition to air. Promising results were reported by utilizing a microfluidic spray-
plunge freezing machine (X. Feng et al,, 2017), a surface acoustic wave-based microfluid dispenser
(Ashtiani et al., 2018), and by delivering picolitre volumes onto a self-blotting nanowire grid, called
Spotiton (Noble, Wei, et al., 2018; Wei et al,, 2018; Razinkov et al., 2016). Another method to reduce
protein-WAI interaction is to supplement the sample with detergents, masking the WAI with their
hydrophobic part. Chen at al. could show that the addition of the zwitterionic detergent CHAPSO
prevents WAI adsorption of a bacterial RNA polymerase (2019). Further, tilting the specimen can help
to gain information of rare angular representations. However, the contrast is reduced since the
electron path length through the ice increases (Tan et al., 2017). A fourth method to overcome
preferred orientation and protein unfolding is the implementation of physical supports such as very
thin continuous layers of amorphous carbon or a crystalline monomolecular carbon layer, graphene,
providing a protein interaction surface (D’Imprima et al.,, 2018). Thereby, proteins can be evenly
spread onto amorphous carbon while higher background is provoked. Contrarily, graphene is almost
electron-transparent, while its hydrophobicity challenges protein adsorption (D’Imprima et al,
2018). Continuous carbon support was utilized in the cryoEM SPA approach B, in which phosphate-
supplemented buffer and high salt cell lysis were applied, resulting in noisy LT 2D representations,
which were not further analyzed. Although the analysis was not successful, LT was evenly distributed
on the grid compared to holey carbon (results not shown), suggesting the use of continuous carbon
grids for subsequent experiments. An additional advantage of continuous carbon grids is the effect of
sample concentration on the grid. This may allow the omission of sample concentration via a
semipermeable membrane, which was used in this work and which can damage the protein, as shown

for the fatty acid synthase (Joppe et al.,, 2020; D’Imprima et al., 2019).
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A second challenge during LT structure analysis was its pronounced heterogeneity (Figure 26C),
impairing high-resolution by reducing the number of available particles for the final model. One
explanation for this phenomenon could be LT-bound heterogeneous DNA fragments. Unspecific DNA-
interaction was already observed for SV40 LT (Wessel et al.,, 1992; H. ]. Lin et al., 1992; Scheffner et
al,, 1989) and is also conceivable for MCPyV LT, especially as pronounced nucleic acid contamination
was measured after LT purification without high salt cell lysis (6.2.3). CryoEM SPA was performed
with purified LT, lacking high salt cell lysis to leave unspecific DNA-protein interactions intact for LT
stabilization during purification. The ori was supplemented only after purification and it remains to
be verified whether the unspecific DNA was substituted by the LT-specific ori. However, the DPI-
ELISA and nanoDSF analyzes (Figure 23 A and B), demonstrating increased thermal stability and
specific binding upon ori addition, indicate the substitution of unspecific DNA with the viral ori.
Nonetheless, an incomplete substitution cannot be excluded.

A factor which further limits resolution are salt concentrations above 100 mM. Their ions scatter the
incoming electrons stronger compared to water, reducing image contrast (D’Imprima & Kiihlbrandt,
2021). Unfortunately, LT is unstable below 250 mM NaCl, as demonstrated in the anion exchange
chromatography (Figure 20B and C), eliminating the option of salt reduction for contrast
enhancement.

In summary, LT potentially interacts with the AWI, resulting in preferred orientation. The restricted
number of angular representations as well as protein heterogeneity potentially mediated by
unspecific LT-DNA interactions, led to reduced resolution. Preferred orientation could be addressed
by decreasing the time of grid preparation, by supplementing specific detergents, or by using
continuous carbon grids. Unfortunately, restricting unspecific LT-DNA interactions by increasing the

salt concentration to reduce protein heterogeneity would result in additional resolution reduction.

7.6.5. MCPyV LT helicase as target for antiviral drug development

Helicases are ubiquitously utilized for all aspects of nucleic acid metabolism and play an essential role
in MCPyV replication. Hitherto, no specific antiviral treatment is available against MCPyV, which could
be altered by utilizing the LT helicase as drug target. This domain displays a perfect drug target since
it is indispensable for the MCPyV life cycle, and it seems to be structurally well conserved across
multiple PyVs (Table S 5). Non-structure-based efforts to identify inhibitors against PyV LT ATPase
were reported for BKPyV, JCPyV, and SV40, providing a proof of principle for the druggability of PyV
LT helicases (Randhawa et al., 2014; Seguin et al,, 2012; C. M. Wright et al., 2009). Bonafoux et al.
reported the first structure-based design of an ATP-competitive inhibitor of the JCPyV LT helicase.
Therefore, the co-crystal structure of the JCPyV LT helicase, bound to preliminary inhibitors, were

solved and utilized to improve their biochemical activity, resulting in the final compound
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triazolopyridine. They further demonstrated that this compound was also active against BKPyV
(Bonafoux et al., 2016). This is not surprising since the sequence alignment of the helicase segment,
harboring ATP-coordinating residues (red), revealed high conservation between PyVs (Figure 31). It
is conceivable that previously identified ATPase inhibitors against other clinically relevant PyVs, such
as BKPyV and JCPyV, could be utilized as starting point to develop compounds against MCPyV LT
helicase. However, it has to be noticed that the JCPyV lysine at position 420 (light red) (position 419
in SV40), interacting with the inhibitory triazolopyridine in the JCPyV crystal structure (Bonafoux et
al, 2016) and with the ATP ribose in the SV40:ATP crystal structure (Gai, Zhao, et al., 2004), is not
conserved between PyVs. In MCPyV, it is substituted with the hydrophobic tyrosine (aa568), and it
remains to be validated whether this substitution affects the activity of the known ATPase inhibitors

against MCPyV.
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Figure 31: Sequence alignment of the helicase ATP-binding segment of MCPyV, SV40, BKPyV, and JCPyV. The amino acid
number of the MCPyV LT is marked above the alignment and those which coordinate ATP-binding are marked in red
(conserved and highly similar) and light red (not conserved). Identical (asterisk), highly similar (colon), and weakly similar
(period) amino acids are marked below the alignment, which was performed with Clustal Omega. ATP-binding residues
were extracted from (An etal, 2015).

Another approach to impair MCPyV LT helicase could be the inhibition of the helicase-primase
complex, as it was implemented for the herpesviruses HSV and varicella zoster virus (VZV) (Chono et
al,, 2010). Although PyVs utilize the cellular primase for viral replication, contrary to herpes viruses,
targeting this complex could be of interest since a structure-based approach is possible by applying
the crystal structure of the SV40 helicase-primase as starting point for a structure-based antiviral

drug approach (Zhou et al.,, 2012).
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7.7. Conclusion

In this work, the first MCPyV LT helicase hexamer model with a resolution of 6.8 A has been
presented. The model revealed a high structure similarity to the SV40 LT helicase, despite low
sequence similarity. Although the full-length LT was analyzed, only its helicase could be visualized,
potentially due to the MURs. However, since they are unique to the MCPyV and provide an essential
difference to other clinically relevant hPyVs, such as BKPyV and JCPyV, their structure analysis is
fundamental to understand its molecular mechanism of action and its involvement in tumorigenesis.
It is therefore beneficial to stabilize the LT MURs with known binding partners, such as Usp7 or pRb,
rather than deleting them for subsequent cryoEM SPA analyses. Additionally, the resolution has to be
increased to be able to use the LT helicase for structure-based antiviral drug target development.
Reducing preferred orientation by decreasing the grid preparation time represents one option.

A second finding of this work was the unsuitability of the PAK4cat:Inkal proteinogenic crystallization
aid for in cellulo crystallization of the MCPyV oncoproteins. However, it remains elusive whether this
approach is not applicable for structure elucidation at all, or whether the MCPyV oncoproteins are
not suitable due to their size or other unknown factors. Since tLT244 in vitro crystallization was also
unsuccessful (Borchert, 2013), crystallization of MCPyV LT should not be considered further.
However, in vitro crystallization of the SV40 sT was successful and has not been reported for the
MCPyV sT thus far (Cho et al,, 2007). Therefore, in vitro crystallization could hold a promising
approach for MCPyV sT structure elucidation since its analysis via cryoEM SPA may result in low

signal-to-noise ratios, ascribed to its small size of 22 kDa.
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11. Supplementary material

11.1. Hazardous substances according to GHS

Table S 1: Hazardous substances according to GHS

Substance Hazard Precautionary statements H_a zard
statements pictogram
P210, P233, P240, P241, P242,
Acetic acid EAZL(Z)S’ H314, P243,P260, P264,P273, P280, @
P301+330+331, P303+361+353
H301, H312,
. H315, H317, P201, P280, P301+310,
Acrylamide H319, H332, P308+360+313
H340, H350,
H361, H372
Ampicillin sodium H315, H317, P261, P280, P305+351+338,
salt H319, H334, P342+311
H335
H272,H302,
APS H315, H317, P280, P302+352, P304+340,
H319, H334, P305+351+338, P342+311
H335
BSA H335 P261 @
P264, P280, P305+351+338, @
CaCl; H319 P3374313
cOmplete™, EDTA- P260, P280, P301+330+331,
free Protease H314, H318 P301+361+353, P304+340+310,

Inhibitor Cocktail
DAPI

DOC

DTT

EDTA

Epon 812 (Glycid
ether 100)

Ethane
EtOH

Gentamycin sulfate

H315,H317, H335

H314,H318

H302, H315,
H319, H335

H302, H315,
H319, H335

H302, H315,

H319, H341,
H361f

H220, H280

H225,H319

H317,H334

P305+351+338+310
P264, P280

P260, P280,
P303+361+353,P304+340+310,
P305+351+338, P363

P261, P302+352, P305+351+338,
P501

P261, P264, P270, P271, P280,
P301+330+331, P302+352, P311,
P305+351+338, P332+313,
P337+313,P362, P403+233
P280, P302+352,
P305+351+338, P308+313,
P337+313, P501

P210, P410+403

P210, P233, P241, P243, P280,
P337+P313, P403+P235

P260, P302+352, P342+311

D
O
D
O®
O&
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HCl

HEPES

Isopropanol
Kanamycin sulfate

Liquid nitrogen

MeOH

MgCl2

MnClz

Naz(:Og

Na3VO4

NacCl

NaF
Nonidet P-40

NP40

Paraformaldehyde

PEI

H290, H301,
H314, H330,
H334, H335,
H370, H372

H315, H319,
H335

H225,H319,
H336

H360

H281

H225,
H301+311+331,
H370

H302, H312, H332

H301, H318,
H373, H411

H319

H302+312+332,
H315,H319

H314

H301, H315,
H319, H335
H302, H315,
H410

H318, H412

H228, H302+332,
H315, H317,
H318, H335,
H341, H350
H302, H317,
H319, H411

P260, P280, P301+310,
P303+361+353, P304+340,
P305+351+338, P308+311,
P342+311

P261, P264, P270,P271, P280,
P301+312, P302+352,
P304+312, P304+340,
P305+351+338, P312, P321,
P322,P330, P332+313,
P337+313,P362, P363,
P403+233, P405, P501
P210, P240, P305+351+338,
P403+233

P201, P202, P280, P308, P313

P202, P271+403, P282,

P210, P233, P240, P241, P242,
P243, P260, P264, P270, P271,
P280, P301+310, P303+361+353,
P304+340, P330, P361+364,
P370+378, P403+235, P404,
P501

P102, P202, P261, P64, P280

P273,P280, P301+310+330,
P305+351+338+310, P314

P264, P280, P305+315+338,
P337+313

P261, P280, P301+312,
P302+352+312, P304+340+312,
P305+351+338

P260, P264, P280,
P301+330+331, P303+361+353,
P305+351+338, P310, P363,
P405, P501

P302+352, P305+351+338,
P308+310

P273, P280, P301+312+330,
P302, P352

P280, p273,p305+351+338,
P310, P501

P210, P280, P301+312,
P304+340+312, P305+351+338,
P308+313

P273,P280, P305+351+338

OO

O

O&
©

O
&

O
O

@G
HO®

OROR %

O
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Pen/Strep

PMSF

Potassium acetate
Propane

SDS

TEMED

Tetracycline
hydrochloride

TRIS-HCI

Triton X-100

Uranyl acetate
X-Gal

X-tremeGENE™ HP

[B-Mercaptoethanol

H302, H317,
H334,H361d

H301, H314

H302, H315,
H319, H335

H220

H302, H311,
H315,H319

H225,H314,
H302, H332

H302, H315,
H361d, H362

H315, H319,
H332,H335

H315,H319

H300, H330,
H373, H411
H302, H312,
H332

H225,H319

H227,H301+331,
H310, H315,
H317, H318,
H373, H410

P260, P280, P302+352,
P309+311

P260, P280, P303+361+353,
P304+340+310, P305+351+338

P261, P264, P270,P271, P280

P210

P280, P305+351+338, P361,
P405, P501

P210, P280, P305+351+338,
P310

P260, P280, P301+312,
P302+352, P308+313

P261, P270, P280, P302+352,
P304+340+312, P305+351+338,
P321, P332+313,P337+313,
P403+233, P501

P264, P280, P302+352,
P305+351+338, P332+313,
P338+313,P362

P260, P264, P273, P284,
P301+310

P261, P264, P271, P280, P313,
P501

P210, P233, P280, P303+361,
P353,P337+313,P370+378

P261, P273, P280, P302+350,
P305+351+338, P310, P501

OP
O
SO
O&
OHO
OP

©

O

SOG
&
O®
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11.2. Supplementary figures

1 2 3 4 5 6 7 8
Mcm3 1 30,38 2275 2334 23,90 20,74

Mcm7 2 598 2379| 2550 2400 2194

Mcm2 3 788 711 23,01 19,54/ 2283

Mcm5 4 680 602 2280 2248

Mcm6 5 694 684 694 19,10

Mcm4 6 818 747 724 805

SV40 LT 7 925 854 824 876 929 34,31
MCPyV LT 8 935 844 831 906 960 582

Figure S 1: Sequence alignment of human MCM 2-7 with SV40 and MCPyV LT. Sequence identity is depicted in % (blue). The
number of differing alignment positions is shown in red. The alignment was carried out with CLC.

A B
92 kDa 4 kDa Wash  Elution LT mock

| - I kDa T 24 kDa pgN pSN
[ LT MEV(GxHisStrepl) ~ y35 PSNELL 231234 | 135
1 817 100 ¢ 100

96 kDa

Figure S 2: Expression and purification of LT-His-Strepll. (A) LT construct which could not be purified. LT (yellow), C-
terminally coupled to a TEV-cleavage site (gray), 6xHis (light green), and Strepll (green) tag, with amino acid numbers,
depicted below the construct. The molecular weight of LT, with and without tags, is indicated in kDa. (B) SDS-PAGE of the
LT-His-Strepll gravity flow StrepTactin affinity chromatography. 2.5 x 107 Sf9 insect cells were transduced with 0.5% (v/v)
P2 baculovirus supernatant and harvested 4 d.p.t.. The cells were lysed with LB3 (Table 5), sonified, centrifuged, and the
supernatant (SN) was incubated with 50 pl StrepTactin. LT-bound resin was washed 3x with 1 ml EB4 (Table 5) (Wash 1-
3) and eluted with 4x 1 CV EB4, supplemented with 50 mM biotin (Elution 1-4). Similar volumes of the pellet (P), SN,
flowthrough (FT) fractions, and resin were applied to an 8% gel and analyzed by Coomassie staining. (C) WB of LT-His-
Strepll expression. 5x105 Sf9 cells, non-transfected (mock) or transfected with LT-His-Strepll bacmid (LT), were harvested
5 d.p.t. and lysed with 100 ul RIPA buffer (Table 5). The sample was centrifuged, and the pellet (P) was resuspended in
100 pl RIPA buffer. Similar volumes of P and the supernatant (SN) were analyzed by using the LT-antibody Cm2B4 (aLT).

Resin

aLT
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A B
= 600 7 acs y = -0.1092x + 0.8195
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Elution volume [ml] In (MW)
C
Peak Marker protein MW [kDa] In (MW) V.[ml] K,
1 Thyroglobulin 670 6.51 9.12 0.08
2 y-globulin 158 5.06 12.21 0.27
3 Ovalbumin 44 3.78 14.93 0.44
4 Myoglobin 17 2.83 16.69 0.55
5 Vitamin B12 1.35 0.30 20.00 0.75

Figure S 3: Calibration of the size exclusion chromatography column HiLoad Superdex 200 10/300 GL. (A) Chromatography
was carried out with EB4 (Table 5) at a flow rate of 0.25 ml/min with 60 pl gel filtration standard, supplemented with EB4
to a final volume of 500 pl. The absorption peaks are labeled with numbers corresponding to the elution volume of the
proteins, outlined in (C). (B) Graphical illustration of (A), thereby plotting the natural logarithm of the molecular weight (In
(MW)) against the distribution coefficient (Kav), determined with the equation (Ve- Vo) /(Vc-Vo). Ve: Elution volume; Vo: Void
volume, which was determined at 7.89 ml; V¢: Colum volume, which is 24 ml for the respective column. (C) Used marker
proteins with their associated MW, In (MW), Ve, which was determined via (A) and Kav, which was determined via (B).

Genome tLT LT
3% 3% Promotor

Downstream
/ / 5"Untranslated region
3"Untranslated region
Coding exon
Intron
Distal intergenic
B C

2

bits

-] c downregulated
JEAN Y log2FC>1

3

E-value: 6.5e-120

upregulated
log2FC>1

630 1367
Figure S 4: LT-chromatin interaction. (A) LT-chromatin immunoprecipitation with subsequent DNA sequencing (ChIP-Seq).
The MCPyV early region was transiently expressed in HEK293 cells, and LT-bound chromatin was enriched by the LT-
antibody Cm2B4. Left pie chart shows percentage of genome annotations of hg19, given on the right. Center pie chart depicts
tLT binding peaks (125) and right pie chart shows LT binding peaks (1581). (B) Motif calling of the in (A) identified LT
binding sites. The letter size (y-axis) correlates with the statistical frequency at motif position 1-5 (x-axis). (C) Differential
expression of LT-bound genes. Neonatal dermal fibroblasts were transduced with LT-expressing lentiviral supernatant and
analyzed via RNA sequencing 8 d.p.t.. Venn diagram of all genes bound by LT (1621) and their down- (143) and upregulation
(155) by log2FC>1. Additionally, down- (630) and upregulated (1367) genes versus vector control, independent of direct
LT binding, are depicted.
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Figure S 5: FSC curve of the final cryoEM SPA LT model. The FSC curve was determined of two independently refined half
maps and depicts the overall resolution as indicated by the cut-off at 0.5 and 0.143.

11.3. Supplementary tables

Table S 2: Overview of protein constructs screened for in cellulo crystallization. Expression was performed in (A) insect cells
and (B) mammalian COS7 and HEK293 cells. Numbers represent the amino acid stop position (behind tLT/tsT) or starts (in
front of tLT/tsT). Colon represents the co-expression of two proteins, a hyphen shows a protein fusion. Proteins with a
peroxisomal target sequence (PTS) or an ER target sequence (ERTS) are sorted into the peroxisome or the ER, respectively.
Crystal formation is coded with a green tick and crystal absence with a red cross.

A B
Crystal Molecular Crystal Molecular
Construct formation  weight [kDa] Construct formation weight [kDa]
PAK4cat ¢ 36 PAK4cat Ve 36
iBOX-PAK4cat v 40 Inkal b 4 33
sT-iBOX-Pak4cat X 60 Inkal:PAK4cat v
tLT244-iBOX-PAK4cat x 67 GFP-iBox-PAK4cat x 67
GEP-iBox-PAR4cat X 67 sT-Inkal:PAK4cat v 54
Sﬁ_ﬁ’:ﬁﬁ;ﬁﬁjﬁt ‘; gz tLT244-Inkal:PAK4cat v 58
Inkal-Dnaj-PAKAcat X A1 Inka1-122tsT:PAK4cat v 41
PS:PAK4cat b 4 2 122tsT-Inka1l:PAK4cat / 41
tLT244-PS:PAK4cat X 29 Inka1l:PAK4cat-122tsT X 44
sT b 4 22 Inkal:122tsT-PAK4cat b 4 44
tLT265 X 33 sT-PS:PAK4cat v 24
sT-PTS/ERTS ) 4 22/25
122tsT-PTS/ERTS ) ¢ 8/11
tLT328-PTS/ERTS ) ¢ 36/39
tLT430-PTS/ERTS X 47/50
tLT544-PTS/ERTS ) ¢ 61/64
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Table S 3: Buffers used for in cellulo crystal isolation.

Name

Composition

Hypo buffer

10 mM HEPES
10 mM KCl

5 mM MgCl,
pH7.5

Lysis buffer

50 mM TRIS-HCI

150 mM NaCl

5 mM EDTA

1% Triton X-100

1 g/1SDS

5 g/1 Sodium deoxycholate
pH 7.4

150



Supplementary material

Table S4: Composition of the custom-made buffer screen used for the thermal stability assay. Column 12 was used for
controls 1) 1M SPG Buffer contains: 0.125 M Succinic Acid, 0.5 M NaH2P04, 0.375M Glycine adjusted to the appropriate pH
with 10 M NaOH; 2) 1 M MMT Buffer contains: 0.2 M DL-Malic Acid, 0.4 M MES Monohydrate, 0.4 M Tris adjusted to the
appropriate pH with either 10 M HCI or 10 M NaOH; 3) 1 M PCB Buffer contains: 0.4 M Sodium Propionate, 0.2 M Sodium
Cacodylate trihydrate, 0.4 M Bis-tris Propane adjusted to the appropriate pH with 10 M HCL; 4) MES (2-(N-
morpholino)ethanesulfonic acid) monohydrate 5) Bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane 6) N-(2-
Acetamido)iminodiacetic acid 7) 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 8) 2-Amino-2-hydroxymethyl-

propane-1,3-diol.

1 2 3 4 5 6 7 8 9 10 1 12
Al1M ™M ™M ™M iMNa | 1M 1M Na/K ™M ™M ™M iMm
SPG" | MMT? | PCB® | MES* | Citrate | BisTris® | Phosphate | ADA® | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH56 | pH56 | pH56 | pH55 | pH55 | pH5.8 pH5.8 pH6.0 | pH6.8 pH 6.2 pH7.5
B|1M ™M ™ ™M iMNa | 1M 1M Na/K ™M M M 1™
SPG"” | MMT? | PCBY | MES® | Citrate | BisTris” | Phosphate | ADA” | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH6.0 | pH6.0 | pH5.0 | pH57 | pH pH 6.0 pH 6.1 pH6.2 | pH7.0 pH 6.45 pH7.7
575
Cl|1M ™ ™M ™M iMNa | 1M 1M Na/K ™M ™M ™M i™
SPG" | MMT? | PCBY | MES* | Citrate | BisTris” | Phosphate | ADA®” | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH64 | pH64 | pH64 | pH59 | pH6.0 | pH6.2 pH 6.4 pH64 | pH7.2 pH6.7 pH7.9
D|1M ™M ™M ™M iMNa | 1M 1M Na/K ™M ™M ™M iMm
SPG" | MMT? | PCB*? | MES* | Citrate | BisTris” | Phosphate | ADA® | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH68 | pH6.8 | pH68 | pH6.1 | pH pH6.4 pH 6.7 pH66 | pH7.4 pH 6.95 pH 8.1
6.25
E|1M ™M ™M ™M iMNa | 1M 1M Na/K ™M M ™M iMm
SPG" | MMT? | PCBY | MES* | Citrate | BisTris® | Phosphate | ADA® | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH72 | pH7.2 | pH72 | pH63 | pH65 | pH6.6 pH7.0 pH68 | pHT7.6 pH7.2 pHS83
F|I1M ™M ™M ™M iMNa | 1M 1M Na/K ™M ™M ™M i™m
SPG" | MMT? | PCB¥ | MESY | Citrate | BisTris® | Phosphate | ADA® | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH76 | pH76 | pH76 | pH65 | pH pH 6.8 pH7.3 pH7.0 [ pH7.8 pH 7.45 pH 85
6.75
G|1M M ™M ™M iMNa | 1M 1M Na/K ™M ™ ™M i™m
SPG" | MMT? | PCB* | MES* | Citrate | BisTris® | Phosphate | ADA® | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH80 | pH8.0 | pH80 | pH6.7 | pH7.0 | pH7.0 pH7.6 pH7.2 | pHS8.0 pH7.7 pH8.S8
H|1M ™M ™M ™ 1iMNa | 1M 1M Na/K ™ ™ ™ iM
SPG"” | MMT? | PCBY | MES* | Citrate | BisTris” | Phosphate | ADA® | HEPES” | Imidazole | Tris®
Buffer, | Buffer, | Buffer, | Buffer, | Buffer, | Buffer, Buffer, Buffer, | Buffer, Buffer, Buffer,
pH84 | pH84 | pH84 | pH6.9 | pH pH7.2 pH7.9 pH7.4 | pHS8.2 pH 7.95 pH 9.0
7.25
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Table S 5: Known structures of PyV T antigens.

PyV Protelln/ Interaction R.esolu Method PDB Source
Domain partner tion
. X-ray (Bayer et
MCPyV VP1 35A diffraction 6ZL7Z al, 2020)
. X-rax (Cho et al,
SvV40 sT PP2A Aa 3.1A diffraction 2PF4 2007)
(Berjanskii
MPyV Dna] NMR 1FAF et al, 2000)
pRb :
LT  DnaJ- o X-rax (H.-Y. Kim
SV40 LxCxE ;;3577 * 645 324 diffraction 1GH6 etal.,, 2001)
Importin-a o X-rax (Bernardes
SV40 LT NLS 79-507 184 diffraction 4RXH etal, 2015)
(Luo et al,
SvV40 LT OBD NMR 2TBD 1996)
o X-rax (Meinke et
SV40 LT OBD 154 diffraction 2EUF al,, 2006)
X-rax (Bochkarev
SvV40 LT OBD Viral ori 1.7 A . . 2ITL a et al,
diffraction
2006)
o X-rax (Meinke et
SvV40 LT OBD DNA fork 1.7 A diffraction 5D9I al, 2011)
Viral ori M1 and o X-rax (Meinke et
SV40 LT OBD M3 248 Giffracion N1 41, 2007)
o X-rax (Meinke et
JCPyV LT OBD 2.6 4 diffraction ALIF al, 2014)
g X-rax (Meinke et
JCPyV LT OBD 2.7 4 diffraction SCYB al,, 2016)
X-rax (C.
MPyV LT OBD Viral ori 3.84A _ _ 4FB3  Harrison et
diffraction
al, 2013)
X-rax (C.
MCPyV ~ LT OBD Viral ori 294 _ _ 3QFQ  Harrison et
diffraction
al,, 2011)
(Arunkuma
SV40 LT OBD RPA NMR 1Z1D r et al,
2005)
LT OBD- . . 2 X-rax (Y. P.Chang
SV40 helicase ViraloriM1-2+EP 284 diffraction 4GDF etal, 2013)
. o X-rax (D. Li et al,,
Sv40 LT helicase 28A diffraction 1N25 2003)
DNA polymerase
SvV40 LT helicase = a-primase 5A X.—rax . 4E21 (Zhou etal,
1-78 diffraction 2012)
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Sv40

Sv40

JCPyV

LT helicase

LT helicase

LT helicase

p53 DNA-binding

domain 3.2 4
92-292

ATP 1.9 A
ATP-competitive 20 A

inhibitor

X-rax
diffraction

X-rax
diffraction

X-rax
diffraction

2H1L

1SVM

5]47

(Lilyestrom
etal, 2006)

(Gai, Zhao,
etal, 2004)

(Bonafoux
etal, 2016)
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