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1 Summary

1 Summary

Positive-strand RNA viruses of the Flaviviridae family encode a polyprotein that is cleaved by
cellular and viral proteases into mature structural and nonstructural (NS) proteins. A special
feature of Flaviviridae is the importance of NS proteins for both genome replication and virion
morphogenesis. Nonstructural protein 2 (NS2) of Hepatitis C Virus (HCV) and pestiviruses
plays a central role in their life cycles. First, NS2 catalyzes NS2-3 cleavage, releasing NS3
and thereby enabling the assembly of viral replicase. This process requires viral (in the case
of HCV) or cellular (in the case of pestiviruses) cofactor-mediated NS2 protease activation.
Second, NS2, either as free NS2 (HCV) or as uncleaved NS2-3 (pestiviruses), fulfills different
roles in virion morphogenesis that are still incompletely characterized. Accordingly, a detailed
knowledge of structural and functional properties of pestiviral and HCV NS2 as well as their
uncleaved precursor proteins is imperative for a better understanding of these processes.

To overcome the lack of structural data on pestiviral NS2, a membrane topology model of
bovine viral diarrhea virus 1 (BVDV-1) NS2 was determined using a substituted cysteine
accessibility method (SCAM) assay. The determined BVDV NS2 topology, while overall
comparable to that of HCV NS2, also revealed potentially important differences between the
two molecules. This model was subsequently used to define the minimal pestiviral NS2
autoprotease domain. Here, it was shown that at least one transmembrane (TM) segment is
essential for maintaining the residual activity of the BVYDV-1 NS2 protease, whereas HCV
and some hepaciviral NS2 are known to remain active in the absence of TM regions.

While structural data of the HCV NS2 protease domain and a membrane topology are
available, the NS2 determinants that support activation of the NS2 protease by NS3 are still
unknown. Based on the recent observation that a hydrophobic NS3 protease surface patch
contains NS3 determinants mediating NS2 protease activation, two NS2 surface residues
(F103 and L144) were identified in this work that, when mutated, stimulated the intrinsic NS2
protease activity in the absence of NS3. Further analyses of these NS2 determinants showed
that (i) their stimulatory character is conserved among different HCV genotypes, (ii) both
residues might employ different modes of action to contribute to the stimulation of the
intrinsic NS2 protease activity and (iii) that optimal NS2-NS3 surface interactions are
required for efficent NS3-mediated NS2 protease activation since mutations of these
determinants are attenuating NS2-NS3 cleavage and RNA replication. An attractive
hypothesis of this work is that mutations of these NS2 surface determinants (F103A and

L1441) mimic structural changes occuring during NS2 protease stimulation by NS3.

Taken together, these studies provide a profound basis to further decipher the molecular
mechanism of NS2 functions in the life cycle of hepaciviruses and pestiviruses, as well as to
identify protein-protein interactions essential for NS2 functionality.
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2 Zusammenfassung

Positivstrang-RNA-Viren der Familie Flaviviridae kodieren ein Polyprotein, das durch
zellulare und virale Proteasen in reife Struktur- und Nichtstrukturproteine (NSPs) gespalten
wird. Eine Besonderheit der Flaviviridae ist die Bedeutung der NSPs sowohl fur die
Genomreplikation als auch fur die Virionenmorphogenese. Das Nichtstrukturprotein 2 (NS2)
spielt eine zentrale Rolle im Lebenszyklus des Hepatitis C Virus (HCV) und der Pestiviren.
Zunéchst katalysiert NS2 die Spaltung von NS2-3, wodurch NS3 freigesetzt und somit der
Aufbau der viralen Replikase ermdglicht wird. Dieser Prozess erfordert die Aktivierung der
NS2 Protease durch einen viralen (bei HCV) oder zellularen (bei Pestiviren) Kofaktor.
Zweitens hat NS2, entweder als freies NS2 (HCV) oder als ungespaltenes NS2-3
(Pestiviren), essentielle, aber noch unvollstindig charakterisierte Funktionen in der
Virionmorphogenese. Dementsprechend ist eine detaillierte Kenntnis der strukturellen und
funktionellen Eigenschaften von pestiviralem und HCV NS2 sowie der ungespaltenen

Vorlauferproteine flr ein besseres Verstandnis dieser Prozesse unerlasslich.

Da bisher keine Strukturdaten des pestiviralen NS2 verfigbar sind, wurde ein
Membrantopologie-Modell des NS2 des Virus der bovinen Virusdiarrhd 1 (BVDV-1) mit Hilfe
eines Substituted Cysteine Accessibility Method (SCAM) Assays bestimmt. Die so ermittelte
Topologie des BVDV NS2 war zwar insgesamt mit der des HCV NS2 vergleichbar, zeigte
aber auch potenziell wichtige Unterschiede zwischen den beiden Molekilen. Dieses Modell
wurde anschlieRend verwendet, um die minimale Autoproteasedoméne des pestiviralen NS2
zu definieren. Dabei wurde gezeigt, dass mindestens ein Transmembran (TM)-Segment
essentiell ist, um eine Restaktivitdt der BVDV-1 NS2-Protease zu erhalten, wahrend NS2 von
HCV und einiger anderer Hepaciviren bekanntermalien auch ohne TM-Regionen aktiv

bleiben.

Waéhrend fur das HCV NS2 Strukturdaten der Proteasedoméne und eine Membrantopologie
verfugbar sind, sind die NS2-Determinanten, die die Aktivierung der NS2-Protease durch
NS3 unterstlitzen, noch unbekannt. Ausgehend von der kirzlich gemachten Beobachtung,
dass ein hydrophobe Oberfliche auf der NS3-Protease Determinanten enthalt, die die
Aktivierung der NS2-Protease vermitteln, wurden in dieser Arbeit zwei NS2-Oberflachenreste
(F103 und L144) identifiziert, die, wenn sie mutiert wurden, die intrinsische NS2-
Proteaseaktivitat in Abwesenheit von NS3 stimulierten. Weitere Analysen dieser NS2-
Determinanten zeigten, dass (i) ihr stimulierender Charakter zwischen verschiedenen HCV-
Genotypen konserviert ist, (ii) beide Reste unterschiedliche Mechanismen nutzen kdnnten,
um zur Stimulation der intrinsischen NS2-Proteaseaktivitdt beizutragen und (iii) dass
optimale NS2-NS3-Oberflacheninteraktionen fir eine wirksame NS3-vermittelte NS2-
Proteaseaktivierung erforderlich sind, da Mutationen dieser Determinanten die NS2-NS3-

2



2 Zusammenfassung

Spaltung und RNA-Replikation abschwachen. Eine attraktive Hypothese dieser Arbeit ist,
dass Mutationen dieser NS2-Oberflichendeterminanten (F103A und L144l) strukturelle
Veranderungen nachahmen, die wahrend der Stimulation der NS2-Protease durch NS3

auftreten.

Zusammengenommen bieten diese Studien eine profunde Grundlage, um den molekularen
Mechanismus der NS2-Funktionen im Lebenszyklus von Hepaciviren und Pestiviren weiter
zu entschliusseln sowie Protein-Protein-Interaktionen zu identifizieren, die fur die NS2-

Funktionalitat wesentlich sind.
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3 Introduction

3.1 Family Flaviviridae

The Flaviviridae family includes small enveloped viruses with a single-stranded RNA genome
of positive polarity with a length of approximately 9-13 kb and is subdivided into the four

genera Flavivirus, Pestivirus, Hepacivirus, and Pegivirus (Fig. 1) (Simmonds et al., 2017).

= Flavivirus

a5 O AF326963 classical swine fever virus
©1X428945 Aydin-like pestivirus
QAF037405 Border disease virus
QAF002227 bovine viral diarrhea virus 2
Ex 8?84556157H0h|#\k9 pestivirus P t, .
144617 giraffe pestivirus
OM31182 bovgine virgl diarrhea virus 1 estivirus
QAY781152 pronghorn antelope pestivirus
QEF100713 porcine pestivirus Bungowannah
o OKJ950914 rat pestivirus
OKRO11347 atypical porcine pestivirus
5KC815310 rodent hepacivirus RHV-339
OKC411784 rodent hepacivirus NLRO7-oct70 NEL 2007
QKJ950938 Norway rat hepacivirus NrHV-1
QKJ950939 Norway rat hepacivirus NrHV-2
OHGU22304 GBV-B
OKC411806 rodent hepacivirus SAR-3 RSA 2008
QKC796077 bat hepacivirus PDB-112
QOKC411777 rodent hepacivirus RMU10-3382 GER 2010
QOKC551800 Guereza hepacivirus
o 0KC7960{)4 b':-])t hepacivirus PDB-829 H . =
KC796078 bat hepacivirus PDB-491
QOKP641127 bovine hepacivirus BovHepV 463/G epac’v’rus
OKP325401 non-primate hepacivirus NZP1
O D00944 hepatitis C virus HC-J6
100 0QY13184 hepatitis C virus EUH1480
- QEF108306 hepatitis C virus QC69
OD17763 hepatitis C virus NZL1
OGU814265 hepatitis C virus ED43 H CV
100] QY¥12083 hepatitis C virus EUHK2
QAF011751 hepatitis C virus H77
100 O M62321 hepatitis C virus PT

87

1.0 — Pegivirus

Fig. 1: Flaviviridae family. Phylogeny based on conserved amino acid sequences in the RNA-dependent RNA
polymerase (NS5 or NS5B) (modified according to Simmonds et al., 2017).

The genus Flavivirus includes human and animal pathogenic viruses that are transmitted by
arthropods and accordingly, these viruses are often also refered to as Arboviruses
(arthropod-borne viruses). Important human pathogens of this genus include yellow Fever
Virus, Dengue Virus, Japanese Encephalitis Virus (Simmonds et al., 2017), and also Zika
Virus, which was epidemic in 2015/16 (Wang et al., 2017).

The genus Pegivirus was introduced in 2011 in the Flaviviridae family (Stapleton et al.,
2011). Many Pegivirus representatives cause persistent infections in humans and closely
related primate species, such as chimpanzees. However, infections by pegiviruses have not
been associated with disease (Simmonds et al., 2017). Due to humerous new discoveries of
potential pegiviruses in other hosts, such as horses, pigs, rodents, and bats, the Pegivirus
genus has been classified into the species Pegivirus A-K (Simmonds et al., 2017; Smith et
al., 2016).
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Historically, the Hepacivirus genus only comprised the important human pathogen Hepatitis
C Virus (HCV), which causes severe liver damage as the result of a chronic infection
(Simmonds et al., 2017). Because many potential hepaciviruses have been discovered in
rodents, bats, cows, horses, and donkeys, among others, in recent years, the genus was
proposed for re-grouping into the species Hepacivirus A-N in 2016 (Simmonds et al., 2017,
Smith et al., 2016). Due to its prominent historical and medical importance, HCV was

proposed to be listed as a separate species "Hepacivirus C" (Smith et al., 2016).

The Pestivirus genus comprises exclusively pathogenic animal viruses, that infect pigs,
ruminants like cattle, sheep and goats, as well as wild ruminants (Simmonds et al., 2017).
Recently, other potential pestiviruses have been isolated in antelope, giraffe, wild boar, and
in atypical hosts, such as rats and bats, leading to the reclassification of the genus Pestivirus
into the species Pestivirus A-K (Simmonds et al., 2017; Smith et al., 2017).

Because pestiviruses are closely related to HCV (Fig. 1; (Simmonds et al., 2017)), they have
been used as HCV model system in cell culture (Lindenbach et al., 2005; Wakita et al., 2005;
Zhong et al., 2005) and continue to serve as a reference for comparative studies of the viral

life cycle between members of the Flaviviridae family.

Viral particles of hepaciviruses and pestiviruses consist of a cell-derived lipid bilayer
incorporating two or three envelope (E) glycoprotein species, respectively, and surrounding a
spherical capsid of the viral RNA genome complexed by the core (C) protein (Lindenbach et
al., 2013). The genome encodes in a single open reading frame (ORF) for a large polyprotein
which is processed by cellular and viral proteases into the mature viral structural and
nonstructural (NS) proteins. The ORF of the viral RNA genome is flanked by a 5' and 3'
untranslated region (UTR) (Lindenbach et al., 2013). Translation initiation at the genomic
RNA occurs cap-independently via an internal ribosomal entry sites (IRES) present in the 5’
UTR (Simmonds et al., 2017). The structural proteins are located in the N-terminal portion of
the polyprotein, followed by the nonstructural proteins in the remaining part of the
polyprotein. The structural proteins are integral part of the virion while the NS proteins are
not present in the virion. Nevertheless, they are important not only for RNA replication but
also for virion morphogenesis (Lindenbach et al.,, 2013). Their critical role in particle
assembly is mainly due to their ability to promote virion assembly by recruiting viral envelope
proteins to the virus assembly sites via interactions between both structural and nonstructural
proteins (Jirasko et al.,, 2010; Ma et al.,, 2011; Popescu et al., 2011). Some of the
nonstructural proteins serve multiple functions and have different enzymatic activities such
as serine protease, RNA helicase, NTPase, and RNA dependent RNA polymerase (RdRp)
(Lindenbach et al., 2013). After translation and processing of the viral polyprotein replication

of the viral RNA genome is initiated and occurs in close association with intracellular ER-

5



3 Introduction

derived membranes in so-called replication compartments (Egger et al.,, 2002; Paul and
Bartenschlager, 2015; Schmeiser et al., 2014). These replication compartments are formed
by alterations of cellular membranes due to the expression of NS proteins and present a
protected environment for efficient RNA synthesis. The de novo synthesized viral genome is
subsequently packaged into virions in a multi-step process within the ER in close proximity to
or directly on the surface to lipid droplets (LD). For release, the virions are transported to and
released at the plasma membrane. In the case of HCV, detergent-resistant membranes
(DRM) within the endoplasmic reticulum (ER) are one of the proposed particle assembly
sites, as HCV assembly was shown to occur in the ER (Boson et al., 2011; Syed et al.,
2017).

3.1.1 Pestiviruses

The genus Pestivirus includes ecologically and economically relevant animal pathogens,
including Bovine Viral Diarrhea Virus (BVDV) and Classical Swine Fever Virus (CSFV).
Transmission occurs through contact with infected secretions (respiratory droplets, urine, or
feces). Infections can be subclinical or cause enteric, hemorrhagic, or wasting diseases, like

bovine viral diarrhea, mucosal disease or classical swine fever (Tautz et al., 2015).

An unsual feature of pestiviruses is the appearance of two different biotypes in cell culture:
while non-cytopathogenic (noncp) viruses replicate without altering cell morphology or
viability at the light-microscopy level, the replication of cytopathogenic (cp) isolates causes
the death of the infected cells in cell culture (Hoff and Donis, 1997; Jordan et al., 2002;
Mathapati et al., 2010; Schmeiser et al., 2014). The noncp biotype in cell culture correlates
with the ability of pestiviruses to temporally regulate their RNA replication efficiency (Lackner
et al., 2004, 2005) and in cattle with their ability to establish life-long persistent infections
(Baker, 1987; Bolin et al., 1985; Brownlie et al., 1989; Thiel et al., 1996). In contrast, cp
strains, which always originate from their noncp counterpart, show a deregulated RNA
replication (Mendez et al., 1998; Meyers et al., 1996; Tautz et al., 1999). Cp BVDV strains
arise in persistently infected (pi) cattle often by RNA recombination and lead to the death of

the pi animal (Tautz et al., 2015).

3.1.2 Hepatitis C Virus (HCV)

HCV was first identified in 1989 as the infectious agent of non-A, non-B hepatitis (NANBH)
(Choo et al., 1989), which had already been recognized as leading cause of transfusion-
acquired liver disease. In its host, the virus exists as a population of genetically distinct yet
related variants, i.e. quasispecies, which are thought to arise through error-prone replication
under permanent pressure of the immune system. As a result, the entire genome has high
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sequence variability, with individual genotypes differing by up to 30% on nucleotide level
(Bukh et al., 1995; Geller et al., 2016; Gomez et al., 1999; Kato, 2000; Martell et al., 1992).
Currently, HCV is classified into seven genotypes with 67 subtypes based on phylogenetic

and sequence analyses (Smith et al., 2014).

According to the WHO?! an estimated 71 million people currently live with chronic HCV
infection. The most common routes of infection are through contact with contaminated blood.
The main routes of transmission are injection drug use and unhygienic medical practices, but
sexual transmission and vertical transmission during birth is also possible (Alter, 2007).
Acute infection is usually asymptomatic and may resolve spontaneously, depending on
various virus- and host-related factors (Webster et al., 2015). However, in 80-85% of
patients, the infection becomes persistent and establishes chronic hepatitis, which in turn can
develop into cirrhosis and hepatocellular carcinoma (HCC) - the leading indications for liver
transplantation (Chung and Baumert, 2014). In 2016, WHO estimated that approximately
399,000 deaths were caused by hepatitis C worldwide!. In recent years, research has made
significant progress by developing all-oral Interferone (IFN)-free therapies based on HCV-
specific direct-acting antivirals (DAAS) that achieve viral clearance in >90% of patients (Petta
and Craxi, 2015). Still, a vaccine is urgently needed for prophylaxis, as patients remain at

high risk for HCC even after viral clearance by DAA treatment (Huang et al., 2017).

3.2 Genome and polyprotein of HCV and pestiviruses

The genome of both, hepaci- and pestiviruses, consists of a single-stranded RNA with
positive polarity (ss(+)RNA) that encodes one polyprotein in a single ORF and has neither a
5’ cap nor a 3’ poly-A tail (Lindenbach et al., 2013). The viral ORF is flanked by highly-
structured 5’ and 3’ UTRs that have essential functions in translation initiation and viral RNA
replication. Structures of the pestiviral and the hepaciviral genomes, the resulting

polyproteins, and the mature viral proteins are shown in Fig. 2.

1 https:/iwww.who.int/news-room/fact-sheets/detail/hepatitis-c [last visited: 01.05.2021]
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Fig. 2: Schematic representation of genome organization and polyprotein processing of the genera
Pestivirus (A) and Hepacivirus (B). Both genomes comprise a single open reading frame flanked by highly
structured untranslated regions (UTR). The coding regions and corresponding structural proteins in the genome
are shown as gray boxes; the genome segments for the nonstructural proteins and corresponding proteins are
depicted as white boxes. The cleavage sites of cellular proteases are marked by diamonds, and the cleavage
sites of viral proteases are marked by triangles. UTRs were adapted and modified according to Lindenbach et al.,
2007a (Pestivirus) and Niepmann, 2013 (Hepacivirus), respectively.
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The 5° UTRs have an approx. size of 370-385 nt (pestiviruses) or 341 nt (HCV), respectively,
forming four stem-loop structures (Pestiviruses: la, Ib, Il, Ill; HCV: I-1V; Fig. 2), which serve a
dual function in the viral life cycle (Lindenbach et al., 2013; Tautz et al., 2015). Stem-loop la
of pestiviruses was shown to be important for translation initiation as well as viral RNA
replication (Grassmann et al., 2005; Yu et al., 2000) and the 5 UTR contains an IRES that
recrutes the small ribosomal subunit to the site of translation initiation (Chon et al., 1998;
Poole et al., 1995; Rijnbrand et al., 1997; Vassilev et al., 1997). For HCV, the stem-loops |
and Il are required for RNA replication (Friebe et al.,, 2001) and stem-loops II-IV form the
IRES element that enables cap-independent initiation of translation (Honda et al., 1996;
Pifieiro and Martinez-Salas, 2012; Tsukiyama-Kohara et al., 1992). In addition, the HCV 5'
UTR contains two binding sequences for the liver-specific microRNA (miRNA, miR) miR-122
(Fig. 2B), whose binding stimulates translation, stabilizes the viral RNA and facilitates RNA
replication, making this factor a key determinant of HCV cellular tropism (Jangra et al., 2010;
Jopling et al., 2005).

The complex 3° UTRs have an approx. length of 185-276 nt (pestiviruses) or 225 nt (HCV),
respectively (Lindenbach et al., 2013). The pestiviral 3' UTR can be devided into a variable
(3'V) and highly-conserved (3'C) region and forms the three stem-loop structures SL | (3'C),
Il and Il (3'V) (Deng and Brock, 1993; Yu et al., 1999; Fig. 2A). Lying between the ORF and
the 3'C region, the 3’V region may serve as a spacer to prevent interference between RNA
replication and translation (Deng and Brock, 1993). While the SL I, which is located at the
very 3" end of the genome, together with a conserved single-stranded segment between SL |
and Il is essential for replication, deletions of SL Il or Il are tolerated (Isken et al., 2004;
Pankraz et al., 2005; Yu et al., 1999). Furthermore, the pestiviral 3' UTR was shown to be
involved in the binding of host cell factors, which presumably serves to coordinate RNA
replication and translation (Isken et al., 2003). Moreover, the cellular miRNA miR-17 was
shown to bind to the spacer sequence upstream of SL | of the pestiviral 3' UTR, which was
found to be critical for RNA replication (Kokkonos et al., 2020; Scheel et al., 2016). In the
case of HCV, the 3° UTR consists a ~40 nt long variable region (VR), a
polyuridine/polypyrimidine (pU/UC) tract and the highly-conserved 3’X domain, which forms
three stem-loop structures (Kolykhalov et al., 1996; Tanaka et al., 1995, 1996; Fig. 2B).
Mutagenesis studies showed that for RNA replication the 3’X domain and the 52 3’ nt of the
pU/UC tract are essential (Friebe and Bartenschlager, 2002; Yi and Lemon, 2003b, 2003a).

The pestiviral genome is approx. 12.3 kb in length (Collett et al., 1988a, 1988b; Tautz et al.,
2015). In certain cp strains, the genome can reach a size of 16.5 kb through naturally
occurring recombination with cellular RNAs and duplications of viral sequences (Becher et
al., 1999; Meyers et al., 1992). Translation of the ORF produces a polyprotein with a size of

approx. 3900 aa that is processed co- and post-translationally into 12 viral proteins: NP®,
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Core, E™, E1, E2, p7, (NS2-3), NS2, NS3, NS4A, NS4B, NS5A, NS5B (Fig. 2A; Tautz et al.,
2015). The length of the HCV genome is 9.6 kb and translation of its ORF results in a
polyprotein with 3011 aa in length (Choo et al., 1989, 1991). The co- and post-translational
processing leads to ten mature viral proteins: Core, E1, E2, p7, NS2, NS3, NS4A, NS4B,
NS5A, NS5B (Fig. 2B; Lindenbach et al., 2013).

Compared to other Flaviviridae genera, there is a striking difference in the arrangement of
proteins in the pestiviral polyprotein, where the first protein encoded in the ORF is the NS
protein NP (Tautz et al., 2015). This autoprotease cleaves itself cotranslationally from the
polyprotein and thereby generates the N terminus of the nucleocapsid protein (Stark et al.,
1993). NP is followed by the structural proteins: the nucleocapsid protein C and the
glycosylated envelope proteins E™, which is also an unique feature of pestiviruses, E1 and
E2 (Collett et al., 1991; Stark et al., 1990; Thiel et al., 1991). In the case of HCV, the
polyprotein begins with the structural proteins C, E1 and E2 (Grakoui et al., 1993). In both
viral systems, the order of nonstructural proteins is p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B which follow downstream of E2 (Lindenbach et al., 2013). The polyprotein processing
of the structural proteins as well as between E2/p7 and p7/NS2 are carried out by the cellular
ER-resident signal peptidase (Elbers et al., 1996; Hijikata et al., 1991, 1993a; Liu et al.,
1997; Moradpour et al., 1996; Rumenapf et al., 1993). The pesti- and hepaciviral
nucleocapsid protein C is further processed C-terminally by the signal peptide peptidase
(Heimann et al., 2006; McLauchlan et al., 2002). Processing of the remaining polyprotein is
carried out by viral proteases. The pesti- and hepaciviral NS2 cysteine protease catalyzes
the cleavage of the NS2-3 precursor protein (Hijikata et al., 1993a, 1993b; Lackner et al.,
2004). Cleavages downstream of NS3 are mediated by the serine protease activity in NS3,
which forms the active protease complex together with its cofactor NS4A (Bartenschlager et
al., 1994; Failla et al., 1994; Kolykhalov et al., 1994; Tautz et al., 1997; Wiskerchen and
Collett, 1991; Xu et al., 1997).

3.2.1 Structural proteins

Structural proteins C, E™ (only pestiviruses), E1 and E2 are those viral proteins that form the
virus particle (Lindenbach et al., 2013). The cpasid protein C is an intrinsically unfolded
protein that binds RNA nonspecifically and with low affinity due to its basic amino acid
composition (lvanyi-Nagy et al., 2008; Murray et al., 2008a). The glycoproteins E™, E1 and
E2 are incorporated into the viral lipid envelope (Callens et al., 2016; Lindenbach and Rice,
2013). E1 and E2 form homo- and heterodimers via disulfide bridges and are essential for
host cell entry (Deleersnyder et al., 1997; Dubuisson et al., 1994; Lindenbach and Rice,
2013; Ronecker et al., 2008; Wang et al., 2004).
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In addition to its presence on the surface of the virion, the pestivirus-specific glycoprotein
E™s, is also secreted by infected cells (Hausmann et al., 2004; Rumenapf et al., 1993; Tews
and Meyers, 2007). Secreted E™ shows intrinsic RNase activity (rns = ribonuclease
secreted) and is proposed to suppress the innate immune response against double-stranded
RNA in the extracellular space (Igbal et al., 2004; Magkouras et al., 2008; Matzener et al.,
2009).

3.2.2 Nonstructural proteins

The NS proteins are not detected in the virion, but are essential for viral replication as well as

virion morphogenesis (Lindenbach et al., 2013).

NP, found only in pestiviruses, is an autoprotease that generates its C terminus to generate
the authentic N terminus of the downstream capsid protein C (Stark et al., 1993). It also has
an important function in inhibiting the host cell innate immune response. NP induces the
polyubiquitinylation of interferon regulatory factor 3 (IRF-3) followed by its proteasomal
degradation (Chen et al., 2007; Gottipati et al., 2016; Hilton et al., 2006). As a result, IRF-3-
dependent activation of the Interferon-B promotor is blocked in pestivirus infected cells
(Baigent et al., 2002; Ruggli et al., 2003).

p7 is a small integral membrane protein that is present in infected cells as an individual
protein with a size of 7 kDa and as precursor proteins E2-p7 or in the case of HCV also as
E2-p7-NS2, (Elbers et al., 1996; Harada et al., 2000; Lin et al., 1994; Pietschmann et al.,
2002; Selby et al.,, 1994). p7 plays no role in RNA replication, however, mature p7 is
essential for generation of infectious progeny (Harada et al., 2000; Sakai et al., 2003). Based
on its hydrophobicity and its characteristics as an integral membrane protein with a charged
central region, it has been proposed that p7 is a so-called viroporin, i.e., a small hydrophobic
protein that oligomerizes in the host cell membrane and leads to the formation of hydrophilic
pores (Harada et al.,, 2000). These proteins modify several cellular functions, including
membrane permeability, Ca?" homeostasis, membrane remodeling and glycoprotein
trafficking (Griffin et al., 2003; Harada et al., 2000; Largo et al., 2014; Pavlovic et al., 2003;
Premkumar et al., 2004). The pesti- and hepaciviral p7 proteins belong to the class Il group
of viroporins that form helix-turn-helix hairpin motifs with lumenal N and C termini (Nieva et
al., 2012).

Since NS2 is the subject of this thesis, it is discussed in more detail in chapter 3.4.
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NS3 is a 70 kDa (HCV) or 80 kDa (pestiviruses) multifunctional protein. It has an N-terminal
serine protease domain of the chymotrypsin type and a C-terminal NTPase and helicase
domain (Bartenschlager et al., 2004; Caruthers and McKay, 2002; Gorbalenya et al., 1989;
Kim et al., 1996; Morikawa et al., 2011; Warrener and Collett, 1995; Xu et al., 1997).
Association with the viral cofactor NS4A is required for full activity of the protease
(Bartenschlager et al., 1994; Failla et al., 1994; Lin et al., 1995; Tautz et al., 2000; Xu et al.,
1997). The NS3 protease generates the authentic NS3 C terminus in cis and the NS3/4A
protease complex performs all downstream cleavages within the polyprotein in trans
(Morikawa et al., 2011; Wiskerchen and Collett, 1991; Yao et al., 1999). In addition to its role
in polyprotein processing, the HCV NS3/4A complex is important for evading the innate
immune response by blocking activation of the IRF-3 and NF-kB transcription factors through
cleavages of the cellular factors mitochondrial antiviral-signaling protein (MAVS) (also
referred to as IPS-1, VISA, or Cardif), TRIF, and Importin § (Gagné et al., 2017; Li et al.,
2005b; Meylan et al., 2005).

NS4A is an 8 kDa (HCV) or 10 kDa (pestiviruses) protein with a membrane-spanning,
hydrophobic, N-terminal domain containing a short transmembrane segment (TMS) and a C-
terminal, cytosolic domain (Lindenbach et al., 2013). Both regions are connected by a short,
so-called kink-region (Lindenbach et al., 2007b). By binding to NS3, NS4A induces a classic
serine protease conformation of the catalytic triad of the NS3 protease and rearranges the
secondary structure of both the N-terminal part and catalytic site of the NS3 protease (Kim et
al., 1996). Furthermore, it reduces the mobility of the global structure of the NS3 protease to
provide a rigid and tight structure for the binding and hydrolysis of substrates (Kim et al.,
1996). In addition to its function as a cofactor for the NS3 protease (Failla et al., 1994; Taniji
et al., 1995; Tautz et al., 2000; Xu et al., 1997), NS4A is also a critical factor for virion
morphogenesis (Dubrau et al., 2017; Kohlway et al., 2014; Liang et al., 2009; Moulin et al.,
2007; Phan et al., 2011). For HCV NS4A, the C-terminal acidic domain was shown (i) to
contribute to hyperphosphorylation of NS5A, thereby regulating viral replication (Lindenbach
et al.,, 2007b), and (ii) to enhance NS3 helicase activity (Lindenbach et al., 2007b). In
addition, interactions between NS4A and NS4B appear to control genome replication and the
NS3/4A complex plays a role in virus assembly (Kohlway et al., 2014; Liang et al., 2009).
Moreover, formation of NS4A TMS homodimers appears to be a prerequisite for efficient
HCYV replication and virus particle production, suggesting that NS3/4A dimers or oligomers
are crucial for the viral life cycle (Kohlway et al., 2014). Apart from the ER, NS4A seems to
target the NS3/4A complex to mitochondrial membranes or defined ER regions closely
opposed to mitochondria and designated mitochondria-associated membranes (MAMS)
(Horner et al., 2011). This localization plays an important role for blocking the IFN response

by proteolytic cleavage of MAVS by NS3/4A (Horner et al.,, 2011). In pestiviruses, the
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strength of surface interactions between the NS3 protease domain and the C-terminal
domain of NS4A have been shown to regulate the switch between RNA replication and virion
morphogenesis: while destabilization of this interaction resulted in a gain of function of the
NS3/4A complex in particle formation, replicase assembly as a prerequisite of RNA
replication requires a stable association between NS3 and the NS4A kink region (Dubrau et
al., 2017).

NS4B is an approx. 27 kDa (HCV) or 35 kDa (pestiviruses) hydrophobic protein and an
essential component of the viral replication complex (Collett et al., 1991; Grassmann et al.,
2001; Gu and Rice, 2013). NS4B is an integral membrane protein associated with
intracellular membranes that was shown to be involved in membrane alterations (Egger et
al., 2002; Hugle et al., 2001; Weiskircher et al., 2009). A variety of topologies have been
proposed for HCV NS4B with respect to the ER membrane and it is predicted that NS4B has
between 4-6 TMS (Lundin et al., 2003). The N and C termini of NS4B are expected to reside
in the cytoplasm (at least initially) because they are generated by the cytoplasmic NS3/4A
protease complex (Hijikata et al., 1993a, 1993b). A membrane topology of pestiviral NS4B
was determined by SCAM assay (Binder, 2016), e.g., an approach to study NS4B topology
by introducing cysteine as a single amino acid substitute at defined different positions within
native cysteine-free NS4B, which can be modified by PEG modification (PEGylation) when
present in the cytoplasmic part of the protein (Van Geest and Lolkema, 2000; Zhu and
Casey, 2007). Using this approach, it was shown that pestiviral NS4B has four TMS (Binder,
2016). Alternative topologies of the N-terminus were proposed for the NS4B proteins of both
virus systems: an N-glycosylation motif introduced into the N-terminal segment of NS4B,
predicted to be cytoplasmically oriented, was modified in a manner suggesting that it was
translocated into the lumen in a fraction of the NS4B molecules (Langerwisch, 2015; Lundin
et al., 2003, 2006).

NS5A is a protein of approx. 56 to 58 kDa that, like NS5 of members of the genus Flavivirus,
is phosphorylated by cellular kinases. (Reed et al., 1997, 1998). While two phosphorylated
isoforms (hypo- and hyperphosphorylated) can be distinguished for HCV NS5A by SDS-
PAGE, pestiviral NS5A does not exhibit such differences in electrophoretic mobility (Kaneko
et al., 1994; Tautz et al., 2015). It was shown that a fraction of NS5A localizes to the surface
of lipid droplets (LD) (Isken et al., 2014; Miyanari et al., 2007; Shi et al., 2002). Zn?*-binding
motifs of NS5A have been shown to be critical for structural integrity of the protein and
thereby also for viral replication (Tellinghuisen et al., 2004, 2006). Both pesti- and hepaciviral
NS5A consist of a well-defined N-terminal and two intrinsically unstructured C-terminal
domains connected by low-complexity sequences (Isken et al., 2014; Tellinghuisen et al.,
2004, 2005, 2006). The C-terminal domains are in part dispensible for RNA replication and

allow the insertion of heterologous protein sequences such as GFP or mCherry to perform
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imaging studies in living cells (Appel et al., 2005; Isken et al., 2014; Moradpour et al., 2004).
In the case of HCV NS5A, the C-terminal domain harbors determinants for virion
morphogenesis (Tellinghuisen et al., 2008) and interactions between the casid protein C and
NS5A at the LD surface of infected cells have been shown to be critical for virion
morphogenesis (Miyanari et al., 2007). An N-terminal amphiphathic a-helix serves as a
structural determinant for association of NS5A to intracellular membranes (Brass et al., 2007;
Penin et al., 2004). This relatively weak membrane association most likely promotes efficient
functional trans-complementation of both viral proteins (Appel et al., 2005; Grassmann et al.,
2001).

The 68 kDa (HCV) or 77 kDa (pestiviruses) NS5B is the key enzyme in viral RNA replication,
the RNA-dependent RNA polymerase (RdRp), and shows de novo polymerase activity in
vitro (Behrens et al., 1996; Kao et al.,, 1999; Zhong et al., 1998, 2000). However, RNA
replication in vivo requires the minimal viral replicase consisting of NS3 to NS5B (Behrens et
al., 1998; Lohmann et al., 1999). In addition, NS5B has also been shown to play a role in
virion morphogenesis (Aligeti et al., 2015; Ansari et al., 2004; Gouklani et al., 2012; Liang et
al., 2009). Both NS5B proteins are anchored into cellular membranes by a C-terminal TM
segment (Lai et al., 1999; Yamashita et al., 1998).

3.3 Lifecycle of HCV and pestiviruses

The general life cycle of members of the Flaviviridae family, and thus also of HCV and
pestiviruses, is shown in Fig. 3. The viruses enter their host cells via receptor-mediated
endocytosis. Next, the viral RNA genome is released into the cytoplasm and is subsequently
used for translation of the viral polyprotein, which is co- and post-translationally processed by
cellular and viral proteases to give rise to the mature viral proteins (Lindenbach and Rice,
2013; Murray et al., 2008b; Tautz et al., 2015). After viral replicase assembly at the 3’ end of
the viral RNA, RNA replication of the viral genome occurs in association with ER
membranes. In the late phase of infection, assembly of virions and egress of viral particles

occurs via the secretory transport pathway (Fig. 3).
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Fig. 3: Lifecycle of Flaviviridae (adapted from Murray et al., 2008b). Virus binding to host cell receptors and
entry by clathrin-mediated endocytosis; uncoating and genome release into the cytoplasm; translation and
polyprotein processing at ER membranes; replicase assembly and RNA replication at ER-derived membranes;
packaging and virion assembly; release via the secretory pathway.

3.3.1 Cell entry

In the case of pestiviruses, the initial contact of the virion with the host cell is thought to occur
through interaction of the glycoprotein E™ with glycosaminoglycans (GAGs) on the cell
surface (Igbal and McCauley, 2002; Igbal et al., 2000). The cellular surface protein CD46
serves as the primary receptor for binding of the BVDV virion via E2 to the host cell (Krey et
al., 2006; Maurer et al., 2004). Nevertheless, other co-receptors besides CD46 are required
for successful infection, as the sole expression of CD46 in non-permissive cells is not
sufficient for BVDV infection (Maurer et al., 2004; Tscherne et al., 2008). Uptake of viral
particles into the cell occurs by clathrin-mediated endocytosis (Grummer et al., 2004; Krey et
al., 2005; Mathapati et al., 2010; Maurer et al., 2004). The low pH after acidification of the
endosome finally triggers the release of the nucleocapsid into the cytosol by fusion of the

virion envelope with the endosomal membrane (Krey et al., 2005; Mathapati et al., 2010).

Numerous host factors have been proposed to participate in the uptake of HCV into human

hepatocytes, including GAGs as part of heparan sulfate proteoglycans (HSPGs), low-density-
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lipoprotein receptor (LDLR) (Agnello et al., 1999), CD81 (Pileri et al., 1998), scavenger
receptor class B member 1 (SCARB1) (Scarselli et al.,, 2002), the tight junction proteins
claudin-1 (CLDN1) (Evans et al., 2007) and occludin (OCLN) (Liu et al., 2009; Ploss et al.,
2009), the receptor tyrosine kinases epidermal growth factor receptor (EGFR) and ephrin
receptor A2 (EphA2) (Lupberger et al., 2011), the cholesterol transporter Niemann-Pick C1-
like 1 (NPC1L1) (Sainz et al., 2012), transferrin receptor 1 (TfR1) (Martin and Uprichard,
2013) and the cell death-inducing DFFA-like effector b (CIDEB) (Wu et al., 2014). The HCV
entry process into its target cells (hepatocytes) is a complex sequence of interactions with
these various factors (Lindenbach and Rice, 2013). As HCV virions circulate through the
blood stream, the first low-affinity attachment to the basolateral surface of hepatocytes is
mediated by the interaction of lipoviral HCV particles with GAGs in HSPGs and LDLRs
(Agnello et al., 1999; Germi et al., 2002; Monazahian et al., 1999). Next, the viral particles
interact with SCARB1 (Scarselli et al., 2002), which induces conformational changes in HCV
E2, leading to binding of E2 to the tetraspanin CD81 (Bankwitz et al., 2010; Bertaux and
Dragic, 2006; Petracca et al., 2000; Pileri et al., 1998; Scarselli et al., 2002; Thi et al., 2012;
Zahid et al., 2013). CD81 binding activates signalling pathways via EGFR, Ras and Rho
GTPases, triggering the lateral movement of bound virions along the cell surface towards
tight junctions where HCV E2-CD81 interacts with the tight junction proteins CLDN1 and
OCLN. Interaction of the HCV E2-CD81/CLDN1-complex initiates clathrin-mediated
endocytosis (Brazzoli et al., 2008; Evans et al., 2007; Harris et al., 2010; Lupberger et al.,
2011; Ploss et al., 2009). However, the exact roles of TfR1, NPC1L1, CLDN1 and OCLN
during the entry process are not defined, but available data suggest that they are involved in
steps post viral attachment and HCV binding to CD81. Furthermore, the host tropism of HCV
entry into human hepatocytes is defined by human CD81 and OCLN (Dorner et al., 2011,
2013).

3.3.2 Replication of the viral RNA genome

The entire replication process of all representatives of the Flaviviridae takes place in the
cytoplasm (Fig. 3). After release into the cytoplasm, the viral RNA genome, due to its
structure, is used directly by the cellular translation machinery for translation of the viral
polyprotein, which is processed co- and post-translationally by cellular and viral proteases
(see 3.2). As with other ss(+)RNA viruses, RNA replication in HCV and pestiviruses starts
with the synthesis of a complementary full-length negative-strand RNA (ss(-)RNA), resulting
in partially or fully double-stranded RNAs termed replicative intermediate or replicative form,
respectively. Subsequently, each ss(-)RNA is used as template for multiple rounds of
ss(+)RNA genome synthesis, leading to an excess of newly generated positive-strand

genomes (Ali et al., 2002; Gong et al., 1996, 1998; Quinkert et al., 2005).
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Replication of the viral RNA genome occurs in close association with intracellular membrane
structures derived from the ER (Lindenbach et al., 2013). The specific remodeling of the ER
membrane to form locally shielded compartments in which viral RNA replication occurs is
characteristic of many members of the Flaviviridae and shows parallels to other positive-
strand RNA viruses (Neufeldt et al., 2018; Paul and Bartenschlager, 2015; Romero-Brey and
Bartenschlager, 2014). In the case of HCV, double membrane vesicles (DMVs) are formed
by protrusions of ER membranes. These HCV replication-induced membrane alterations
were termed “membraneous web” (Egger et al.,, 2002; Ferraris et al., 2010; Gosert et al.,
2003; Romero-Brey et al.,, 2012). In addition, HCV-induced DMVs have been shown to
contain all NS proteins as well as the enzymatically active membrane-associated replicase
complex. Accordingly, these structures are also referred to as replication factories (Romero-
Brey and Bartenschlager, 2014; Romero-Brey et al., 2012). Although it is known that RNA
replication of pestiviruses also occurs in close association with ER-derived membranes, the
existence of similar ER remodeling has been proposed but not yet clearly demonstrated
(Romero-Brey and Bartenschlager, 2014; Schmeiser et al., 2014; Weiskircher et al., 2009).
Recently, it was demonstrated that HCV as well as BVDV rely on cellular miRNAs for a
successful RNA replication process (Jopling et al., 2005; Masaki et al., 2015; Scheel et al.,
2016). In the case of HCV, the liver-specific miR-122 binds to two binding sites within the 5’
UTR (Fig. 2B) thereby modulating the viral 5 UTR structure and stabilizing the viral RNA
genome for efficient RNA replication (Masaki et al., 2015; Schult et al., 2018; Sedano and
Sarnow, 2014). Interestingly, it has been proposed that HCV RNA sequesters miR-122 and
this may lead to inhibition of cellular miR-122 functions in HCV-infected cells, resulting in
global de-repression of host miR-122 targets and creation of a fertile environment for long-
term oncogenicity of HCV (Luna et al., 2015). Scheel and coworkers showed that BVDV
utilizes the cellular miRNAs miR-17 and let-7 and critically depends on the interaction of
these miRNAs with the viral 3' UTR for its RNA replication (Scheel et al., 2016). In contrast to
canonical repression of cellular mMRNAs by miRNA interactions, recruitment of miR-17 and
let-7 to the viral 3' UTR of BVDV enhanced pestivirus translation and RNA stability (Scheel et
al., 2016). Moreover, sequestration of miR-17 by pestiviruses resulted in functional de-
repression of cellular miR-17 targets, thereby altering the host transcriptome (Scheel et al.,
2016). Of note, for both viruses the selection of variants with altered or no miRNA
dependency was possible suggesting a functional advantage by the recruitment of these
cellular miRNAs as essential host factors for these viruses during evolutionary adaptation
(Hopcraft et al., 2016; Kokkonos et al., 2020; Yu et al., 2017).

In both viral systems described here, the viral replicase complex is formed by NS proteins
NS3 to NS5B, also known as minimal replicase, together with an incompletely defined set of

cellular factors (Bartenschlager and Lohmann, 2000; Behrens et al., 1998; Lohmann et al.,
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1999; Tautz et al., 2015). Although NS2 is not a constituent of the viral replicase complex,
cleavage at the NS2-NS3 junction and the resulting release of NS3 is essential for RNA
replication (Behrens et al., 1998; Lackner et al., 2004; Lohmann et al., 1999; Tautz et al.,
2015; Welbourn et al., 2005).

3.3.3 Virion morphogenesis

In the case of HCV, RNA genome copies and structural proteins are known to assemble in a
temporally and spatially organized manner at cytosolic lipid droplets (cLDs), leading to
budding of new HCV particles into the ER (Lindenbach and Rice, 2013). The following
sequence of steps is currently proposed for virion morphogenesis: After translation and
release from the polyprotein, the core protein is further processed by cellular signal
peptidase, leading to release from the ER and recruitment to cLDs (McLauchlan et al., 2002).
This separates the mature core proteins from the replicase, presumably to avoid competition
for RNA binding. For nucleocapsid formation, the core protein must then be recruited from
the surface of cLDs to the newly-synthesized viral RNA at ER-derived membranes
(Lindenbach and Rice, 2013). Interaction of the N-terminal RNA-binding domain of the core
protein with viral RNA leads to its encapsidation. The formation of the viral envelope occurs
via invaginations of ER-derived membranes containing E1-E2 heterodimers and also
depends on the interaction of HCV with lipoproteins (André et al., 2002; Gastaminza et al.,
2008; Meunier et al., 2008; Nielsen et al., 2006; Paul et al., 2014; Thomssen et al., 1992).
Because of their association with hepatocyte-derived lipoproteins to form infectious hybrid
particles, HCV virions have been termed lipo-viro particles (LVPs). This interaction to form
LVPs is critical for HCV infectivity and evasion of neutralizing antibodies (Wrensch et al.,
2018). During transport of virions in export vesicles via the secretory pathway, E1 and E2 are
post-translationally modified by glycosylation and rearrangements of disulphide bonds,

suggesting transport through the Golgi apparatus (Lindenbach and Rice, 2013).

The process of pestiviral virion morphogenesis is not yet fully understood (Tautz et al., 2015).
However, viral particles have been observed in ER structures and small, cytoplasmic
vesicles (Bielefeldt Ohmann et al., 1987; Callens et al., 2016; Gray and Nettleton, 1987,
Schmeiser et al., 2014). Analysis of purified BVDV viral particles by cryo-electron microscopy
revealed nearly spherical viral particles showing an electron dense capsid surrounded by a
phospholipid bilayer without visible spikes (Callens et al., 2016). Virion morphogenesis is
thought to be initiated by budding of previously formed capsids into the ER lumen at sites
where viral glycoproteins have accumulated (Grummer et al., 2001; Schmeiser et al., 2014).
Furthermore, the involvement of the Golgi apparatus in virion morphogenesis has been
demonstrated (Jordan et al., 2002; Macovei et al., 2006; Schmeiser et al., 2014).
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A distinctive feature of the members of the family Flaviviridae is that not only the structural
proteins but also the nonstructural proteins are essentially involved in virion morphogenesis
(Murray et al., 2008a). Whereas in pestiviruses all nonstructural proteins except NP® and
NS4B have been shown to be involved in virion morphogenesis (Agapov et al., 2004; Ansari
et al., 2004; Harada et al., 2000; Isken et al., 2014; Liang et al., 2009; Moulin et al., 2007), in
the case of HCV all NS proteins have been shown to be involved (Dimitrova et al., 2003;
Paul et al., 2014). However, it is likely that the pestiviral NS4B is also required, as its HCV

homolog is critical for virion morphogenesis (Han et al., 2013; Paul et al., 2011).

3.4 Nonstructural protein 2 (NS2)

The NS2 protein is a critical factor in the life cycle of both HCV and pestiviruses and exerts
multiple functions: (i) NS2 cleaves at the NS2-NS3 junction to release NS3, thereby enabling
RNA replication, and (i) NS2 acts as a scaffold for protein-protein interactions between
nonstructural and structural proteins that are critical for virion morphogenesis (Lindenbach et
al., 2013; Tautz et al., 2015). Although their main functions are similar, HCV and pestiviral
NS2 fulfill these tasks differently to some extent. For instance, while free HCV NS2 is
functional during virion morphogenesis the uncleaved NS2-3 precursor protein is required for
the pestiviral virus assembly process (Lindenbach et al., 2013; Tautz et al., 2015). Another
interesting difference refers to the mechanism of their respective protease activation for
efficient NS2-NS3 cleavage (see also 3.4.3). Furthermore, both proteins also differ with
regard to their respective size: At 453 aa, the pestiviral NS2 is more than twice as large as
the 217 aa long HCV NS2. Regardless of their different size, the NS2 proteins of both viruses
share an overall similar domain composition: they can be divided into an N-terminal
hydrophobic transmembrane domain and a C-terminal cytoplasmic domain containing the
protease function that catalyzes cleavage at the junction between NS2 and NS3 (Grakoui et
al., 1993; Hijikata et al., 1993b; Lackner et al., 2004).

3.4.1 NS2 protease domain and membrane binding domain

For HCV NS2 it was shown that the C-terminal cytoplasmic domain from aa 94 to 217 is able
to mediate NS2-NS3 cleavage (Pallaoro et al., 2001). The crystal structure of the NS2
protease domain showed that the active site is composed of a catalytic triad consisting of
His143, Glul63 and Cysl184 (Lorenz et al., 2006). Furthermore, the structure revealed a
novel protease conformation with a minimal active protease unit consisting of an NS2 dimer
that forms two composite active sites (Fig. 4A) (Lorenz et al., 2006). Here, each active site is
formed by His143 and Glul163 of one NS2 monomer and the nucleophilic Cys184 of the other
NS2 monomer (Fig. 4A). This apparent requirement for dimerization to form the active
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protease moiety implies interesting regulatory possibilities for polyprotein processing and
suggests a dependence of NS2-NS3 cleavage, and thus RNA replication, on NS2
concentration (Lorenz et al., 2006). An interesting hypothesis is that such a requirement for a
critical concentration of NS2-NS3 for subsequent processing could delay the initiation of HCV
RNA replication until sufficient amounts of active NS3/4A protease are formed. In this
context, it is worth noting that the NS3/4A protease cleaves TRIF and Cardif (also known as
MAVS, IPS-1, or VISA), two important adaptor proteins in innate immune defense (Li et al.,
2005a, 2005b; Meylan et al., 2005). Thus, a sufficient amount of NS3/4A may be required to
antagonize double-stranded RNA-induced type | interferon production in infected cells. In
addition, it could be assumed that the NS2 protease remains inactive after cleavage, since
the crystal structure showed that the C-terminal residue of NS2 (L217) remains coordinated
in the active site by contact with the catalytic triad (Fig. 4A). Accordingly, it was postulated

that the NS2 protease is active only in cis (Lorenz et al., 2006).

The N-terminal membrane binding domain (MBD) (aa 1-93) of HCV NS2 has also been
extensively studied in terms of its structure and function. Detailed structural and functional
characterization of the N-terminal MBD of NS2, including determination of the NMR
structures of the different transmembrane segments (TMS), led to a model for the membrane
association and topology of the HCV NS2 MBD with three transmembrane, mainly helical
segments (TMS1: aa 4-23; TMS2: aa 27-49; and TMS3: aa 72-94), connected by a small
cytosolic loop (aa 24-26) and by a luminal segment (aa 50-71) containing a short helix
proposed to interact with the membrane interface (Fig. 4B) (Jirasko et al., 2008, 2010). Given
the dimeric structure of the protease domain (see above) a packed overall NS2 structure is
expected with eventually higher-order complexes of NS2 dimers mediated by intermolecular

interactions between MBDs.

While structural data are available for HCV NS2 for both the protease domain and the MBD,
allowing structure-guided function and interaction studies, such data are so far not available
for pestiviral NS2. However, previous mutagenesis studies and analyses of the NS2 protein
sequence provided insights into structural elements of pestiviral NS2 cytoplasmic domain. It
was hypothesized that the C-terminal domain contains a putative Zn?* binding site consisting
of four cysteines that is part of the protease domain of NS2 (Fig. 4C) (Lackner et al., 2004;
De Moerlooze et al.,, 1990). This finding contrasts with findings from HCV, where NS2
protease activity is also dependent on zinc ions, but Zn?* coordination is provided by the NS3
protease domain (Love and Parge, 1996; Schregel et al., 2009; Tedbury and Harris, 2007).
Based on mutagenesis studies, the catalytic triad of the BVDV NS2 protease domain is
thought to be composed of residues His311, Glu325, and Cys376 (Fig. 4C) (Lackner et al.,
2004). For its activity, the NS2 protease relies on interaction with the cellular cofactor

DNAJC14, a cellular ER-residing chaperone that is also referred to as Jiv (J-domain protein
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interacting with viral protein) (Lackner et al., 2005; Rinck et al., 2001). Interaction with the Jiv
cofactor is proposed to occur via two Jiv-binding motifs in the C-terminal cytoplasmic domain
of NS2 (Fig. 4C) (Lackner et al., 2006). As with HCV NS2, NS2-3 cleavage is assumed to
occur only in cis and with the NS2 C terminus remaining in the active site of the protease,
because trans cleavage of a substrate containing the NS2-NS3 junction was observed only
when the NS2 C terminus was truncated by at least four aa (Lackner et al., 2006). Much less
is known about the N-terminal hydrophobic domain that mediates membrane association. At
the beginning of this work, no structural data or experimentally based membrane topology
models were available for this domain. Accordingly, only in silico models can be used to
propose a model for the membrane association and topology of the pestiviral NS2 MBD (Fig.
4C). Depending on the applied algorithm, up to seven transmembrane segments are

predicted.
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Fig. 4. Structure of NS2 protease domain and topology of membrane binding domain. (A) HCV NS2
protease dimer (top) and active site (bottom) (modified according to Lorenz et al., 2006). Location of the two
active sites (marked by frames) in the dimer. The solid-lined frame indicates the active site shown below. The
residues His143, Glu163 and Cys184 of the catalytic triad as well as the C-terminal residue Leu217 are depicted
as stick drawings. (B) Membrane topology model of HCV NS2 (modified according to Jirasko et al., 2010). The
three transmembrane helices TMS1-3 are shown as a ribbon model and the dimeric protease domain in the
sphere representation (PDB: 2HDO). (C) In silico BVDV NCP7 NS2 membrane topology model (adapted from
Klemens, 2014). Shown are the seven predicted transmembrane helices TMS1-7. Furthermore, the two Jiv-
binding motifs (blue), the cysteines of the Zn?*- binding motif (green) and the amino acids of the protease catalytic
triad (pink) are marked. In addition, the amino acid positions for TMS, luminal and cytoplasmic segments are
indicated. (B+C) Phospolipid bilayers are schematically marked as black lines.
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3.4.2 Role of the NS2-3 region in the viral life cycle

3.4.2.1 Role of NS2-3 cleavage in RNA replication

Cleavage at the junction between NS2 and NS3 has an important function in the lifecycle of
both HCV and pestiviruses, as the release of NS3 with its authentic N terminus is critical for
the onset of viral RNA replication (Behrens et al., 1998; Lackner et al., 2004; Lamp et al.,
2011; Lohmann et al., 1999; Madan et al., 2014; Tautz and Thiel, 2003; Welbourn et al.,
2005). In the case of HCV, NS2-NS3 cleavage appears to be a rate-limiting step for RNA
replication (Madan et al., 2014). In noncp pestiviruses, however, RNA replication is limited by
the DNAJC14-dependent extent of NS2 protease-mediated cleavage between NS2 and NS3
(Lackner et al., 2004). Because NS3, but not uncleaved NS2-3, is an essential component of
the viral replicase in both viruses, the liberation of NS3 is a prerequisite for formation of the
replicase complex and efficient RNA replication. In the case of HCV, uncleaved NS2-NS3
prevents the formation of replicase complexes (RC), a process that can be experimentally
detected by determining the ratio of hypo- and hyperphosphorylated NS5A, which is critical
for RC assembly (Isken et al., 2015; Neddermann et al., 1999).

3.4.2.2 NS2 in virion morphogenesis

In addition to its central role in polyprotein processing to enable RNA replication, NS2 also is

essentially involved in assembly of viral progeny.

Although the precise role of HCV NS2 in the assembly process is elusive, a multitude of
experimental evidence suggests that NS2 is involved not only in early steps of virion
assembly like nucleocapsid formation (Jirasko et al., 2008, 2010; Phan et al., 2009;
Stapleford and Lindenbach, 2011) but also in late steps like particle assembly and egress
(De La Fuente et al., 2013; Yi et al., 2009). HCV NS2 is thought to be a scaffold for virion
morphogenesis (Ma et al., 2011), interacting with the structural proteins E1 and E2 as well as
with p7, and with nonstructural proteins (Dimitrova et al., 2003; Gouklani et al., 2013; Jirasko
et al., 2008, 2010; De La Fuente et al., 2013; Ma et al., 2011; Phan et al., 2009; Popescu et
al., 2011; Stapleford and Lindenbach, 2011; Yi et al., 2007, 2009). Apparently, NS2 functions
as a key organizer of HCV particle formation by engaging in various protein-protein

interactions with viral structural and nonstructural proteins.

A distinctive feature of noncp pestiviruses is that due to the temporal regulation of NS2-3
cleavage, mainly uncleaved NS2-3 is present in infected cells at later time points of infection
(Lackner et al., 2004), which is essential for virion morphogenesis and cannot be functionally
replaced by free NS2. This was demonstrated via insertion of either a ubiquitin sequence or

an EMCV IRES between NS2 and NS3, with both insertions resulting in inhibition of virion
23



3 Introduction

morphogenesis (Agapov et al., 2004; Moulin et al.,, 2007). However, uncleaved NS2-3
provided by complementation of NS2-3-4A in trans is able to restore production of infectious
particles (Agapov et al., 2004; Moulin et al., 2007). Furthermore, it was shown that enzymatic
activities of NS2 and NS3 are not required for virion formation (Moulin et al., 2007). The
regulated cleavage between NS2 and NS3 led to the assumption that NS3 and NS2-3 both in
complex with NS4A (NS3/4A or NS2-3/4A) represent essential functional units that support
distinct steps in the pestiviral lifecycle (Moulin et al., 2007). In contrast, HCV in cell culture
does not rely on uncleaved NS2-NS3 for virus particle production. Insertion of an IRES
between NS2 and NS3 sequences in chimeric J6/JFH1 genomes allowed the formation of
HCV virions comparable to their respective parental genomes (Jirasko et al., 2008; Jones et
al., 2007).

Although noncp pestiviruses are dependent on uncleaved NS2-3 for the generation of
infectious particles, cp strains could be isolated that have ubiquitin insertions between NS2
and NS3 and thus no detectable amounts of uncleaved NS2-3 (Meyers et al., 1989; Tautz et
al., 1993). The fact that these cp strains exist and that virion formation of the closely related
HCV is independent of uncleaved NS2-3 inspired a successful attempt to adapt a noncp
BVDV strain to NS2-3-independent virion morphogenesis (Klemens et al., 2015; Lattwein et
al., 2012). Interestingly, to restore efficient particle formation in the absence of uncleaved
NS2-3, only two amino acid exchanges were required: one C-terminally localized within NS2
(E440V) and the other in the NS3 protease domain (V132A) (Klemens et al., 2015). A
crystallographic structure of CSFV NS3/4A allowed the identification of an interaction
between the NS4A kink region and residue 132 of NS3 and it was shown that attenuation of
this interaction supported a NS2-3-independent virion formation (Dubrau et al., 2017). These
observations led to a model that a compact NS3/4A conformation is essential for RNA
replication, whereas virion morphogenesis requires a more open conformation of this
complex (Dubrau et al., 2017). The lack of structural data on NS2 complicates studies to
elucidate the molecular function of the NS2 mutation, that is required for NS2-3-independent

virion morphogenesis.

3.4.3 Differences in HCV and pestiviral NS2 protease activation and

implications for the life cycle

For efficient NS2-3 cleavage, the NS2 protease of both HCV and pestiviruses requires
activation by a cofactor. Interestingly, cofactor utilization is a distinguishing feature of the two

closely related viral systems.

The HCV NS2 protease has been shown to be a bona fide protease with low intrinsic
protease activity. However, the NS3 protease domain acts as a cofactor that greatly
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increases the activity of the NS2 protease (Schregel et al., 2009; Tedbury and Harris, 2007).
In cell culture, this cis-activation of the NS2 protease leads to an efficient cleavage between
NS2 and NS3 (Grakoui et al., 1993; Hijikata et al., 1993a; Isken et al., 2015; Schregel et al.,
2009). The exact molecular mechanism of NS2 activation by NS3 has not been fully
elucidated. Based on the post-cleavage structure of the NS2 protease, it was proposed that
an interaction between NS2 and NS3 surfaces contributes to correct positioning of the
scissile bond at the NS2-NS3 junction in the active site, therby enabling autoprocessing
(Lorenz et al., 2006). The lack of a structure of the NS2-NS3 precursor prevents a more
detailed understanding of the conformational changes in the NS2 protease induced by
interaction with NS3 prior to NS2-NS3 cleavage. However, recent insights into this activation
provided by an alanine scanning mutagenesis approach led to the identification of a
conserved hydrophobic NS3 protease surface patch (Isken et al., 2015). It was demonstrated
that the conserved hydrophobic NS3 amino acids Y105, P115 and L127 are essential for
NS2 activation by NS3 in the context of uncleaved NS2-NS3 (Isken et al., 2015).

The importance of the NS3 N-terminal domain as HCV NS2 protease cofactor via the
hydrophobic NS3 protease surface patch was shown by gain/loss of function mutagenesis
studies with NS2 from equine, bat, rodent, New and OIld World primate hepaciviruses
(Boukadida et al., 2018). These studies confirmed that the function of the NS3 protease
domain with the respective HCV-like hydrophobic surface residues as cofactor for NS2

protease activiation is conserved among mammalian hepaciviruses (Boukadida et al., 2018).

Interestingly, this NS3 surface was also shown to serve multiple functions, as mutation of
L127 also impaired NS5A hyperphosphorylation, replicase assembly and consequently RNA
replication (Isken et al., 2015). The defective replicase assembly is most likely due to an
incorrect ratio of NS5A hypo- and hyperphosphorylated forms, a known prerequisite for viral
replicase assembly and efficient RNA replication (Neddermann et al., 1999; Oliver Koch and
Bartenschlager, 1999). At present, functional replicase assembly is proposed to be the result
of a sequence of events (Fig. 5): In uncleaved NS2-NS3, the hydrophobic NS3 surface patch
surrounding L127 interacts with NS2, promoting NS2 protease stimulation. Upon NS2-NS3
cleavage and release of NS2, this NS3 surface patch becomes available for novel protein-
protein interactions supporting NS5A hyperphosphorylation and subsequent replicase
assembly (Isken et al., 2015). This model provides an explanation why the release of NS3 by

NS2-NS3 cleavage is essential for viral RNA replication (Welbourn et al., 2005).
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Fig. 5: NS3 surface residues are critical for HCV NS2 protease activation and replicase assembly. The
sequence of events shown has been proposed to explain how NS2-NS3 cleavage regulates viral replicase
complex (RC) assembly, NS5A hyperphosphorylation and RNA replication in the hepaciviral life cycle (Isken et
al., 2015). In uncleaved NS2-NS3, the hydrophobic NS3 surface patch promotes NS2 protease (NS2r7©)
stimulation. After NS2-NS3 processing, the hydrophobic NS3 surface becomes accessible for functional RC
assembly and thus NS5A hyperphosphorylation and viral RNA replication can occur. The hypothetical NS2-NS3
pre-cleavage complex was built based on the post-cleavage crystal structures of the NS2p© dimer (light and dark
cyan spheres, each showing an NS2r© monomer) (Lorenz et al., 2006) and the NS3 protease domain (NS3rr;
grey cartoon with surface) (Kim et al., 1996). The NS2p© active site residues His143, Glu163 and Cys184 are
shown as blue spheres. The NS3 hydrophobic surface residues Y105, P115, and L127 are shown as green
spheres.

In contrast to HCV, which is stimulated by the downstream NS3 protease domain, pestiviral
NS2 relies on interaction with the cellular cofactor DNAJC14/Jiv for its stimulation (Lackner et
al., 2005). This interaction is mediated via the two Jiv-binding motifs of the NS2 protease
domain (Lackner et al., 2006). Due to the lack of structural data of NS2, NS2-3 or the
NS2/Jiv complex, molecular details of pestiviral NS2 activation by Jiv are still unknown.
Functional characterization has demonstrated that a minimal Jiv fragment of 90 aa (Jiv90) is
able to bind NS2 and stimulate NS2 protease activity (Lackner et al., 2005, 2006; Rinck et
al., 2001). In addition, a single point mutation of Jivo0 (W39A) has been shown to render it
incapable of activating NS2 protease (Lackner et al., 2005). The dependence of the NS2
protease on a cellular cofactor for efficient NS2-3 cleavage is the basis for the temporally
regulated switch from RNA replication to virion morphogenesis in the life cycle of noncp
pestiviruses (Fig. 6). Free NS3 (regardless of biotype) together with its cofactor NS4A is an
essential component of viral replicase and cannot be functionally replaced by uncleaved
NS2-3 (Behrens et al.,, 1998; Lackner et al., 2004). Therefore, NS2-3 cleavage is a
prerequisite in the pestiviral life cycle for active RNA replication. On the other hand,
uncleaved NS2-3, together with NS4A, has an essential function in virion morphogenesis
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(Agapov et al.,, 2004; Dubrau et al., 2017; Moulin et al., 2007). Accordingly, in the early
phase of infection, efficient cleavage of NS2-3 into free NS2 and NS3 occurs in the presence
of the cellular cofactor Jiv, which promotes viral RNA replication (Fig. 6) (Lackner et al.,
2004). After NS2-3 cleavage, DNAJC14/Jiv remains stably associated with NS2, leading to a
local depletion of the available cellular DNAJC14/Jiv pool in infected cells during the course
of viral infection (Lackner et al., 2005). This local coactor depletion leads to inefficient NS2-3
cleavage and accumulation of uncleaved NS2-3 at later time points of infection (Lackner et

al., 2004), resulting in the switch to virion morphogenesis (Fig. 6).

In cp strains, NS2-3 cleavage is deregulated by RNA recombination-mediated gene
insertions, deletions, duplications or mutations (Tautz et al., 2015). The resulting continuous
availability of significant amounts of free NS3 leads to a continous support of RNA replication
which correlates with the cp phenotype (Agapov et al., 2004; Becher and Tautz, 2011; Moulin
et al., 2007). For the cp BVDV strain CP7 used in this work, it was shown that the
upregulated NS3 release is caused by an insertion of nine amino acids in NS2 that renders
the NS2 autoprotease independent of activation by DNAJC14/Jiv (Isken et al., 2019; Lackner
et al., 2004; Tautz et al., 1996).
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Fig. 6: Temporal regulation of the switch from viral RNA replication to virion morphogenesis through
NS2-3 cleavage in noncp pestiviruses. Cleavage of the precursor protein NS2-3 is dependent on the cellular
cofactor DNAJC14/Jiv. In the early phase of infection,DNAJC14/Jiv is available for efficient NS2-3 cleavage,
allowing free NS3 together with its cofactor NS4A to promote viral replicase assembly. As infection progresses,
the locally available cellular DNAJC14/Jiv pool is depleted, leading to inefficient cleavage of NS2-3. Uncleaved
NS2-3 cannot functionally compensate for free NS3 in the replicase complex but, together with NS4A, is an
essential factor for viral particle assembly. Accordingly, a switch from RNA replication to virion morphogenesis
occurs.
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3.4.4 Studies on the molecular mechanism of HCV NS2 protease

stimulation by NS3

A recent study by Boukadida et al. suggested that NS3 is not only a stimulatory cofactor for
HCV NS2 protease but also has a regulatory function for NS2-NS3 cleavage (Boukadida et
al., 2018). This hypothesis was based on the observations that NS2 followed by a flexible
linker (GGGGS) and GFP, i.e. in the absence of any NS3 sequences, showed efficient NS2
protease activity (Boukadida et al., 2018), whereas short N-terminal NS3 sequences missing
the hydrophobic surface residues for NS2 activiation reduce NS2 protease activity to its
basal level (Boukadida et al., 2018). These findings are supported by previous observations
showing that minimally the N-terminal 169 residues of NS3 are required to obtain detectable
NS2-NS3 cleavage in NS2-NS3 precursor proteins (Isken et al., 2015) and that truncated
precursors such as NS2-NS3(1.40y exhibit only basal cleavage efficiency (Schregel et al.,
2009). This suggests that the mechanism of NS2 protease stimulation by NS3 represents
some sort of quality and/or kinetic control of translation and/or functional folding of the NS3
protease domain. It is conceivable that the newly translated nascent N-terminal NS3 peptide
chains could initially either interfere with the correct positioning of the NS2-NS3 cleavage site
relative to the active site of the NS2 protease, thereby interfering with NS2 protease-
mediated NS2-NS3 cleavage, or that they could interfere with the optimal formation of the
active NS2 site. Only at a certain length can the NS3 moiety adopt a conformation that leads
to proper folding and positioning of the hydrophobic NS3 surface patch to allow NS3-

mediated NS2 protease stimulation to occur.

The hypothesis that hydrophobic surface contacts between NS2 and NS3 are at the core of
the NS3-mediated NS2 protease stimulation implies the existence of corresponding
hydrophobic surface residues on the NS2 protease domain. Such potential NS2 surface
determinants have not yet been characterized but should allow either an optimization of the
active site geometry or assist the efficent positioning of the NS2-NS3 cleavage site relative to

the active site.
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3.5 Objective

NS2 is a key player in the life cycle of hepaciviruses and pestiviruses. On the one hand, it
supports RNA replication by cleavage at the junction between NS2 and NS3, thereby
releasing the essential replicase component NS3, and on the other hand, it plays an

important role in virion morphogenesis.

Due to the lack of structural data on pestiviral NS2, it has not been possible to elucidate the
molecular details of its functions in the pestiviral life cycle. Insights into the domain
architecture of pestiviral NS2 would greatly help to design meaningful reverse-genetic
experiments to obtain mechanistic information about its functions. The first main objective of
the present work was to determine a topology model of the membrane binding domain of
BVDV NS2 based on a preliminary data set obtained in my master thesis (Walther, 2017).
The resulting experimentally determined membrane topology model will provide the
foundation to determine the minimal NS2 protease domain. Together, these information will
lead to a better understanding of the domain structure of the pestiviral NS2 and will allow

further functional and structural studies on pestiviral NS2.

For HCV, crystallographic and NMR data are available for NS2 and NS3, but not for the
NS2-3 precursor. The available structural data already led to detailed insights into molecular
functions of NS2 and NS3. Among those, the stimulation of the HCV NS2 protease activity by
its activating cofactor NS3 was intensively studied showing that NS2 protease activation by
NS3 depends on conserved hydrophobic NS3 surface residues (Y105, P115 and L127).
Although much progress has been made in the understanding of NS2/NS3 biology, key
questions concerning NS2-NS3 interactions and structural changes leading to efficient NS2-
NS3 cleavage, remain poorly understood. This is mainly due to the lack of structural
information of the uncleaved NS2-NS3 precursor protein. Importantly, the NS2 determinants
interacting with and reacting to interactions with NS3 during NS2 protease activation have
not been determined. Accordingly, the second major aim of this work was to indentify and
characterize these HCV NS2 determinants by reverse genetics. To verify the critical
importance of these surface residues, their functional conservation should also be tested in

related mammalian hepaciviruses.

Taken together, these analyses will increase insight into the molecular mechanism of NS2,
which can be considered a major control factor for orchestrating RNA replication and virion

morphogenesis in pestiviruses and hepaciviruses.
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4 Materials and Methods

4.1 Materials

4.1.1 Chemicals

Table 1: List of used chemicals

Name

Supplier

4,6-Diamidin-2-phenylindol (DAPI)

Roche, Mannheim, Germany

5-Bromo-4-Chloro-3-Indolyl-3-D-
Galactopyranosid (X-Gal)

ICN, Eschwege, Germany

AccuGENE PBS

Lonza, Hessisch Oldendorf, Germany

Acrylamide (4K solution, 40%)

Applichem, Darmstadt, Germany

Adenosine triphosphate (ATP)

Roche, Mannheim, Germany

Agarose LE Standard

7Bioscience, Hartheim, Germany

Ammonium persulfate (APS)

Roth, Karlsruhe, Germany

Ampicillin (Amp)

Roth, Karlsruhe, Germany

Bromophenol blue

Sigma-Aldrich, Taufkirchen, Germany

Calcium chloride (CacCly)

Merck, Darmstadt, Germany

Chloroform

Roth, Karlsruhe, Germany

Cutsmart Buffer (10x)

NEB, Frankfurt am Main, Germany

Desoxynucleoside triphosphate (ANTPs)

Life Technologies, Darmstadt, Germany

Digitonin

Sigma-Aldrich, Taufkirchen, Germany

Disodium phosphate (NazHPOQO.,)

Merck, Darmstadt,, Germany

Dithiothreitol (DTT)

Invitrogen, Darmstadt, Germany

Dried skim milk powder

Roth, Karlsruhe, Germany

Dulbecco’s Modified Eagle Medium (DMEM)

Fisher Scientific, Schwerte, Germany

Ethanol

Roth, Karlsruhe, Germany

Ethylene diamine tetraacetic acid (EDTA)

Roth, Karlsruhe, Germany

Ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA)

Sigma Aldrich, Taufkirchen, Germany

Fetal calf serum (FCS)

PAA, Colbe, Germany

G7 Reaction Buffer (10x)

NEB, Frankfurt am Main, Germany

GeneRuler™ 1 kb Plus DNA ladder

Thermo Fisher Scientific, Schwerte,
Germany

Geneticin (G418)

Thermo Fisher Scientific, Schwerte,
Germany

Glutathione

Sigma Aldrich, Taufkirchen, Germany

Glycerine

Roth, Karlsruhe, Germany
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Name

Supplier

Glycine

Biomol, Hamburg, Germany

Glycoprotein Denaturing Buffer

NEB, Frankfurt am Main, Germany

Horse serum (HS)

PAA, Colbe, Germany

Hydrochloric acid (HCI)

Roth, Karlsruhe, Germany

4-(2-hydroxyethyl)-1-piperazinylethanesulfonic

acid (HEPES)

Roth, Karlsruhe, Germany

Isopropanol

Roth, Karlsruhe, Germany

Lysogeny broth agar (LB agar)

Roth, Karlsruhe, Germany

Magnesium chloride (MgCly)

Roth, Karlsruhe,, Germany

Metafectene® Transfection Reagent

Biontex, Miinchen, Germany

Methanol

Roth, Karlsruhe, Germany

Methoxypolyethylenglycol(5000)-maleimide
(PEG-Mal)

Sigma-Aldrich, Taufkirchen, Germany

Midori Green Xtra

Nippon Genetics, Duren, Germany

Minimum Essential Medium (MEM)

Fisher Scientific, Schwerte, Germany

N-Dodecyl-B-D-maltoside

Thermo Fisher Scientific, Darmstadt,
Germany

N-Octylglucopyranoside

Sigma-Aldrich Taufkirchen, Germany

Nonidet P-40 (NP-40) (10%)

NEB, Frankfurt am Main, Germany

N-Tris-(hydroxymethyl)-methyl-glycine
(Tricine)

Roth, Karlsruhe, Germany

PageRuler™ Prestained Protein Ladder

Thermo Fisher Scientific, Darmstadt,
Germany

Paraformaldehyde

Affymetrix, USB, Cleveland, OH, USA

Penicillin/Streptomycin

Thermo Fisher Scientific, Darmstadt,
Germany

Phenol/chloroform/isoamyl alcohol (25:24:1)

Roth, Karlsruhe, Germany

Polyethylenimine (PEI)

Sigma-Aldrich, Taufkirchen, Germany

Ponceau S

Serva, Heidelberg, Germany

Potassium acetate (KAC)

Roth, Karlsruhe, Germany

Potassium chloride (KCI)

Roth, Karlsruhe, Germany

Potassium dihydrogen phosphat (KH2PO.)

Merck, Darmstadt,, Germany

Potassium hydroxide (KOH)

Roth, Karlsruhe, Germany

Purple Gel Loading Dye (6x)

NEB, Frankfurt am Main, Germany

Ribonucleosidetriphospate (rNTPs)

Ambion, Austin, TX, USA

Skim milk powder

Roth, Karlsruhe, Germany

Sodium acetate (NAOAC)

Sigma-Aldrich, Taufkirchen, Germany

Sodium chloride (NaCl)

Roth, Karlsruhe, Germany
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Name

Supplier

Sodium dodecylsulfate (SDS)

Roth, Karlsruhe, Germany

Sodium hydroxide (NaOH)

Roth, Karlsruhe, Germany

Tetramethylethylenediamine (TEMED)

Roth, Karlsruhe, Germany

Trichloromethane (Chloroform)

Roth, Karlsruhe, Germany

Tris(hydroxymethyl)aminomethane (Tris)

Roth, Karlsruhe, Germany

Triton X-100

Sigma-Aldrich, Taufkirchen, Germany

Trypsin/EDTA Sigma-Aldrich, Taufkirchen, Germany
Tween20 Invitrogen, Darmstadt, Germany
VectaShield® Vector Laboratories, Burlingame, CA,

USA

Water, double distilled (ddH,O)

Roth, Karlsruhe, Germany

B-Mercaptoethanol

Roth, Karlsruhe, Germany

4.1.2 Consumables

Table 2:; List of used consumables

Name

Supplier

Baffled flasks

Schott, Mainz, Germany

Cell culture dishes (& 10 cm)

BD Falcon, Heidelberg, Germany

Cell culture plates (6 well, 12 well, 96 well)

BD Falcon, Heidelberg, Germany / TPP,
Trasadingen, Switzerland

Cell scrapers

TPP, Trasadingen, Switzerland

Centrifuge tubes (15 ml, 50 ml)

Sarstedt, Nimbrecht, Germany / TPP,
Trasadingen, Switzerland

Disposable pipettes (5 ml, 10 ml, 25 ml, 50 ml)

Greiner Bio-One, Frickenhausen,
Germany

Disposable scalpels

Feather, Osaka, Japan

Electroporation cuvettes (2 mm, 4 mm gap)

Sigma-Aldrich, Taufkirchen, Germany

Filter papers (for Western blotting)

Whatman, Solingen, Germany

Glass pipettes

Schott, Mainz, Germany

Nitrocellulose membranes

Pall Life Sciences, Port Washington, USA

PCR tubes (0.1 ml)

Biozym, Hessisch Oldendorf(D)

Petri dishes

Greiner Bio-One, Frickenhausen,
Germany

Pipette tips (10 - 1000 ul)

Sarstedt, Nimbrecht, Germany

Reaction tubes (1,5 und 2 ml)

Eppendorf, Hamburg, Germany

Sterile filters (0.2 pm)

Sartorius, Gottingen, Germany

Vynil gloves (Meditrade)

Medita, Dusseldorf, Germany
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4 1.3 Devices

Table 3: List of used devices

Name Supplier

Balances Sartorius, Gottingen, Germany

CCD camera AxioCam MRm

Zeiss, Jena, Germany

CCD camera FUculus

New Electronic Technology, Finning,
Germany

Centrifuge (Avanti J-25, J-35)

Beckman, Krefeld, Germany

Clean benches (MCS Advance / BSC-EN-2-6
120)

Thermo Fisher Scientific, Schwerte,
Germany / Zapf, Ferarra, Italy

Electroporation module (GenePulser Xcell™)

Biorad, Mlnchen, Germany

Fluorescence microscope (Axio Observer.Z1)

Zeiss, Jena, Germany

Gelelectrophoresis chamber for agarose gels

Werkstatt des MZI, JLU GielRen,
Germany

Gelelectrophoresis chamber for SDS-PAGE
(Mini-PROTEAN Tetra Cell)

Biorad, Mlnchen, Germany

Glassware

Schott, Mainz, Germany

Heating block

Liebisch Labortechnik, Bielefeld,
Germany

Incubator for bacterial cultures

Bachofer, Reutlingen, Germany

Incubator shaker for bacterial cultures (Multitron
Standard)

Infors HT, Bottmingen, Switzerland

Incubator with CO; supply (C200)

Labotec, Rosdorf, Germany

Light microscope Axiovert 25

Zeiss, Jena, Germany

Luminometer (Junior LB9505)

Berthold Technologies, Bad Wildbad,
germany

Magnetic stirrer (Magnetomix)

IKA-Werke, Staufen, Germany

Minishaker (Vibrax VXR)

IKA-Werke, Staufen, Germany

Nanodrop 2000c

Thermo Fisher Scientific, Schwerte,
Germany

pH meter (763 Multi-Calimatic)

Mettler Toledo, GieRen, Germany

Pipettes

Eppendorf, Hamburg, Germany; Gilson,
Middleton, WI, USA

Pipettor (PipetBoy Acu )

Integra Biosciences, Fernwald, Germany

Platform shaker (Polymax 1040)

Heidolph Instruments, Schwalbach,
Germany

Power supply (PowerPac Basic; SDS-PAGE &
Western Blot)

Biorad, Mlnchen, Germany
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Name

Supplier

Power supply (Standard Power Pack P25;
Agarosegele)

Biometra, Géttingen, Germany

Spinning wheel

NeolLab, Heidelberg, Germany

Tabletop centrifuge (1,5 und 2 ml) (5424)

Eppendorf, Hamburg, Germany

Tabletop centrifuge (1,5 und 2 ml), coolable
(5415R)

Eppendorf, Hamburg, Germany

Tabletop centrifuge (15 und 50 ml) (5804R)

Eppendorf, Hamburg, Germany

Tankblot module (Mini Trans-Blot®)

Biorad, Mlnchen, Germany

Thermomixer Comfort (1,5 und 2 ml)

Eppendorf, Hamburg, Germany

Thermoycler (Piko 24)

Thermo Fisher Scientific, Schwerte,
Germany

Transilluminator for agarose gels (FastGene
Blue/Green)

Nippon Genetics, Duren, Germany

Vortexer

IKA-Werke, Staufen, Germany

Water bath

Memmert, Blichenbach, Germany

Western Blot Image Analyzer LAS-4000 mini

Fujifilm, Dusseldorf, Germany

Western Blot Imaging System Odyssey® Classic

LI-COR Biosciences, Lincoln, Nebraska,
USA

4.1.4 Kits

Table 4: List of used kits

Kit

Supplier

Luciferase Assay system

p.j.k, Kleinblittersdorf, Germany

MAXIScript™ SP6/T7 Kit

Ambion, Austin, TX, USA

Millipore Montage ™ Gel Extraction Kit

Merck Millipore, Darmstadt, Germany

Nucleobond® PC 100 Kit

Macherey-Nagel, Diiren, German

pGEM®-T Vector Kit

Promega, Madison, WI, USA

Western Lightning™ Chemiluminescence
Reagent Plus

Perkin Elmer, Boston, USA

4.1.5 Enzymes

Table 5: List of used enzymes

Enzyme

Supplier

DNasel

Ambion, Austin, TX, USA

Peptide-N-glycosidase F (PNGase F)

NEB, Frankfurt am Main, Germany

Pfu-X DNA polymerase

Jena Bioscience, Jena, Germany
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Enzyme

Supplier

Restriction endonucleases

NEB, Frankfurt am Main, Germany

Ribonuclease A (RNase A)

Roth, Karlsruhe, Germany

SP6 RNA polymerase

Ambion, Austin, TX, USA

T4 DNA ligase

NEB, Frankfurt am Main, Germany

T7 RNA polymerase

Ambion, Austin, TX, USA

Taq DNA polymerase

NatuTec, Frankfurt am Main, Germany

Trypsin

Sigma-Aldrich, Taufkirchen, Germany

4.1.6 Buffers, solutions and media

Table 6: List of used buffers, solutions and media

Name

Composition

Acrylamide separation gel
(10%) according to Laemmli
(Laemmli, 1970)

3,6 ml ddH;0, 2,5 ml 1,5 M Tris-HCI (pH 8,8), 100 pl SDS
(10%), 2,5 ml Acrylamide (40%; 29:1), 100 ul APS (10%),
10 pl TEMED

Acrylamide separation gel
(10%) according to
Schagger/von Jagow
(Schéagger and von Jagow,
1987)

3,6 ml ddH-0, 3,3 ml Jagow gel buffer, 0,5 ml Glycerin,
2,5 ml Acrylamide (40%; 29:1), 100 ul APS (10%), 10 pl
TEMED

Acrylamide separation gel
(8%) nach according to
Schagger/von Jagow
(Schéagger and von Jagow,
1987)

4,1 ml ddH0, 3,3 ml Jagow gel buffer, 0,5 ml Glycerin,
2 ml Acrylamide (40%; 29:1), 100 pl APS (10%), 10 pli
TEMED

Acrylamide stacking gel (4%)
according to Laemmli
(Laemmli, 1970)

3,15 ml ddH,0, 1,25 ml 0,5 M Tris-HCI (pH 6,8), 50 pl SDS
(10%), 0,5 ml Acrylamide (40%; 29:1), 50 ul APS (10%),
5 pl TEMED

Acrylamide stacking gel (4%)
according to Schagger/von
Jagow (Schagger and von
Jagow, 1987)

3,2 ml ddH;0, 1,25 ml Jagow gel buffer, 0,5 ml Acrylamide
(40%; 29:1), 50 pl APS (10%), 5 ul TEMED

Agarose gel solution (0,8%)

4 g Agarose in 500 ml 1x TAE buffer

Anode buffer (10x)

2 M Tris in ddH2O (pH 8.9 with HCI)

APS solution (10%)

1 g APSin 10 ml ddH.O

Blocking solution (Western
blot)

5% (w/v) dried skim milk powder in PBS-T

Cathode buffer (10x)

1 M Tris, 1 M Tricin, 1% SDS in ddH,0; pH 8.25 with HCI

Cytomix

120 mM KClI, 0.15 mM CaClz, 10 mM KaHPO4/KH2PO4 (pH
7.6), 25 mM HEPES, 2 mM EGTA, 5 mM MgCl;, 2 mM
ATP and 5 mM Glutathione (added just before use),
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Name Composition
adjusted to pH 7.6 with KOH, sterile filtered
DAPI solution 2 mg/ml DAPI in ddH>O

Digitonin solution (5%)

5 mg Digitonin in 1 ml PBS

dNTP mix

10 mM dATP, dCTP, dGTP, dTTP each in ddH20

DTT solution

0,5M DTT in ddH20

Elution buffer (N5)

100 mM Tris, 15% Ethanol, 1 M KCI; pH 8.5 with H3PO4

Equilibration buffer (N2)

100 mM Tris, 15% Ethanol, 900 mM KCI, 0,15% Triton X-
100; pH 6.3 with H3PO4

HCN buffer

50 mM HEPES, 150 mM NaCl, 2 mM CacCl,; pH 7.3 at 4 °C

Huh7-T7 complete medium

DMEM with 10% (v/v) FKS, 100.000 U/l Penicillin, 0,1 g/l
Streptomycin, 125 ug/ml G418

Infection medium

MEM or DMEM without additives

Jagow gel buffer

3 M Tris, 0,3% SDS in ddH2O; pH 8.45 with HCI

Laemmli running buffer (10x)

0,25 M Tris, 1,92 M Glycin, 1% (v/v) SDS in ddH.0O

LB medium

1% (w/v) Bacto-Trypton, 0,5% (w/v) yeast extract, 1% (w/v)
NacCl

Lysis buffer (S2, P2)

200 mM NaOH; 1% (w/v) SDS

Maltoside lysis buffer

0,5% n-Dodecyl-B-D-maltoside, 100 mM NaCl, 20 mM Tris,
pH 7.5

MDBK complete medium

DMEM with 10% (v/v) FKS, 100.000 U/I Penicillin, 0,1 g/l
Streptomycin

Neutralisation buffer (S3, P3)

2,8 M K(CH3COO); pH 5.1 with CHsCOOH

PBS-Tween (PBS-T)

0,05% (v/v) Tween20 in PBS

PEG-Mal solution

40 mM PEG-Mal in HCN buffer

Phosphate buffered saline
(PBS) (1x)

137 mM NacCl, 2,7 mM KCI, 4,3 mM NaxHPO,, 1,47 mM
KH2POy4; pH 7.4 with HCI

Resuspension buffer (S1, P1)

50 mM Tris-HCI, 10 mM EDTA, 100 mg/l RNase A; pH 8.0

SDS sample buffer

3,55 ml ddH.0, 1,25 ml 0,5 M Tris-HCI (pH 6,8), 2,5 ml
Glycerin, 2,0 ml 10% SDS, 0,2 ml 0,5% Bromphenol blue,
5% (v/v) B-Mercaptoethanol

SK6 complete medium

MEM mit 10% FCS, 100.000 U/l Penicillin, 0,19/l
Streptomycin

Sodium acetate (NaOAc)
solution

3 M NaOAc in ddHz0, pH 5.2

T4 ligase buffer

50 mM Tris, 10 mM MgCl; 1 mM ATP, 10 mM DTT; pH 7.5

TAE buffer (1x)

2% (w/v) TAE buffer concentrate (50 x Modified Tris-
Acetate EDTA buffer, Merck Millipore, Darmstadt) in
ddH:0

Transfer buffer (1x)

10% Tris-Glycin (10x), 20% Methanol in ddH.O

Tris-Glycin (10x)

0,25 M Tris, 1,92 M Glycin in ddH0
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Name

Composition

Washing buffer (N3)

100 mM Tris, 15% EtOH, 1,15 M KCI; pH 6.3 with HzPO4

X-Gal solution

40 mg/ml X-Gal in Dimethylformamide

4 .1.7 E. coli strains

Table 7: List of used E. coli strains

E. coli K12 strain

Description

DH5a F- endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG
®80dlacZAM15 A (lacZYA-argF) U169, hsdR17(rK- mK™),
\; for pPGEM®-T vector cloning, blue/white selection

HB101 F-mcrB mrr hsdS20 (rB- mB-) recA13 leuB6 ara-14 proA2

lacY1 galK2 xyl-5 mtl-1 rpsL20(SmR) gInVV44 \; for routine
cloning

4.1.8 Eukaryotic cell lines

Table 8: List of used eukaryotic cell lines

Cell line Description

Huh7 Lunet Human hepatoma cell line highly permissive for HCV
(Oliver Koch and Bartenschlager, 1999), received from
Ralf Bartenschlager, University Heidelberg, Germany.

Huh7-T7 Human hepatoma cell line stably expressing T7 RNA
polymerase (Schultz et al., 1996); obtained from Dr.
Stanley Lemon, UNC, Chapel Hill, NC, USA

MDBK Madin-Darby Bovine Kidney cell line, obtained from the
American Type Culture Collection (ATCC), Rockville, MD,
USA

SK6 Swine Kidney cells (Kasza et al., 1972), obtained from the

ATCC, Rockville, MD, USA

SK6 DNAJC14-KO (SK6 KO)

SKG6 cells with CRISPR-Cas-mediated knockout of
DNAJC14 expression, which renders cells deficient for the
pestiviral NS2 protease-activating cofactor DNAJC14/Jiv
(Isken et al., 2019)

SK6 DNAJC14-KO GST-
JIVOO(WT) (SK6 KO GST-
Jivoo)

Functional rescue of the ability to activate pestiviral NS2
protease by overexpression of the minimal cofactor domain
Jiva0 C-terminally fused to GST in SK6 KO cells (Isken et
al., 2019)
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4.1.9 Viruses

Table 9: List of used viruses

Virus Description

CP7 Cytopathogenic (cp) BVDV-1 strain CP7 (Meyers et al.,
1996; Pankraz et al., 2005)

CP7 2/H-F Based on BVDV-1 CP7; the NS2 contains and N-terminal
HA-Flag (H-F) epitope (Klemens, 2014)

NCP7 cDNA clone of noncp BVDV-1 strain CP7 (Meyers et al.,
1996; Pankraz et al., 2005)

NCP7 2/H-F Based on BVDV-1 NCP7; the NS2 contains and N-terminal
HA/Flag (H-F) epitope (Klemens, 2014)

MVA-T7°°! Recombinant Modified Vaccinia Virus Ankara (MVA)-T7P

(Sutter et al., 1995), obtained from G. Sutter, LMU,
Minchen (D)

4.1.10 Antibodies

Table 10: List of used primary and secondary antibodies

Antibody

Description

IRDye® 800CW a-mouse

polyclonal donkey IgG against mouse IgG, conjugated with
IRDye® 800CW; LI-COR Biosciences, Lincoln, NE, USA

a-FLAG M2

monoclonal mouse IgG against Flag® epitope; Sigma-
Aldrich, Taufkirchen, Germany

a-GST (26H1)

monoclonal mouse IgG against Glutathion-S-Transferase
(GST); Cell Signaling Technology, NEB, Frankfurt/Main,
Germany

a-HA (C29F4)

monoclonal rabbit IgG against hemagglutinin (HA) epitope;
Cell Signaling Technology, NEB, Frankfurt/Main, Germany

a-HA.11 (16B12)

monoclonal mouse IgG against HA epitope; Covance,
Minster, Germany

a-rabbit-AlexaFluor®488

monoclonal goat IgG against rabbit IgG, conjugated with
AlexaFluor®488; Thermo Fisher Scientific, Darmstadt,
Germany

a-rabbit-PO

monoclonal goat IgG against rabbit IgG, conjugated with
horseradish peroxidase (PO); Dianova, Hamburg,
Germany

a-mouse-Cy3®

monoclonal goat IgG against mouse 1gG, conjugated with
Cyanine 3 (Cy3®); Dianova, Hamburg, Germany

a-mouse-PO

monoclonal goat IgG against mouse IgG, conjugated with
horseradish peroxidase (PO); Dianova, Hamburg,
Germany
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Antibody Description

a-BVDV NS3 8.12.7 (Code 4) | monoclonal mouse 1gG directed against an epitope of NS3
of all species analyzed within the genus Pestivirus, detects
NS2-3 and NS3 (Corapi et al., 1990); obtained from E. J.
Dubovi (New York State College of Veterinary Medicine,
Cornell University, Ithaka, New York, USA).

4.1.11 Oligo nucleotides

The primers listed were used for polymerase chain reactions (PCR), sequencing, and site-
directed mutagenesis. All oligonucleotides were purchased from Sigma-Aldrich, Taufkirchen,
Germany. Restriction sites are marked in bold, nucleotides deviating from the template are
shown in capital letters.

Table 11: Primers used for site-directed mutagenesis (QuikChange® PCR) within BVDV NS2. Only primers

for mutants generated in this work are listed here. The primers for the initial set mutant can be found in my master
thesis and in bachelor thesis of J. Fellenberg (Fellenberg, 2017; Walther, 2017).

Primer Sequence (5°3°)

BVDV NS2 Y75C se ctgatgattagttatgtgacagactGcettcaggtataaaaggtgg

BVDV NS2 Y75C ase ccaccttttatacctgaagCagtctgtcacataactaatcatcag

BVDV NS2 F76C se ctgatgattagttatgtgacagactactGcaggtataaaaggtggatacaatc
BVDV NS2 F76C ase gattgtatccaccttttatacctgCagtagtctgtcacataactaatcatcag
BVDV NS2 T73C se cctactgatgattagttatgtgTGCgactacttcaggtataaaagg

BVDV NS2 T73C ase ccttttatacctgaagtagtcGCAcacataactaatcatcagtagg

BVDV NS2 L86C se ggtataaaaggtggatacaatctatcTGcagcttagtagccggggtgttcc
BVDV NS2 L86C ase ggaacaccccggctactaagctgCAgatagattgtatccaccttttatacc
BVDV NS2 R96C se gcttagtagccggggtgttccttatcTGCaccctcaaacatctaggtgaactc
BVDV NS2 R96C ase gagttcacctagatgtttgagggtGCAgataaggaacaccccggctactaagc
BVDV NS2 E108C se ctaggtgaactcaaaacccctTGCctgaccataccaaactggagg
BVDV NS2 E108C ase cctccagtttggtatggtcagGCAaggggttttgagttcacctag

BVDV NS2 L109C se ggtgaactcaaaacccctgagTGCaccataccaaactggaggccac
BVDV NS2 L109C ase gtggcctccagtttggtatggtGCActcaggggttttgagttcacc

BVDV NS2 W114C se cctgagctgaccataccaaactgCaggccactaaccttcatactattatacc
BVDV NS2 W114C ase ggtataatagtatgaaggttagtggcctGeagtttggtatggtcagctcagg

Table 12: Primers used to generate NCP7 and CP7 NS2 x-453)-31-10-SUMO-HA-V5 reporter constructs

Primer Sequence (5°-3°)

Ncol-Met-Gly-NS2_1 se ccatgGGAgaaccaggtgcccaggggtacc
Nhel-Ncol-Met-Gly-BVDV gctagcAccatgGGAtataaaaggtggatacaatgtatcctcagc
NS2 78 se
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Primer

Sequence (5°-3°)

Nhel-Ncol-Met-Gly-BVDV
NS2_136 se

gctagcAccatgggggcccctatccttttgatgatcg

BsrGI-NS2 BVDV ase

tgtattgtacaaacccattgtattcctge

Ncol-MG-BVDV NS2_99 se

ggatgttccttatccggaccAtGGGAaaacatctaggtgaactcaaaacc

Ncol-MG-BVDV NS2_99 ase

ggttttgagttcacctagatgtttTCCCaTggtccggataaggaacaccc

Ncol-MG-BVDV NS2_112 se

ctcaaaacccctgagctgaccatGGGAccaaattggaggccactaacc

Ncol-MG-BVDV NS2_112 ase

ggttagtggcctccaatttggTCCCatggtcagctcaggggttttgag

Ncol-MG-BVDV NS2_169 se

ctgatcctacccacctacCCATGGGAgaattagccaagctgtactacc

Ncol-MG-BVDV NS2_169 ase

ggtagtacagcttggctaaticTCCCATGGgtaggtgggtaggatcag

pCITE Sacll-HA-V5-Sbfl se

CCGCGGCTTACCCGTACGATGTTCCGGATTATGCTGG
GTCCGGAGGTAAGCCTATCCCTAACCCTCTCCTCGGT
CTCGATTCTACGTGAcctgcaggcatgcaagcttttgticc

pCITE Sacll-HA-V5-Sbfl ase

GTACGGGTAAGCCGCGGtcgatcgactctagaggatcggagatctc

BamHI-3(1-10)-SUMOdGG-
Sacll se

GGATCCTAAGGGGACCTGCCGTGTGCAAGAAAATAAC
TGAGgggtcggactcagaagtcaatcaag

BamHI-3(1-10)-SUMOdGG-
Sacll ase

CCGCGGCaatctgttcgcggtgagcectc

BVDV NS2 C376A se

ccacgggaagcccatcACCGCGgggatgactctagcggattttg

BVDV NS2 C376A ase

caaaatccgctagagtcatcccCGCGGTgatgggcttccegtgg

Table 13: Primers used to generate

cleavage

reporter constructs for hepaciviral NS2-APIT, NS2-NS or NS2-4GS

Primer

Sequence (5°-3°)

Notl-JFH1 NS2 rec se

ggcggccgcgacggaattgcctgggecgtgace

BsmBI-4GS-JFH1 NS2 ase

CGTCTCGCCGCCGCCGCCcagcagcttccagceccttgetggtgtag
ccatcgg

BsmBI-4GS-eGFP se

CGTCTCggcggcagcGTGAGCAAGGGCGAGGAGCTGTT
CACCGGGGTGGTGC

Sphl-Notl-Stop-eYFP ase

gcatgcgcggccgctttacttgtacagctcgtccatgccgagagtgatceegg

APIT-BK-Agel se

gctccttgcteccatcac CgGttatgcccagcaaacacgag

APIT-BK-Agel ase

ctegtgtttgctgggecataaCcGgtgatgggagcaaggage

APIT-JFH1-Agel se

gactcctcgcgeccatcacCgGTcctactcccaacagacgcgg

APIT-JFH1-Agel ase

ccgcegtetgttgggagtaggACcGgtgatgggcgegaggagtc

GHV-NS2-Xmal se

CCCGGGagaagcgcecgtgggctttgacgacctgggctac

GHV-NS2-Bsal se

GGTCTCTcagcatggaccatcccactggcagatcgeccac

GHV-NS3-Bsal se

GGTCTCgaacccattctctgtgcaccgggtgtatag

GHV-NS3-Agel ase

ACCGGTcttagttgacttcccacttccagtaggagcecacc
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Table 14: Primers used for site-directed mutagenesis (QuikChange PCR) within hepaciviral NS2 and NS3

Primer

Sequence (5°-3°)

BK NS2 L90A se

ctaattgccatactcggtccgGCcatggtgctccaagcetggcataac

BK NS2 L90A ase

gttatgccagcttggagcaccatgGCcggaccgagtatggcaattag

BK NS2 |197A se

catggtgctccaagctggcGCaaccagagtgecgtacttcgtg

BK NS2 I97A ase

cacgaagtacggcactctggttGCgccagcttggagcaccatg

BK NS2 V104A se

ccagagtgccgtacttcgCgcgegctcaagggctcatte

BK NS2 V104A ase

gaatgagcccttgagcgcgcGegaagtacggeactctgg

BK NS2 L115A se

gctcattcatgcatgcatgGCagtgcggaaggtcgctgggag

BK NS2 L115A ase

cccccagegaccttccgecactGCceatgeatgcatgaatgage

BK NS2 V119A se

gcatgcatgttagtgcggaaggCcgctgggggtcattatgtcc

BK NS2 V119A ase

ggacataatgacccccagcgGecttccgcactaacatgcatge

BK NS2 L135A se

cttcatgaagctgggcgcgGCgacaggcacgtacatttacaac

BK NS2 L135A ase

gttgtaaatgtacgtgcctgtcGCcgcgeccagcttcatgaag

BK NS2 Y141A se

gctgacaggcacgtacattGCcaaccatcttaccccgetacy

BK NS2 Y141A ase

cgtagcggggtaagatggttgGCaatgtacgtgcctgtcage

BK NS2 N142A se

gacaggcacgtacatttacGCccatcttaccccgctacggg

BK NS2 N142A ase

ccecgtagcggggtaagatggGCgtaaatgtacgtgectgte

BK NS2 T145A se

cacgtacatttacaaccatcttGeeccgetacgggattgggec

BK NS2 T145A ase

ggcccaatcccgtagcggggCaagatggttgtaaatgtacgtg

BK NS2 P146A se

gtacatttacaaccatcttaccGegctacgggattgggcccacg

BK NS2 P146A ase

cgtgggcccaatccecgtagcgCggtaagatggttgtaaatgtac

BK NS2 L147A se

gtacatttacaaccatcttaccccgGCacgggattgggeccacgegg

BK NS2 L147A ase

ccgegtgggeccaatcccgtGCeggggtaagatggttgtaaatgtac

BK NS2 V160A se

gcctacgagaccttgcggCggceagtggagceccgttgtctte

BK NS2 V160A ase

gaagacaacgggctccactgccGeegcaaggtetcgtagge

BK NS2 F103A se

ggcataaccagagtgccgtacGCcgtgcgcgctcaagggctce

BK NS2 F103A ase

gagcccttgagcgcgcacgGCgtacggeactctggttatgec

BK NS2 F103D se

ggcataaccagagtgccgtacGAcgtgcgegetcaagggcetc

BK NS2 F103D ase

gagcccttgagcgegecacg TCgtacggceactctggttatgec

BK NS2 F103G se

ggcataaccagagtgccgtacGGcegtgcgegetcaagggctc

BK NS2 F103G ase

gagcccttgagcgcgcacgCCgtacggceactctggttatgec

BK NS2 F103M se

ggcataaccagagtgccgtacATGgtgcgegetcaagggctc

BK NS2 F103M ase

gagcccttgagegegcacCATgtacggcactctggttatgec

BK NS2 F103I se

ggcataaccagagtgccgtacAtcgtgcgegctcaagggcte

BK NS2 F103I ase

gagcccttgagcgegeacgaTgtacggcactctggttatgec

BK NS2 F103N se

ggcataaccagagtgccgtacAAcgtgcgcegcetcaagggctc
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Primer

Sequence (5°-3°)

BK NS2 F103N ase

gagcccttgagegegeacg T Tgtacggcactctggttatgec

BK NS2 F103P se

ggcataaccagagtgccgtacCCcgtgcgcgcetcaagggcte

BK NS2 F103P ase

gagcccttgagegegcacgGGgtacggeactctggttatgec

BK NS2 F103Q se

ggcataaccagagtgccgtacCAAgtgcgcgctcaagggctc

BK NS2 F103Q ase

gagcccttgagcgcgcacT TGgtacggcactctggttatgec

BK NS2 F103V se

ggcataaccagagtgccgtacGtcgtgcgegcetcaagggcte

BK NS2 F103V ase

gagcccttgagcgegecacgaCgtacggcactctggttatgec

BK NS2 F103W se

ggcataaccagagtgccgtactGGgtgcgegcetcaagggctc

BK NS2 F103W ase

gagcccttgagcgcgcacCCagtacggceactctggttatgec

BK NS2 L144A se

ggcacgtacatttacaaccatGCtaccccgctacgggattgg

BK NS2 L144A ase

ccaatcccgtagcggggtaGCatggttgtaaatgtacgtgec

BK NS2 L144D se

ggcacgtacatttacaaccatGAtaccccgctacgggattgg

BK NS2 L144D ase

ccaatcccgtagcggggtaTCatggttgtaaatgtacgtgec

BK NS2 L144G se

ggcacgtacatttacaaccatGGtaccccgctacgggattgggec

BK NS2 L144G ase

ggcccaatcccgtagecggggtaCCatggttgtaaatgtacgtgec

BK NS2 L144M se

ggcacgtacatttacaaccatATGaccccgctacgggattgggcec

BK NS2 L144M ase

ggcccaatcccgtagecggggtCATatggttgtaaatgtacgtgec

BK NS2 L144]| se

ggcacgtacatttacaaccatATCaccccgctacgggattgggec

BK NS2 L144] ase

ggcccaatcccgtagcggggtGATatggttgtaaatgtacgtgec

BK NS2 L144N se

ggcacgtacatttacaaccatAACaccccgctacgggattgggcc

BK NS2 L144N ase

ggcccaatcccgtageggggtGT Tatggttgtaaatgtacgtgec

BK NS2 L144P se

ggcacgtacatttacaaccatCCtaccccgctacgggattgggec

BK NS2 L144P ase

ggcccaatcccgtagecggggtaGGatggttgtaaatgtacgtgec

BK NS2 L144Q se

ggcacgtacatttacaaccatcAAaccccgctacgggattgggec

BK NS2 L144Q ase

ggcccaatcccgtageggggtT Tgatggttgtaaatgtacgtgec

BK NS2 L144V se

ggcacgtacatttacaaccatGttaccccgctacgggattgggec

BK NS2 L144V ase

ggcccaatcccgtagcggggtaaCatggttgtaaatgtacgtgec

BK NS2 L144W se

ggcacgtacatttacaaccatTGGaccccgctacgggattgggec

BK NS2 L144W ase

ggcccaatcccgtageggggtCCAatggttgtaaatgtacgtgec

JFH1 NS2 F103A se

gctttgacacatgtgccgtacGCcgtcagagctcacgctctg

JFH1 NS2 F103A ase

cagagcgtgagctctgacgGCgtacggcacatgtgtcaaagc

JFH1 NS2 F103R se

gctttgacacatgtgccgtacCGegtcagagctcacgctctg

JFH1 NS2 F103R ase

cagagcgtgagctctgacgCGgtacggcacatgtgtcaaagc

JFH1 NS2 L144l se

cacctacatctatgaccacAtcacacctatgtcggactgggce

JFH1 NS2 L144] ase

gcccagtccgacataggtgtgaTgtggtcatagatgtaggtg

JFH1 NS3 P115E se

gaacgctgatgtcatcGAggctcggagacgcggggacaag

JFH1 NS3 P115E ase

cttgtccccgegtctccgagec TCgatgacatcagegtte
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Primer

Sequence (5°-3°)

JFH1 NS2rec-4GS-eYFP
F103A se

ccgctetgacccacgtgecctacGCegtgagagceccacgccctgatteg

JFH1 NS2rec-4GS-eYFP
F103A ase

cgaatcagggcgtgggctctcacgGCgtagggcacgtgggtcagagegg

JFH1 NS2rec-4GS-eYFP
L144l se

cggcacctacatctacgaccacAtTactcctatgagcgattgggctg

JFH1 NS2rec-4GS-eYFP
L144] ase

cagcccaatcgctcataggagtAaTgtggtcgtagatgtaggtgecg

Table 15: Sequencing primers

Primer

Sequence (5°3°)

BVDV 1 se

gtatacgaggttaggcaagttc

BVDYV 1000 ase

ccactatcgtagcatctggegg

BVDV 11000 se

aagtaactagtagagatctacg

BVDYV 3500 se

cttcgctgagtecctgttggtg

BVDV 4000 ase

cctgaagtagtctgtcacataac

BVDYV 4000 se

tatgtgacagactacttcagg

BVDV 4500 ase

ggcaagagtatgctgatattc

BVDV 4500 se

gaatatcagcatactcttgcc

BVDYV 5000 ase

gaagggtccttcaaagttaccttc

BVDV 5000 se

aaggtaactttgaaggacccttc

BVDYV 5500 ase

ccgtcttgacaccatattctg

Cite 440 se

ggggacgtggttttcctttg

M13 rev

ggaaacagctatgaccat

4112 Plasmids

Table 16: List of commercially available plasmids

Plasmid Description

PpGEM®-T Linearized vector with a single 3’-terminal thymidine at
both ends for ligation of PCR products generated by Taq
DNA polymerase; Promega, Madison, WI, USA

pCITE-2A Vector used for subcloning and expression vector for T7P-

mediated gene expression; Novagen, Merck, Darmstadt,
Germany
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Table 17: List of used BVDV-1 full-length clones (viral cDNAS)

Plasmid Description

pCP7-388 Infectious cDNA clone of BVDV-1 strain CP7 (Corapi et al.,
1988; Meyers et al., 1996)

pCP7 2/H-F derivative of pCP7-388 with encoded NS2 being N-
terminally HA/Flag-labeled (Klemens, 2014)

pNCP7-388 Infectious cDNA clone of BVDV-1 strain NCP7 (Corapi et
al., 1988; Meyers et al., 1996)

pPNCP7 2/H-F derivative of pPNCP7-388 with encoded NS2 being N-

terminally HA/Flag-labeled (Klemens, 2014)

Table 18: Expression constructs encoding subgenomic sequences of BVDV-1 NCP7 or CP7

Plasmid

Description

pCITE CP7 E2-4A 2/H-F

Encodes the subgenomic E2 to NS4A region of BVDV-1
strain CP7; NS2 is N-terminally HA/Flag-labeled (Klemens,
2014)

pCITE NCP7 E2-4A 2/H-F

Encodes the subgenomic E2 to NS4A region of BVDV-1
strain NCP7; NS2 is N-terminally HA/Flag-labeled
(Klemens, 2014)

PCITE p7-H-F-NS2(1-290)-
SUMO C84S C236S (CS)

Encodes the subgenomic region p7 to NS2 of BVDV-1
NCP7, NS2 is N-terminally HA/Flag-labeled, NS2
cysteines C84 and C236 are mutated to serines
(Fellenberg, 2017)

pC|TE p?-H-F-NSZ(j_.zgo)-
SUMO G6C / D31C/F51C/
Y75C /F76C/Y78C/L86C/
R96C / T106C / E108C /
L109C /W114C /K 134C/
1137C /1140C / L173C/
L191C/ Y210C

Derivatives of pCITE p7-H-F-NS2(1.200)-SUMO CS with
cysteine subtitutions in NS2 at indicated positions

pCITE p7-H-F-NS2(.200)-
SUMO SUMO-G98C

Derivative of pCITE p7-H-F-NS2(1.290-SUMO CS with C-
terminal glycine of SUMO mutated to cysteine

PCITE NCP7/CP7 NS2 (x.453)-
NS3-(1-10-SUMO-HA-V5

Reporter constructs encoding N-terminally truncated
BVDV-1 NCP7 or CP7 NS2 variants of various lengths
(NS2x-453), where the x indicates the position of the N-
terminal NS2 aa), followed by the first 10 aa of NS3
(NS3(1-10), SUMO and and HA-V5 double tag

PCITE NCP7/CP7 NS2xas3-
NS3-(1-10-SUMO-HA-V5 CA

Derivatives of pCITE NCP7/CP7 NS2 x-453-NS3-(1-10)-
SUMO-HA-V5 with active site cysteine of NS2 mutated to
alanine (CA)
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Table 19: Expression constructs encoding subgenomic sequences of Hepacivirus species

Plasmid

Description

pCITE Flag-NS2-NS3(1.172)-
GST/BK

Encodes the subgenomic NS2 to NS3(1-172) of the HCV
strain BK with a Flag epitope tag fused N-terminally to NS2
and GST fused C-terminally to the NS3 moiety (Isken et
al., 2015)

pCITE Flag-NS2-NS3(1.172)-
GST/BK C184A

Derivatives of pCITE Flag-NS2-NS31.172-GST/BK with
active site cysteine of NS2 mutated to alanine (CA) (Isken
etal.,, 2015)

pPCITE Flag-NS2-NS3(1-172)-
GST/BK L90A / 197A / F103A /
V104A /L115A/V119A/
L135A / Y141A / N142A/
L144A / T145A | P146A /
L147A / V160A

Derivatives of pCITE Flag-NS2-NS31-172)-GST/BK with
alanine subtitutions in NS2 at indicated positions

pCITE Flag-NS2-NS3(1-172)-
GST/BK NS3/YPL-AAA

Derivative of pCITE Flag-NS2-NS31-172)-GST/BK with NS3
protease domain mutations Y105A, P115A and L127A
(Isken et al., 2015)

pCITE Flag-NS2-NS3(1.172)-
GST/JFH1 (F103/ P115)

Encodes the subgenomic NS2 to NS3(1-172) of the HCV
strain JFH1 with a Flag epitope tag fused N-terminally to
NS2 and GST fused C-terminally to the NS3 moiety (Isken
et al., 2015); HCV-HCV situation (NS2 F103 / NS3 P115)

pCITE Flag-NS2-NS3(172)-
GST/JFH1 C184

Derivative of pCITE Flag-NS2-NS31-172-GST/JFH1 F103 /
P115 with active site cysteine of NS2 (C184) mutated to
alanine (Isken et al., 2015)

pCITE Flag-NS2-NS3(1.172)-
GST/JFH1 F103R / P115

Derivative of pCITE Flag-NS2-NS31-172-GST/JFH1 F103 /
P115 with F103 mutated to R; GHV-HCYV situation (NS2
F103R / NS3 P115)

pCITE Flag-NS2-NS3(1-172)-
GST/JFH1 F103 / P115E

Derivative of pCITE Flag-NS2-NS31-172-GST/JFH1 F103 /
P115 with P115 mutated to E; HCV-GHYV situation (NS2
F103 / NS3 P115E)

pCITE Flag-NS2-NS3(1.172)-
GST/JFH1 F103R / P115E

Derivative of pCITE Flag-NS2-NS3(1.172-GST/JFH1 F103 /
P115 with mutations F103R and P115E; GHV-GHV
situation (NS2 F103R / NS3 P115E)

pCITE Flag-NS2-APIT-
GST/BK

Derivative of pCITE Flag-NS2-NS3(1.172-GST/BK where
NS2 is followed by the four authentic N-terminal residues
of NS3

pCITE Flag-NS2-APIT-
GST/BK C184A

Derivatives of pCITE Flag-NS2-APIT-GST/BK with active
site cysteine of NS2 mutated to alanine (CA)

pCITE Flag-NS2- APIT-
GST/BK L90A / 197A / F103A /
V104A / L115A / V119A /
L135A / Y141A / N142A /
L144A | T145A | P146A /
L147A / V160A

Derivatives of pCITE Flag-NS2-APIT-GST/BK with alanine
subtitutions in NS2 at indicated positions
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Plasmid

Description

pCITE Flag-NS2- APIT-
GST/BK F103-
AIDIGIM/INIPIQIN/W

Derivatives of pCITE Flag-NS2-APIT-GST/BK with
indicated permutations NS2 at position F103

pCITE Flag-NS2- APIT-
GST/BK L144-
A/DIGIMNIN/PIQIN/W

Derivatives of pCITE Flag-NS2-APIT-GST/BK with
indicated permutations NS2 at position L144

pCITE Flag-NS2- APIT-
GST/BK F103A/L144]

Derivative of pCITE Flag-NS2-APIT-GST/BK with
combined NS2 mutations F103A and L144|

pCITE Flag-NS2-APIT-
GST/JFH1

Derivative of pCITE Flag-NS2-NS31.172-GST/JFH1 where
NS2 is followed by the four authentic N-terminal residues
of NS3

pCITE Flag-NS2-APIT-
GST/JFH1 C184A

Derivatives of pCITE Flag-NS2-APIT-GST/JFH1 with
active site cysteine of NS2 mutated to alanine (CA)

pCITE Flag-NS2- APIT-
GST/JFH1 F103A/L144

Derivative of pCITE Flag-NS2-APIT-GST/JFH1 with
combined NS2 mutations F103A and L144|

PCITE Flag-NS2hepaci-4GS-
GFP

Encode the NS2 of the Hepacivirus species RHV, NPHV
or HCV JFH1 with a Flag epitope tag fused N-terminally to
NS2 and NS2 being followed by a flexibile linker (GGGGS;
4GS) and eYFP

PCITE Flag-NS2hepaci-4GS-
GFP L144

Derivatives of NPHV or HCV JFH1-derived pCITE Flag-
NS2hepaci-4GS-GFP with NS2 mutation L144|

pCITE Flag-NS2grnv-4GS-GFP
L144]

Derivatives of RHV-derived pCITE Flag-NS2hepaci-4GS-
GFP with NS2 mutation L132I

pCITE Flag-NS2;rH1-4GS-
eYFP

Encodes the NS2 of the HCV JFH1 with a Flag epitope tag
fused N-terminally to NS2 and NS2 being followed by a
flexibile linker (GGGGS; 4GS) and eYFP

pCITE Flag-NS2ur+1-4GS-

Derivative of pCITE Flag-NS2;r11-4GS-eYFP with active

eYFP C184A site cysteine of NS2 (C184) mutated to alanine
pCITE Flag-NS2;r11-4GS- Derivative of pCITE Flag-NS2;r11-4GS-eYFP with NS2
eYFP F103A mutation F103A

pCITE Flag-NS2ur+1-4GS-
eYFP L144

Derivative of pCITE Flag-NS2;r11-4GS-eYFP with NS2
mutation L1441

pCITE FIag-NSZJFH1-4GS-
eYFP F103A/L144]

Derivative of pCITE Flag-NS2;r11-4GS-eYFP with
combined NS2 mutations F103A and L144l

pCITE F|ag-NSZJ|:H1-NS3GHv(1.
216-GST F103 / E116

Chimeric NS2-NS3 expression construct encoding NS2
from HCV strain JFH1 and NS3(1-216) from GHYV strain
BWCO08; a Flag epitope tag is fused N-terminally to NS2
and GST is fused C-terminally to the NS3 moiety; HCV-
GHYV situation (NS2 F103 / NS3 E116)

pC|TE FIag-NSZJFHl-NS?)GHV(l.
216)-GST C184A

Derivative of pC|TE FIag-NSZJFHl-NSBGHV(l.m)-GST F103/
E116 with active site cysteine of NS2 (C184) mutated to
alanine
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Plasmid

Description

pC|TE FIag-NSZJFHl-NS3GHV(1.

216-GST F103R / E116

Derivative of pC|TE FIag-NSZJFHl-NSBGHV(l.m)-GST F103/
E116 with F103 mutated to R; GHV-GHYV situation (NS2
F103R / NS3 E116)

pCITE F|ag-N82JFH1-NS3GHv(1-

216-GST F103 / E116P

Derivative of pCITE Flag-NS2;3rn1-NS3chyv(1-216-GST F103 /
E116 with E116 mutated to P; HCV-HCV situation (NS2
F103 / NS3 E116P)

pCITE F|ag-NSZJFH1-NS3GHv(1-

216-GST F103R / E116P

Derivative of pCITE Flag-NS2;3rH1-NS3chyv(1-216-GST F103 /
E116 with mutations F103R and E116P; GHV-HCV
situation (NS2 F103R / NS3 E116P)

Table 20: List of used HCV JFH1-derived replicons

Plasmid

Description

pFKI-389 FLuc NS2-3’/JFH1

bicistronic HCV JFH1-derived reporter gene replicon
encoding Firefly luciferase in the first and NS3-5B in the
second ORF (Isken et al., 2015)

pFKI-389 FLuc NS2-3’/JFH1
C184A

Derivative of pFKI-389 FLuc NS2-3'/JFH1 with active site
cysteine of NS2 (C184) mutated to alanine

pFKI-389 FLuc NS2-3’/JFH1
F103A

Derivative of pFKI-389 FLuc NS2-3'/JFH1 with NS2
mutation F103A

pFKI-389 FLuc NS2-3’/JFH1
L1441

Derivative of pFKI-389 FLuc NS2-3'/JFH1 with NS2
mutation L1441

pFKI-389 FLuc NS2-3’/JFH1
F103A/L114]

Derivative of pFKI-389 FLuc NS2-3’/JFH1 with combined
NS2 mutations F103A and L144I
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4.2 Methods

4.2.1 Working with nucleic acids

4.2.1.1 Mini preparation of plasmid DNA

The isolation plasmid DNA from a 2 ml overnight bacterial culture was performed by alkaline
lysis. The bacterial suspension was transferred to a 2 ml reaction tube and centrifuged at
15,700 g for 1 min. The supernatant was discarded and the pellet was resuspended in 100 pl
of ice-cold buffer P1. For the lysis 200 pl of buffer P2 was added and the suspension was
mixed by inverting twice. After incubation for 5 min at RT, 150 pl of buffer P3 was added and
the suspension was inverted twice. After incubation for 5 min on ice, centrifugation was
performed for 10 min at 15,700 g and 4 °C. The clear supernatant was transferred to a new
1.5 ml reaction tube containing 400 pl of 100% isopropanol. The DNA-isopropanol mixture
was mixed by inversion and then centrifuged at 15,700 g and 4 °C for 30 min. The
supernatant was discarded and the pellet was washed with 200 pl of 70% (v/v) ethanol
followed by centrifugation at 15,700 g and 4 °C for 5 min. The ethanol was thoroughly
removed and the pellet was left to dry at 37 °C. Finally, the plasmid DNA was resuspended in
30 — 50 pl of ddH20.

4.2.1.2 Midi preparation of plasmid DNA

To isolate plasmid DNA bacterial cultures up to 200 ml, the Nucleobond® PC100 kit
(Macherey-Nagel, Diren, Germany) was used. An overnight bacterial culture was
centrifuged in 50 ml tubes at 3.836 g and 4 °C for 10 min. The supernatant was discarded
and the pellet was resuspended in 4 ml of ice-cold buffer S1. For the lysis 4 ml of buffer S2
was added and the suspension was mixed by inverting six times. After incubation for 5 min at
RT, 4 ml of ice-cold buffer S3 was added and the suspension was inverted six times. After
incubation for 5 min on ice, the crude lysate was passed through a filter onto the AX100
column, which was beforehand equilibrated with 2.5 ml of N2 buffer. After complete passage
of the lysate, the column was washed once with 10 ml of N3 buffer. Subsequently, the
plasmid DNA was eluted with 3 ml of N5 buffer into a 15 ml centrifuge tube already
containing 2.1 ml of 100% isopropanol. The eluate was divided among three 2 ml reaction
tubes and centrifuged for 20 min at 15,700 g and 4 °C. The clear supernatant was discarded,
and the pellets were washed with a total of 600 pl of 70% (v/v) ethanol and combined onto
one reaction tube at this step. After centrifugation at 15,700 g and 4 °C for 5 min, the ethanol
was thoroughly removed and the DNA pellet was let to dry at 37 °C. The DNA was

resuspended in 100 pl ddH20 at 4 °C and DNA concentration was determined by measuring
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absorbance at 260 nm on the Nanodrop spectrophotometer (Thermo Fisher Scientific,

Schwerte, Germany).

4.2.1.3 DNA restriction (analytical, preparative and linearization)

DNA restrictions were used to verify exisiting plasmid DNA (analytical), to generate new DNA
constructs (preparative) or to linearize plasmid DNA in preparation for in vitro transcription.
All restriction enzymes were obtained from New England Biolabs® Inc. (NEB, Frankfurt am
Main, Germany). For analytical or preparative purpose, depending on DNA amount, enzyme
activity and purpose of the generated DNA fragments, DNA restrictions were performed
using 0.5 — 3 pg plasmid DNA, 10% (v/v) corresponding NEB buffer (10x) and 0.3 - 2 pl per
restriction enzyme in 20 — 30 pl total volume. The restriction digest was incubated for 1 up to
2 hours depending on DNA amount and at enzyme-specfic temperature. For linearization 6 —
10 pg plasmid DNA was incubated with 10% (v/v) NEB Cutsmart buffer (10x) and 3 pl Smal
in a total volume of 200 ul at 25 °C for 3 h. DNA linearizations were further processed by

phenol/chloroform extraction. All restrictions were analyzed by agarose gel electrophoresis.

4.2.1.4 Polymerase chain reaction (PCR)

To amplify specific DNA fragments, the polymerase chain reaction (PCR) was used. For this
purpose, appropriate sense/antisense primer pairs were first designed using the Serial
Cloner program and ordered from Sigma-Aldrich (Taufkirchen, Germany). The lyophilized
primers were resuspended in ddH20 to produce 100 pM stock solutions. From these, 1:10
diluted working solutions were prepared. A PCR reaction contained 40 pl ddH.O, 5 ul 10x
Tag DNA polymerase buffer, 1 pl dNTP mix (dATP, dCTP, dGTP, dTTP; 10 mM each;
Invitrogen, Darmstadt, Germany), 1 pl 10 uM sense primer, 1 pl 10 uM antisense primer, 1 pl
50 ng/ul template DNA and 1 pl Tag DNA polymerase. After initial denaturation for 2 min at
94 °C, 20 - 30 cycles were run as follows: 45 sec denaturation at 94 °C, 45 sec annealing at
50 - 55°C (depending on the primers) and 1 min/kb elongation at 72 °C. After a final
elongation step for 2 min/kb at 72 °C, the PCR products were kept at 10 °C until they were

further analyzed by agarose gel electrophoresis and subsequently purified from the gel.

4.2.1.5 Site-directed mutagenesis (QuikChange® PCR)

Site-directed mutagenesis by QuikChange® PCR (Strategene, Heidelberg, Germany) was
used to introduce point mutations or shorter DNA sequences in gene segments on plasmids.
First, sense/antisense primer pairs carrying flanking sections (= 19 nt) of the template around
the mutated positions were designed using the Serial Cloner program and ordered from
Sigma-Aldrich (Taufkirchen, Germany). The lyophilized primers were resuspended in ddH>O

to produce 100 uM stock solutions. From these, 1:6.25 diluted working solutions were
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prepared. A QuikChange® PCR reaction contained of 39.5 pl ddH,O, 5 pl 10x Pfu DNA
polymerase buffer, 1 ul dNTP mix (dATP, dCTP, dGTP, dTTP; 10 mM each; Invitrogen,
Darmstadt, Germany), 1.25 pl 16 uM sense primer, 1.25 yl 16 uM antisense primer, 1 pl
50 ng/ul template DNA, and 1 pl Pfu DNA polymerase. As a negative control, a reaction per
template containing ddH,O instead of the primers was used. After initial denaturation for
2min at 94 °C, 20 cycles were run as follows: 45 sec denaturation at 94 °C, 45 sec
annealing at 50 - 55 °C (depending on the primers) and 2 min/kb elongation at 72 °C. After a
final elongation step for 2 min/kb at 72 °C, the PCR products were kept at 10 °C until further

processing.

6 ul of the PCR reaction were taken and stored at 4 °C (-Dpnl sample). To destroy the
template DNA, 5yl 10x NEB Cutsmart buffer and 1 pl Dpnl were added to the remaining
44 ul of the PCR product. The restriction was incubated for 2 h at 37 °C. From the restriction
mixture, 6 pl were taken (+Dpnl sample) and analyzed together with the -Dpnl sample by
agarose gel electrophoresis. Subsequently, 2 - 5 pl of the restriction were transformed into

competent E. coli HB101.

4.2.1.6 Agarose gel electrophoresis and DNA extraction

For the analysis or separation of DNA fragments of a restriction digest, 0.8% agarose gels
were used. For this, 0.8% (w/v) agarose was dissolved in 1x Tris-acetate-EDTA (TAE) buffer
by boiling. The solution cooled to 56 °C was poured into a gel slide and a comb was inserted.
For subsequent detection of DNA, 0.5 - 1.5 ul of Midori Green Xtra was added to the still
liquid gel. Samples from a restriction digest were mixed with one part 6x DNA sample buffer
and separated on the agarose gel together with a DNA size standard (GeneRuler 1kb Plus

DNA Ladder). Separation of the DNA fragments was performed at 120 V for 20 — 30 min.

In case of analytical restriction digestion, 12 pl per sample were separated and the gel was
subsequently evaluated on a blue/green LED transilluminator and documented with a
camera. Samples of a preparative restriction digest were applied completely to the gel and
the desired fragment was excised with a scalpel while the gel was placed on a blue/green
LED transilluminator. The DNA fragment was then isolated from the gel by centrifugation at

5,000 g for 3 min in a gel extraction column (Montage Gel Extraction Kit).

4.2.1.7 DNA ligation

DNA ligation reactions were performed in a total volume of 20 pl, generally containing 2 pl of
vector DNA, 15 pl of insert DNA, 2 pl of 10x T4 DNA ligase buffer and 1 pl of T4 DNA ligase

were added to the batch. In parallel, a control preparation was made for each vector DNA
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using ddH-O instead of insert DNA. The ligation reactions were incubated for 2 h at 16 °C

and the ligation products were transformed into competent E. coli HB101.

4.2.1.8 pGEM®-T-vector cloning

Promega's pGEM®-T vectors are linearized vectors with a 3'-thymidine overhang at both
ends that allow efficient ligation of PCR fragments generated with a Taq DNA polymerase.
Ligation reactions contained 5 pl of 2x Rapid Ligation buffer, 3 ul of purified PCR fragment,
1 pl of 50 ng/ul pGEM®-T vector, and 1 pl of Promega T4 DNA ligase. The mixture was
incubated for 1 h at 16 °C and completely transformed into competent E. coli DH5a. For

blue/white selection, 20 pl of 40 mg/ml X-Gal was added to the transformation mixture.

4.2.1.9 Transformation of E. coli

For transformation of plasmid DNA from mini preparations, midi preparation or QuikChange®
PCR products, 20 pl of competent E. coli HB101 were used. DNA ligations or pGEM®-T
vector clonings were transformed into 50 pl of competent E. coli HB101 or DHS5q,
respectively. Appropriate aliquots of the competent bacteria were slowly thawed on ice. The
appropriate amount of bacteria was then added to the DNA to be transformed (50 — 100 ng
of mini/midi preparation, 2 pl of the Dpnl restriction of QuikChange® PCRs, or complete
amounts of DNA ligations or pGEM®-T vector clonings) and incubated on ice for 20 min. A
heat shock at 42 °C was carried out for 2 min, followed by cooling the bacteria-DNA mixture
on ice for 2 min. 200 pl of cold LB medium without antibiotics was added to the bacteria,
followed by incubation 30 — 60 min at 37 °C and 550 rpm. In the case of transformations into
E. coli DH5a, 20 ul of 40 mg/ml X-Gal was added to enable blue/white selection.
Transformations of QuikChange® PCRs, DNA ligations, and pGEM®-T vector clonings were
completely plated on prewarmed LB agar plates containing appropriate antibiotic (usually
100 pg/ml ampicillin). For transformations of mini or midi preparations, 50 pl of the

transformation mixtures were plated. Agar plates were incubated at 37 °C overnight.

4.2.1.10 DNA sequencing

Sanger sequencing of plasmid DNA was performed by LGC Genomics (Berlin, Germany).
Sequencing samples contained at least 1 pug of plasmid DNA and 4 pl of 10 mM sequencing
primer in a total volume of 14 ul. The obtained sequencing reads were analyzed using the

program Serial Cloner.
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4.2.1.11 Phenol/chloroform extraction

Since the DNA was to be used in RNA works, filtered tips and RNA grade reagents were
used for the following steps. For purification of linearized plasmid DNA an equal volume of
phenol-chloroform-isoamylalcohol (25:24:1) was added to the restriction reaction. The
sample was mixed thoroughly for 30 sec and centrifuged for 3 min at 15,700 g. The aqueous
phase was transferred to a new reaction tube, which already contained one volume of
chloroform. After thoroughly mixing for 30 sec, another centrifugation step was performed at
15,700 g for 5 min. Again, the aqueous phase was transferred to another new reaction tube,
which already contained 0.1 M sodium acetate (pH 5.2) in three volumes of 100% ethanol.
The DNA was precipitated by incubation at -80 °C for at least 1 h or overnight. The samples
were then centrifuged at 15,700 g and 4 °C for 30 min. The supernatant was discarded and
the pellet was washed with 500 pl of 70% (v/v) ethanol. After centrifugation at 15,700 g and
4 °C for 5 min, the supernatant was discarded. The DNA pellet was let to dry for 10 min at
37 °C and was resuspended in 55 ul RNase-free ddH20. From this, 2 ul were taken and

analyzed by agarose gel electrophoresis.

4.2.1.12 In vitro trancription

In vitro transcriptions were performed using the MAXIscript™ SP6 or T7 kit (Ambion, Austin,
TX, USA). For transcription, 2 pg of linearized, phenol/chloroform-extracted template DNA
were used in a 20 pl reaction with 2 pl of 10x transcription buffer, 4 pl NTP mix (2.5 uM
each), and 1 ul of SP6 or T7 RNA polymerase enzyme mix. The amounts in the reaction
were doubled if larger amounts of RNA were needed (e.g. positive or negative controls).The
mixture was incubated for 2 h at 37 °C. Then, the template DNA was destroyed by adding
1 pl DNasel (Turbo DNase) and incubation for another 20 min at 37 °C. To verify the quality
of the transcription and estimate the amount of RNA, 2 pl of the transcription reaction were
analyzed after addition of 6 ul RNase-free ddH,O and 2 pl formamide sample buffer by

agarose gel electrophoresis. The transcripts were stored at -80 °C until further use.
4.2.2 Working with proteins

4.2.2.1 SDS-PAGE

Proteins were separated according to their molecular weight by SDS-PAGE on 8 and 10%
polyacrylamide gels according to Schagger and von Jagow (Schagger and von Jagow, 1987)
or Laemmli (Laemmli, 1970), depending on the application. The gel run was performed in
Mini-PROTEAN® Tetra Cell electrophoresis chambers (BioRad, Munich, Germany). Unless

otherwise indicated, cells cultured in 6-well cell culture plates (& 3.5 cm) were lysed and
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denatured in 80 — 160 ul SDS sample buffer containing 5% B-mercaptoethanol, depending
on the cell pellet size, and incubated for 10 min at 95 °C. Polyacrylamide gels were then
loaded with 20 pl of each sample. As a size standard, 5 pl of PageRuler™ Prestained Protein
Ladder (Thermo Scientific, Schwerte, Germany) was applied. For the gels according to
Schagger and von Jagow, the gels were first run at 80 V for 10 min and then at 120 V for 90

— 180 min. In case of gels according to Laemmli, gels were run at 200 V for 45 — 90 min.

4.2.2.2 \Western blot

Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes (Pall,
Pensacola, FL, USA) by tank blotting. Transfer was performed in Mini-PROTEAN® Tetra Cell
electrophoresis chambers with Mini Trans-Blot® module (BioRad, Munich, Germany) for 1 h
at 100 V. The success of the transfer was checked by staining the membrane with Ponceau
S solution. Subsequently, the membrane was rinsed with ddH,O and the Ponceau S staining
was removed by washing with PBS/0.05% Tween 20 (PBS-T). After blocking of nonspecific
antibody binding sites with a blocking solution of 5% skim milk powder in PBS-T for 1 h at RT
or overnight at 4 °C, the membrane was incubated with appropriate primary antibodies
diluted in blocking solution for 1 h at RT. In the present work, the following primary antibodies
were used at the indicated dilutions: anti-Flag M2 (1:1000), anti-GST (1:2,500), anti-HA.11
(16B12) (1:1,000); anti-HA (C29F4) (1:1,000), anti-HCV NS3 (JFH1: 4D11 or Conl: 2E3)
(1:1000), anti-BVDV NS3/NS2-3 (mAk 8.12.7) (1:10).

After incubation, the membrane was washed three times with PBS-T for 10 min each. This
was followed by incubation with secondary antibody diluted in blocking solution for 1 h at RT.
Depending on the species of the primary antibody and application, the appropriate secondary
antibody was used. In general, horseradish peroxidase-conjugated secondary antibodies
(anti-mouse-PO or anti-Rabbit-PO) were used at a 1:4,000 dilution (both from goat; Dianova,
Hamburg, Germany), and detection was performed on the LAS-4000 mini (Fujifilm,
Dusseldorf, Germany) using WesternLightning® Chemiluminescence Reagent Plus
(PerkinElmer, Boston, MA, USA). For quantitative analyses using the Odyssey infrared
imaging system (LI-COR®), the IRDye® 800CW donkey anti-Mouse secondary antibody was
used at a dilution of 1:10,000. Incubation with the secondary antibody was generally followed
by three washes with PBS-T prior to detection. Quantification of signals on western blot
membranes that were incubated with a peroxidase-coupled secondary antibody

(quantification of HCV NS2 cleavage efficiency) was carried out using ImageJ 1.47t.
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4.2.2.3 Substituted Cysteine Accessibility Method (SCAM)

For the SCAM assay, Huh7-T7 cells cultured in 6-well cell culture plates (@ 3.5 cm) were
transfected with 4 pg of plasmid DNA encoding hemagglutinin (HA)-labeled BVDV NS2
cysteine derivatives under the control of the T7 promoter. After 8 h, cells were harvested into
the culture medium using a cell scraper and transferred to a 1.5 ml reaction tube. The cells
were centrifuged at 400 g for 4 min, the supernatant was discarded, and the pellet was
washed with 1 ml PBS. After another centrifugation for 4 min at 400 g, the supernatant was
discarded and the pellet resuspended in 40 ul of cold HCN buffer. For selective membrane
permeabilization or full solubilization of cellular membranes, the cell suspension was
incubated with either 10 pg/ml digitonin or 1% Triton X-100 for 10 min at 4 °C. Polyethylene
glycol (5000)-maleimide (PEG-Mal, 5 kDa) was then added at a final concentration of 2 mM
and the mixture was incubated for an additional 10 min at 4 °C. To stop the reaction,
dithiothreitol (DTT) was added at a final concentration of 50 mM and the samples were
incubated for 10 min at 4 °C. Proteins were precipitated using the methanol-chloroform
procedure described previously (Wessel and Fligge, 1984). Briefly, 4 volumes of methanol
were added, the sample was mixed vigorously and centrifuged at 9000 g for 10 s. Then
1 volume of chloroform was added and the sample was again vigorously mixed and
centrifuged for 10 s at 9000 g. After addition of 3 volumes of ddH;O, the sample was mixed
thoroughly for at least 30 s and centrifuged at 9000 g for 1 min. The upper phase was
discarded carefully without disturbing the interphase. Finally, 3 volumes of methanol were
added, the sample was mixed, and then centrifuged at 9000 g for 2 min. The supernatant
was completely removed and the protein pellet was dried at room temperature for a
maximum of 30 min. The proteins were dissolved in 120 ul of SDS sample buffer and
separated on 10% polyacrylamide gels according to Lammli and detected with anti-HA
(C29F4) (1:1,000) after transfer to a nitrocellulose membrane. The a-rabbit-PO (1:4,000) was

used as a secondary antibody.

4.2.2.4 Construction of a NS2-NS3 precursor model

To construct the NS2-NS3 model, the software SybylX 1.2, the information from the NS2
protease domain crystal structure (residues 94-217, PDB ID 2HDO, Lorenz et al., 2006) and
the crystal structure of the NS3 protease domain complexed with a synthetic NS4A cofactor
peptide (PDB ID 1A1R, Kim et al., 1996) representing protein sequences from HCV genotype
la (isolate H77) were used. The model was constructed as follows: the number of molecules
in the asymmetric unit was reduced to the smallest functional unit. Subsequently, hydrogen
atoms were added by software and the B-factors were replaced by charges according to the
Gasteiger-Huckel model. Refinement was achieved by undertaking independent energetic
minimizations of both proteins (Powell, 1977).
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The following constraints were integrated into the model: The activating NS3 hydrophobic
region is formed by the amino acids 13, T105, P115 and 1127 (Isken et al., 2015). The NS2
and the NS3 proteins are covalently linked with a minimal interaction radius between both
proteins. The NS2-NS3 cleavage site should be less than 4 A away from the active site sulfur
atom of Cys184. The structures of NS2 and NS3 are assumed to be identical to the
determined post-cleavage crystal structure, e.g. the NS2 is present as an active dimer, the

NS3 protein as an active monomer.

The NS2-NS3 model was constructed in several stages: (i) analysis of the NS2 hydrophobic
regions near the C-terminus and placement of the activating hydrophobic region of the NS3
protein into proximity of the identified NS2 regions, (ii) change of the binding angles of the
NS2 C-terminus and the NS3 N-terminus to optimize the distance between both atoms to
establish the covalent bond of the NS2-NS3 precursor protein and (iii) energetic minimization

of the NS2-NS3 precursor protein.

4.2.2.5 Bioinformatics applications for analysis of membrane topology, secondary

protein structures and for sequence alignments

For the prediction of membrane topology models several methods were used, including
CCTOP (http://cctop.enzim.ttk.mta.hu/), HMMTOP (http://www.enzim.hu/hmmtop/),
MEMSAT2 (http://www.sacs.ucsf.edu/cgi-bin/memsat.py), MEMSAT3
(http://bioinf.cs.ucl.ac.uk/psipred/), MEMSAT SVM (http://bioinf.cs.ucl.ac.uk/psipred/),
OCTOPUS (http://octopus.cbr.su.se/), TMHMM (http://www.cbs.dtu.dk/services/ TMHMM-
2.0/), TMPRED (https://embnet.vital-it.ch/software/TMPRED_form.html) and Phobius
(http://phobius.sbc.su.se/), the latter one allowing the usage of constraints determined by
experimental results. Membrane topology models were Vvisualized using TOPO2
(http://lwww.sacs.ucsf.edu/cgi-bin/open-topo2.py). To predict secondary protein structures the
program PSIPRED was used (http://bioinf.cs.ucl.ac.uk/psipred/). Putative helical protein
elements were analyzed concerning their hydrophobicity and hydrophobic moments using
HeliQuest (https://heliquest.ipmc.cnrs.fr/). For multiple protein sequence and structure

alignments PROMALS3D was used (http://prodata.swmed.edu/promals3d/promals3d.php).
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4.2.3 Working with cells

4.2.3.1 General cell culture

All cell culture work was performed in laminar flow cabinets (MSC-Advantage, Thermo
Scientific; BSC-EN, Zapf). The cell lines used were cultured in @10 cm cell culture dishes at
37 °C, 5% CO, and 95% humidity. Depending on the experiment, cells were beforehand
seeded into the appropriate 6-, 12-, 24-, 48-, or 96-well format.

Huh7 Lunet and Huh7-T7 cells were cultured in Dulbecco's Modified Eagles Medium (DMEM,;
Gibco, Thermo Fisher Scientific, Darmstadt, Germany) with addition of 10% (v/v) fetal calf
serum (FCS, Thermo Fisher Scientific GmbH, Schwerte, Germany), 100 U/ml penicillin and
100 pg/ml streptomycin. Huh7-T7 cells were maintained in the prescence of 125 pg/ml G418

(Gibco, Thermo Fisher Scientific, Darmstadt, Germany).

SK6 cells (American Type Culture Collection (ATCC), Rockville, MD, USA) were cultured in
Minimal Essential Medium (MEM; Gibco, Thermo Fisher Scientific, Darmstadt, Germany)
with the addition of 10% (v/v) FCS (Thermo Fisher Scientific GmbH, Schwerte, Germany),
100 U/ml penicillin, and 100 pg/ml streptomycin. To study NS2-3 cleavage of BVDV NS2
derivatives the recently described SK6 cell lines DNAJC14-KO (referred to as SK6 KO in this
study) and DNAJC14-KO GST-JivOO(WT) (referred to as SK6 KO GST-Jiva0 in this study)
were used (Isken et al., 2019). CRISPR-Cas9-mediated knockout of DNAJC14 expression
renders SK6 KO cells deficient for the NS2 protease-activating cofactor DNAJC14/Jiv. In
SK6 KO GST-Jiva0 cells, the ability to activate NS2 protease was functionally rescued by
overexpression of the minimal cofactor domain Jiv90. For culturing SK6 KO cells, 5 pg/ml
puromycin (Thermo Fisher Scientific GmbH, Schwerte, Germany) was added to the medium
and for SK6 GST-Jiva0 cells, 5 pg/ml puromycin and 125 pg/ml G418 (Thermo Fisher

Scientific GmbH, Schwerte, Germany) were added to the medium.

MDBK cells (American Type Culture Collection (ATCC), Rockville, MD, USA) were cultured
in DMEM (Gibco, Thermo Fisher Scientific, Darmstadt, Germany) with the addition of 10%
(v/v) horse serum (HS) (Thermo Fisher Scientific GmbH, Schwerte, Germany), 100 U/ml

penicillin and 100 ug/ml streptomycin.

The term "full medium" refers to the respective culture medium in which all additives (see

above) were contained.

4.2.3.2 MVA-T7" infection and DNA transfection

Replication-indpendent expression of viral genes was carried out T7 RNA polymerase (T7P)-

mediated in Huh7-T7 cells or SK6 cell lines (also referred to as vaccinia experiment). For this
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purpose, the respective cells were first infected with the recombinant Modified Vaccinia Virus
Ankara (MVA) encoding T7°° (MVA-T7*) (Sutter et al., 1995). This step was followed by

transfection of plasmid DNA, with transcription under the control of the T7 promoter.

As preparation, 1/12 - 1/15, depending on the required cell density, of a confluent-grown
@10 cm cell culture dish was seeded per well of a 6-well cell culture plate on the day before
the experiment. Prior to infection with MVA-T7P, cells were washed once with 1 ml PBS.
Infection was performed with 5 pl of MVA-T7P° viral stock solution in 1 ml of infection medium
(cell culture medium without additives) per well for 1 h at 37 °C. Subsequently, the

supernatant was discarded and replaced by 1 ml of the respective complete medium.

Transfection of 4-8 ug plasmid DNA per well was performed either with Metafectene®
Transfection Reagent (Biontex, Munich, Germany) (SK6 cell lines) or polyethylenimine (PEI
MAX 40,000, Polysciences, Hirschberg, an der Bergstrale, Germany) (Huh7-T7), depending
on the cell line. For transfection with Metafectene®, plasmid DNA was added to 70 pl medium
without additives. In a separate reaction tube, 10 pul Metafectene® was added to 70 pl
medium without additives. For transfection with PEI, plasmid DNA was added to 100 pl
medium without additives. In a separate reaction tube, 3 pl of PEI stock solution (1 mg/ml)

per ug of DNA was added to 100 pl of medium without additives.

The transfection reagent solution and the DNA solution were mixed together. After incubation
for 10 min at RT, the transfection mixture was applied dropwise into the respective well and

the cells were incubated at 37 °C for 8-24 h, depending on the experiment.

4.2.3.3 Electroporation of MDBK and SK6 cells

Electroporation of in vitro transcribed RNAs into MDBK and SK6 cells was carried out as

described previously (Tautz et al., 1999).

On the day before the experiment, a confluent 10 cm dish of MDBK or SK6 cells was
transferred to new 10 cm dishes at a ratio of 1:2. In preparation for electroporation, the cells
were first washed with PBS, detached from the cell culture dish using trypsin/EDTA, taken up
in 10 ml of complete medium, and transferred to a 50 ml tube. Cells were then centrifuged for
2 min at 300 g and RT and washed twice with 50 ml PBS. Cells from a 10 cm dish were
taken up in 1.2 ml of AccuGENE-PBS.

For electroporation, 400 ul of the cell suspension was transferred to a fresh 1.5 ml Eppendorf
reaction tube. Subsequently, 1 ug of in vitro transcribed RNA was added to the cell
suspension, mixed gently, and the suspension was transferred to an electroporation cuvette
with 2 mm gap. Electroporation was performed using the BioRad GenePulser Il Xcell at the
following conditions: 180 V and 950 pF. Subsequently, the cells were first rinsed with 800 pl
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of medium from the cuvette, transferred to a 15 ml tube containing an appropriate amount of
medium and then seeded into 6-well-plates containing 2 ml of complete medium per well.
Cells electroporated without RNA served as negative control (Mock). Depending on the
experimental approach, different proportions of the electroporated cells were seeded in the

wells of a 6-well plate.

For luciferase measurements, cells of one electroporation were seeded as follows: 300 pl for
2 and 24 h, 200 ul for 48 and 72 h. For qualitative studies on RNA replication of full-length
genomes post electroporation (pe), electroporated cells were seeded evenly in four wells of a
6-well plate. Depending on the experiment, cell culture supernatant was used for infection

experiments or for determination of the virus titer before fixing the cells.

4.2.3.4 Electroporation of Huh7-Lunet cells

Electroporation of in vitro transcribed RNAs into Huh7-Lunet cells was carried out as
described for Huh7.5 cells (Jirasko et al., 2008).

A confluent 10 cm dish of Huh7-Lunet cells was split 1:2 one day prior to the experiment. In
preparation for electroporation, the cells were harvested and washed as described above

(see 4.2.3.3). Cells from one 10 cm dish were resuspended in 1.2 ml of Cytomix.

For electroporation, 400 pul of the cell suspension was transferred to a fresh 1.5 ml Eppendorf
reaction tube. Subsequently, 1.5 ug of in vitro transcribed RNA was added to the cell
suspension, mixed gently, and the suspension was transferred into an 4 mm gap
electroporation cuvette. Electroporation was performed using the BioRad GenePulser Il Xcell
at the following conditions: 270V and 975 pF. Subsequently, the cells were rinsed with
600 pl of complete medium from the cuvette and then seeded into 6-well-plates containing
2 ml of complete medium per well. Cells electroporated without RNA served as negative
control (Mock). For luciferase measurements, cells of one electroporation were seeded as
follows: 300 pl for 4 and 24 h, 150 pl for 48 and 72 h.

4.2.3.5 Luciferase assay

Cells electroporated with Firefly or Renilla luciferase encoding replicon or full-length genome
RNA were harvested 2, 24, 48, 72 h pe, washed once with 1 ml of PBS per well and then
scraped into 1 ml of PBS. The suspensions were transerred into 1.5 ml reaction tubes,
centrifuged for 2 min at 15,700 g and the supernatant was removed. Afterwards, cell pellets

were frozen at -80 °C for at least 1 h.

To quantify luciferase activity in cell lysates the p.j.k Luciferase Assay system was used. The
pelleted cells of one sample were lysed in 40 ul 1x lysis buffer on the shaker for 20 min at

1200 rpm and RT. For measurement, 20 ul of the lysate was added to either 100 pl Renilla-
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GLOW-Juice containing 2 pl coelenterazine (Renilla luciferase) or 100 ul Beetle-Juice
containing D-luciferin and ATP (Firefly luciferase) in a 5 ml round-bottomed tube, depending
on the luciferase used. Luciferase activity was determined immediately afterwards on the
Junior LB9509 luminometer (Berthold, Bad Wildbad, Germany).

4.2.3.6 Infection of MDBK cells

The detection of infectious viruses in cell culture supernatants was performed by reinfection

of naive MDBK cells.

For reinfection for qualitative detection of viruses in cell culture supernatants, 1/30 of a
confluent 10 cm dish with MDBK cells was seeded onto a well of a 6-well plate in 2 ml
medium. After 2-4 h, 300-500 pl of medium was removed, depending on the amount of assay
time points required, and replaced with the same amount of cell culture supernatant to be
assayed. Subsequently, the cells were incubated at 37 °C for 72 h unless otherwise
indicated. This was followed by the detection of infected cells by anti-NS3

immunofluorescence analysis and virus titer determination, if necessary.

For infection with defined multiplicity of infection (MOI), 4 x 10° MDBK cells were seeded into
a well of a 6-well plate in 2 ml medium. After 2-4 h, the supernatant was replaced with 2 ml of
fresh medium. Cells were then infected with cell culture supernatant with an MOI 0.1 in 2 ml
total volume. At 1 h after infection, the infectious supernatant was discarded, the cells were
washed 3 times with 1 ml of PBS, and 2 ml of medium was added to the cells. Then, the cells
were incubated at 37 °C for 12, 24, 48, and 72 h unless otherwise indicated. The cell culture
supernatant was then removed, filtered through a 0.22 um sterile filter (Minisart, Sartorius,
Gottingen, Germany), and stored at -80 °C. To analyze for success of reinfection, virus titer
was determined or, alternatively, luciferase activity was determined for virus genomes
encoding a Renilla luciferase. In addition, infected cells were detected by anti-NS3

immunofluorescence analysis, if necessary.

4.2.3.7 Determination of virus titers in cell culture supernatant (titration)

Determination of viral titer of cell culture supernatants from electroporation or infection
experiments was performed using an endpoint dilution. 100 pl of medium was pipetted into
the wells of a 96-well plate. Depending on the expected viral titer the supernatant to be
titrated was used directly or a dilution of 1:10 or 1:100 of the supernatant was generated.
50 ul of the supernatant or dilution was added to the first well of a row of the 96-well
microtiter plate. By default, a 4-fold determination was performed per supernatant or dilution.
Using an 8-well multichannel pipette, serial dilutions were made from row to row in 50 pl

steps (1:3 each). Subsequently, MDBK cells from a confluent 10 cm dish were harvested and
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taken up in a total of 12 ml medium. 2 ml of this suspension was mixed with 8 ml of medium.
Then, 100 pl of this cell suspension was added per well of the 96-well microtiter plate in
which the cell culture supernatant had been serially diluted. Subsequently, the cells were
incubated for 72 h at 37 °C. This was followed by immunofluorescence analysis using anti-

NS3 antibody and determination of infected wells using the microscope.

Titer calculations in endpoint dilution procedures are always performed using statistical
estimation procedures. In the present work, the formula according to Spaermann and Karber
was used to calculate virus titers as tissue culture infectieous dose 50 per ml (TCIDso/ml)
(Karber, 1931).

d
m=xi5—d2Ri

m negative decadic logarithm of the titer in relation to the test volume, i.e. the titer of
the test volume results from 10™. Since 50 ul was used as the test volume, this
value must be multiplied by 20 to obtain the number of infectious viruses per ml
(TCIDso/ml)

Xi logarithm of the smallest dilution that leads to the infection of all four replicates of a
dilution level (e.g., in level 6, xi = 1g (1/72,900) = -4.86)

d logarithm of the dilution factor

2R, Sum of reaction rates; this sum includes all positive reactions starting from the
highest dilution level in which all replicates are positive and divides by the number
of replicates (i.e., if 3 out of 4 replicates still react positively in the next dilution level:
TRi=1+%=175)

4.2.3.8 Indirect immunofluorescence analysis

Detection of BVDV-positive cells at the indicated time points as well as localization of H-F-
NS2 derivatives was performed by indirect immunofluorescence analysis (IF). For this, cells
were washed with PBS and fixed with 2% (w/v) paraformaldehyde (Thermo Fisher Scientific
GmbH, Schwerte, Germany) in PBS for 20 min at 4 °C. Cell permeabilization was achieved
by incubation with 0.5% (w/v) N-octyl-B-D-glycopyranoside (Sigma-Aldrich, Taufkirchen,
Germany) in PBS for 10 min at 4 °C. Cells were washed with PBS and incubated for 30 min
at 37 °C with blocking solution containing 2% (w/v) bovine serum albumin (BSA, Carl Roth,
Karlsruhe, Germany) in PBS with 0.05% (v/v) Tween 20 (Thermo Fisher Scientific, Schwerte,
Germany) (PBS-T).

For detection of BVDV-positive cells, NS3/NS2-3 was detected using mAb 8.12.7 in a dilution
of 1:40 in blocking solution. After 1 h, cells were washed with blocking solution and incubated
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with mouse-specific Cy3-labeled secondary antibody in a dilution of 1:2.000 in blocking
solution for 1 h.

For H-F-NS2-specific localization studies, the HA-specific mAb C29F4 was used in a dilution
of 1:1000 in blocking solution. After 1 h, cells were washed in blocking solution and
incubated with rabbit-specific Alexa 488-labeled secondary antibody in a 1:2000 dilution in
blocking solution for 1 h.

In parallel to secondary antibody incubation, cellular nuclei were stained with DAPI. After
staining procedure, cells were washed with PBS-T and images were obtained with a Zeiss

Axio Observer.Z1 fluorescence microscope (Zeiss, Goettingen, Germany).
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5.1 Characterization of structural organization of BVDV NS2

NS2 is a key player in the pestiviral life cycle, as temporally regulated NS2-3 cleavage is
critical for the switch from pestiviral RNA replication to virion morphogenesis. This regulation
is dependent on the cellular cofactor DNAJC14/Jiv and is important for the maintenance of
the noncp biotype (Tautz et al., 2015). Several previous mutagenesis studies provided
insights into functional elements of the pestiviral NS2 protease domain, such as the putative
catalytic triad, the Zn?*-binding motif and the two JBDs, as well as into the functional
relationship with its cofactor Jiv (Lackner et al., 2004, 2005, 2006; Rinck et al., 2001).
Moreover, functional studies have provided a detailed knowledge on the involvement of NS2,
as uncleaved NS2-3, in pestiviral virion morphogenesis (Agapov et al., 2004; Dubrau et al.,
2017; Moulin et al., 2007). Until now, structural data on pestiviral NS2 are missing and the
topology of its N-terminal MBD has not been determined. Accordingly, the precise molecular
mechanisms of the NS2 protease activation as well as details of functional protein-protein
interactions involved in virion morphogenesis remain unknown. The first aim of the present
work was to gain deeper insights into the structural organization of BVDV NS2. First, the
membrane topology of the N-terminal section was determined based on a preliminary,
incomplete data set from my master's thesis (Walther, 2017) using a Substituted Cysteine
Accessibility Method (SCAM) assay. Based on the experimentally defined membrane
topology, the minimal C-terminal NS2 portion resembling an active protease was elucidated

by an NS2-3 cleavage assay.

5.1.1 Establishment of a functional N-terminally HA-Flag epitope-labeled
BVDV NS2

Studies concerning the structural organization of pestiviral NS2 require suitable BVDV NS2-
specific antibodies for protein detection. Since no such antibodies were available, BVDV-1
NCP7 and CP7 full-length cDNA genomes that encode an N-terminally HA-Flag epitope-
tagged NS2 protein (H-F-NS2) were previously generated (Klemens, 2014; Fig. 7A).
Analogous to a successful strategy applied to HCV NS2 (Jirasko et al., 2010), the
composition of the inserted amino acid sequence between p7 and NS2 is as follows: 5 N-
terminal aa of NS2 (EPGAQ), SG-linker, HA epitope tag (YPYDVPDYA), GSG-linker, Flag
epitope tag (DYKDDDDK), GSG linker (Fig. 7A).
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Fig. 7: Functional characterization of BVDV-1 genomes encoding an N-terminally tagged NS2 protein
(modified according to Walther et al., 2021). (A) Schematic genome representation of BVDV-1 strains NCP7
2/H-F and CP7 2/H-F. The exact composition of the HA-Flag tag (H-F) in NS2 is depicted below. The 9 aa
insertion in NS2 present in strain CP7 is displayed in a red box (Tautz et al., 1996); the cleavage site between p7
and NS2 as well as the Gly-Ser linker sequences are indicated. The HA and Flag epitope sequences are shown
as green boxes. (B) Schematic depiction of the experimental setup. (C) Analysis of viral titers as TCIDso/ml in cell
culture supernatants derived 48 h after RNA electroporation (pe) of the respective viral RNAs into MDBK cells.
The values of one experiment are shown. (D) Growth curve analysis of NCP7 WT, CP7 WT and their respective
NCP7 2/H-F and CP7 2/H-F derivatives. MDBK cells were infected with the virus supernatants depicted in (C) at
an MOI of 0.1 and viral growth was analyzed for the indicated time points. Supernatants were collected and viral
titers were determined as TCIDso/ml. Mean values and standard deviations of three independent experiments are
depicted.
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To verify the functionality of the tagged virus variants NCP7 2/H-F and CP7 2/H-F, their
replication capacity and the kinetics of virus production were determined and compared to
the respective NCP7 and CP7 wildtype (WT) cDNA clones (Fig. 7B). In vitro transcribed
genomic RNAs of NCP7 WT, CP7 WT, NCP7 2/H-F and CP7 2/H-F were electroporated into
MDBK cells and viral titers of cell culture supernatants 48 h post electroporation (pe) were
determined as tissue culture infectious dose 50 per ml (TCIDso/ml) (Fig. 7B). Comparable
titers were determined 48 h pe for all four viruses tested: for NCP7 WT and its 2/H-F
derivative, titers were 7.1 x 10° TCIDso/ml and 6.0 x 10° TCIDso/ml, respectively, and titers of
CP7 WT and 2/H-F were 4.9 x 10° TCIDso/ml and 3.0 x 10° TCIDso/ml, respectively (Fig. 7C).
These supernatants were used to infect naive MDBK cells at a multiplicity of infection (MOI)
of 0.1 and viral titers in cell culture supernatants were determined 24, 48 and 72 h post
infection (pi) (Fig. 7B). NCP7 2/H-F as well as CP7 2/H-F showed viral titers comparable to

their corresponding parental WT virus at all analyzed time points (Fig. 7D).

Next, it was tested if the H-F tag is suited for the detection of NS2 in western blotting and to
directly determine the influence of the epitope-tag sequence on NS2-3 cleavage. In addition,
the H-F tag was tested concerning its suitability for immunoprecipitation, which would be a
prerequisite for studying protein-protein interactions involving NS2. Accordingly, pCITE
expression constructs encoding the BVDV-1 NCP7 or CP7 polyprotein region E2 to NS4A
with N-terminally H-F-tagged NS2 were generated (pCITE NCP7 E2-4A 2/H-F; pCITE CP7
E2-4A 2/H-F) (Fig. 8A). To test the detectability of H-F-NS2 and verify support for NS2-3
cleavage, porcine cell lines SK6 KO (deficient of pestiviral NS2 protease cofactor DNAJC14;
Isken et al., 2019) or SK6 KO GST-Jiv90 (overexpression of minimal pestiviral NS2 protease
cofactor domain Jivo0 in SK6 KO cells; Isken et al., 2019) were used. Porcine cell lines were
used since DNA plasmid transfection is not sufficiently efficient in the available bovine cell
lines. For transient T7P°-mediated gene expression, SK6 KO and SK6 KO GST-Jiv90 cells
were first infected with the vaccinia virus MVA-T7"°, to express T7 RNA polymerase in the
cytoplasm, and then transfected with the pCITE NCP7 E2-4A 2/H-F plasmid (Fig. 8B).
Western blot analyses with an HA-specific antibody showed that H-F-NS2 and its uncleaved
precursors (E2-NS3 2/H-F, H-F-NS2-3) could be detected confirming that the N-terminally
tagged NS2 is capable of catalyzing the NS2-3 cleavage (Fig. 8C). This observation was
verified by a NS3/NS2-3-specific western blot (Fig. 8C). Furthermore, the NCP7 2/H-F
derived NS2 protease displayed the characteristic DNAJC14/Jiv-dependent regulation for
efficient NS2-3 cleavage (Fig. 8C, compare lane 2 and 4).
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Fig. 8: Functional characterization of N-terminally tagged NS2 in a replication-independent subgenomic
context (modified according to Walther et al., 2021). (A) Schemes of the pCITE NCP7 or CP7 E2-4A 2/H-F
expression constructs coding for the BVDV-1 NCP7 E2 to NS4A region with an N-terminally HA-Flag-tagged NS2
as shown in Fig. 7. (B) Schematic depiction of the experimental setup. (C) Western Blot analysis of pCITE NCP7
E2-4A 2/H-F expression, polyprotein processing and H-F-NS2 detection. SK6 KO or SK6 GST-Jivo0 cells
transfected with pCITE NCP7 E2-4A 2/H-F were lysed 18 h pt and analyzed by western blot using the indicated
primary antibodies. (D) HA-specific imnmunoprecipitation of H-F-NS2. Huh7-T7 cells transfected with pCITE NCP7
or CP7 E2-4A 2/H-F were lysed 24 h pt. After HA-specific immunoprecipitation, lysates and precipitated proteins
were analyzed by western blot using the indicated primary antibodies. (C+D) Western blots of one representative
experiment are shown. The molecular mass standard in kilodalton (kDa) is given on the left. Positions of the
protein products are indicated on the right. Dashed lines indicate splitting of gels.

Another important application for the H-F-NS2 epitope tag would be its suitability for
immunoprecipitation. Huh7-T7 cells, which already express T7"°, were infected with MVA-
T77' to increase T7"° expression and transfected with the pCITE NCP7 or CP7 E2-4A 2/H-F
plasmid (Fig. 8B). Cell lysates were subjected to HA-specific immunoprecipitation using aHA
antibodies (rabbit IgG) conjugated to sepharose beads (Fig. 8B). Western blot analysis with
an aHA antibody (mouse IgG) confirmed that H-F epitope tag containing protein products
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(NCP7 or CP7 H-F-NS2-3, p7-H-F-NS2 CP7 and H-F-NS2 CP7) can be precipitated (Fig. 8D,
IP:HA). Furthermore, the CP7 2/H-F showed the characteristic cofactor independence for
NS2-3 cleavage (Fig. 8D, compare CP7 and NCP7 H-F-NS2). Interestingly, after
immunoprecipitation an additional HA-specific protein product of about 25-27 kDa was
enriched that was difficult to detect in lysates (Fig. 8D, compare lysates to IP:HA). Due to its
apparently smaller size compared to full-length H-F-NS2 it was termed H-F-NS2(n.ter) (Fig.
8D). The difference in size between the NCP7 and CP7 variants of the fragment (Fig. 8D,
compare CP7 to NCP7) suggests a cleavage within NS2 that occurs after the CP7-specific
9 aa insertion (Tautz et al.,, 1996). However, this internal cleavage was not further

characterized in the present work.

5.1.2 Studies on the membrane topology of BVDV NS2

The BVDV NS2 membrane topology was studied using a Substituted Cysteine Accessibility
Method (SCAM) assay, which is based on the chemical modification of cytoplasmic cysteines
in the analyzed protein by membrane-impermeable reagents such as PEG-maleimide (PEG-
Mal; referred to as PEGylation) after selective plasma membrane permeabilization
(Bogdanov et al., 2005; Van Geest and Lolkema, 2000; Zhu and Casey, 2007).

5.1.2.1 Generation of an in silico membrane topology model of BVDV NS2 and a

SCAM assay compatible NS2 derivative

As a basis for the analysis of BVDV-1 NS2 membrane topology, an in silico model had to be
generated using established topology prediction programs. In a previous work (Fellenberg,
2017), the following freely available transmembrane segment prediction programs were used
for this purpose: MEMSAT3, MEMSAT-SVM, HMMTOP, TMHMM, SACS MEMSAT, CCTOP,
OCTOPUS, PHOBIUS, and TMPRED. The following topological constraints are required for
authentic processing of the viral polyprotein: (i) the NS2 N terminus is localized in the ER
lumen to allow cleavage at the p7-NS2 junction by cellular ER-resident signal peptidase and
(i) the C terminus of NS2 is located in the cytoplasm for the NS2-3 cleavage by the C-
terminal NS2 autoprotease domain. When applying these constraints to the membrane
topology prediction of BVDV-1 NS2 by different programs, several predictions (CCTOP,
HMMTOP, OCTOPUS, TMPRED and TMHMM) that did not meet one or both of these
criteria where immediately ignored (data not shown; Fellenberg, 2017). The MEMSAT SVM
program predicted a NS2 topology model with two very large (~30 aa) transmembrane
segments (TMs) as well as two unlikely short TM-connecting loop sequences (3 aa) (data not
shown) and was therefore not further considered. The calculation with Phobius also gave rise

to a NS2 membrane topology model matching the polyprotein processing prerequisites. It
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predicted a short (aa 1-6) luminal N-terminal sequence, seven TMs and a C-terminal,
cytoplasmic domain spanning aa 252-453 (containing the active site, the Zn?*-coordinating
cysteines and the two Jiv-binding domains (JBDs)) (Fig. 9A; Fellenberg, 2017). MEMSAT2
also delivered a similar model (data not shown; Fellenberg, 2017) with just minor differences
with respect to TM localization/length and connecting loop sequences. Since the Phobius
webserver allows defining constraints for the prediction resulting from experimental
approaches, this program was subsequently used and its topology prediction (Fig. 9A)
served as starting point to decide where to introduce cysteine mutations for the SCAM assay

approach.
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Fig. 9: Cysteine-free BVDV-1 NS2(1200-SUMO fusion protein allows NS2 membrane topology
determination by Substituted Cysteine Accessibility Method (SCAM) assay (adapted from Walther et al.,
2021). (A) Membrane topology prediction based on the aa sequence of BVDV-1 NCP7 NS2 with N-terminal HA-
Flag epitope (modified according to Fellenberg, 2017). The model was generated using the Phobius software and
visualized with the TOPO2 program. Amino acids are depicted as circles; cysteines are indicated as stars. The
HA-Flag epitope (green sequences), the two Jiv binding motifs (blue), the residues of the putative Zn2*
coordination motif (orange) and the putative catalytic triad of the protease (pink) are highlighted and indicated in
the legend. The CP7-specific 9 aa insertion (red) is shown with its insertion site indicated by a dashed line.
Numbers indicate the first and last aa of NS2 as well as amino acid positions of luminal or cytoplasmic sections of
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NS2. The intracellular membrane is displayed as black double line. Lumen, luminal side of the membrane;
Cytoplasm, cytoplasmic side of the membrane. (B) Top: Scheme of the pCITE p7-H-F-NS2(1.453 expression
construct coding for p7 and full-length BVDV-1 NCP7 NS2. The two cysteines (C84 and C236) in the hydrophobic
N-terminal part as well as the seven cysteines in the putative cytoplasmic domain are indicated. Middle: Scheme
of the pCITE p7-H-F-NS21-200) CS expression construct coding for p7 and the N-terminal part of NS2 from aa 1 to
290 (NS2(1-200)). The two cysteine-to-serine mutations (C84S and C236S) are indicated. Bottom: Scheme of the
PCITE p7-H-F-NS2(1-200-SUMO CS expression construct coding for p7 and NS2(1-290) fused to SUMO protein.
C84S and C236S are indicated. (according to Fellenberg, 2017) (C) Expression of p7-H-F-NS2 derivatives
(modified according to Fellenberg, 2017). MVA-T7P infected Huh7-T7 cells were transfected with the pCITE p7-
H-F-NS2 plasmid derivatives and 18 h pt cells were processed by western blot analysis using an aHA primary
antibody. The molecular mass standard in kDa and detected protein products are indicated. Dotted lines indicate
splitting of gels. (D) Comparison of intracellular location of N-terminally HA-Flag-tagged NS2 derivatives (modified
according to Walther, 2017). The intracellular localization of N-terminally HA-Flag-tagged NS2 derivatives
expressed from pCITE E2-4A 2/H-F and pCITE p7-H-F-NS2(1-200)-SUMO CS plasmid DNAs in MVA-T7r-infected
SK6 cells were compared to H-F-NS2 produced by replication of full-length NCP7 2/H-F in SK6 cells. All SK6 cells
were incubated for 24 h at 37 °C. Localization of NS2 derivatives was detected by HA-specific
immunofluorescence (IF) after cell fixation with paraformaldehyde (PFA) and permeabilization with n-Octyl-B-D-
Glukopyranosid. Nuclei were visualized by DAPI staining.

The application of the SCAM approach to determine the membrane topology requires that
only one single cysteine is present at a defined position in the examined protein (Van Geest
and Lolkema, 2000; Zhu and Casey, 2007). BVDV-1 NCP7 NS2 contains 9 native cysteines:
two cysteines located in the predicted TM4 (C84) and TM7 (C236) and the remaining 7
cysteines present in the C-terminal cytoplasmic domain (Fig. 9A, cysteines are indicated by
stars; Fig. 9B, top). Therefore, in the bachelor thesis of J. Fellenberg a p7-H-F-NS21-290
derivative was generated encoding a C-terminal truncated NS2 variant (NS2 aa 1 to 290)
that included all of the predicted TMs and a short part of the C-terminal cytoplasmic domain
to eliminate the 7 cysteines of the cytoplasmic domain (Fig. 9A+B; Fellenberg, 2017). A
cysteine-free version of p7-H-F-NS2.290) was obtained by exchanging the remaining two
cysteines in TM4 (C84) and in TM7 (C236) with serine (C84S and C236S, respectively,
termed CS; Fig. 9B, middle; Fellenberg, 2017). In addition, the globular cysteine-free SUMO
protein was fused to the C-terminally truncated NS2 downstream of amino acid 290, resulting
in a NS2(1.200-SUMO fusion protein (pCITE p7-H-F-NS2(1290-SUMO CS) to improve protein
folding and stability (Fig. 9B, bottom; Fellenberg, 2017). Importantly, SUMO is a globular
cysteine-free protein and is well established as a solubility tag to prevent insolubility of the
protein of interest (Kuo et al., 2014). Therefore, SUMO is a well suited replacement for the
deleted C-terminal NS2 part to create a stable, SCAM assay-compatible fusion protein. p7
was retained in both constructs to support authentic p7-NS2 processing and correct
localization of NS2 to ER membranes. To test stability and detectability of the H-F-NS2
derivatives, the respective pCITE p7-H-F-NS2 constructs were transfected into MVA-T7P°
infected Huh7-T7 cells to express p7-H-F-NS2(.4s3), p7-H-F-NS2(1.2900 CS and p7-H-F-
NS2(1-290-SUMO CS (Fellenberg, 2017). Huh7-T7 cells were used for expression, because

they yielded higher amounts of protein products compared with SK6 cells. Western blot
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analysis using an HA-specific antibody showed protein stability and detectability of both
cysteine-free H-F-NS2 derivatives comparable to full-length H-F-NS2 (Fig. 9C; Fellenberg,
2017). The expression from pCITE p7-H-F-NS2(1.453y and pCITE p7-H-F-NS2(1.200-SUMO CS
resulted in single prominent bands of the expected size for either H-F-NS2(1.4s3y or H-F-
NS21200-SUMO, respectively (Fig. 9C; Fellenberg, 2017). This observation is indicating
efficient co-translational p7-NS2 processing for both proteins. In contrast, the expression
from pCITE p7-H-F-NS2u-200) CS showed an additional higher molecular band with the size
of unprocessed p7-H-F-NS2(1-290) precursor protein most likely derived from incomplete p7-
NS2 processing (Fig. 9C, compare pCITE p7-H-F-NS2(1-200-SUMO CS with pCITE p7-H-F-
NS2u-290) CS). Based on these findings, pCITE p7-H-F-NS2(1-200-SUMO CS was used for

further experiments.

Furthermore, my master's thesis compared the intracellular localization of H-F-NS21-290)-
SUMO CS with that of full-length H-F-NS2 (Walther, 2017). To this end, full-length H-F-NS2
was expressed either in the context of an E2-NS4A polyprotein fragment (pCITE E2-4A
2/H-F) or in the context of an infectious clone (NCP7 2/H-F). For the replication-independent
expression, SK6 cells were infected with MVA-T7P°" and then transfected with either pCITE
p7-H-F-NS2(1-200-SUMO CS or with pCITE E2-4A 2/H-F, respectively (Walther, 2017). In
addition, in vitro transcribed NCP7 2/H-F RNA was electroporated into SK6 cells to include
full-length H-F-NS2 expression in the context of viral infection (Walther, 2017). The
intracellular localization of the H-F-NS2 derivatives was compared by HA-specific
immunofluorescence (IF), showing a reticular as well as perinuclear localization for all H-F-
NS2 derivatives (Fig. 9D; Walther, 2017). This confirmed that the H-F-NS21-290-SUMO fusion
protein has an intracellular localization comparable to full-length H-F-NS2 during viral

replication.

5.1.2.2 Elucidation of the BVDV NS2 membrane topology using a Substituted
Cysteine Accessibility Method (SCAM) assay

The creation of the cysteine-free pCITE p7-H-F-NS2(1.290-SUMO CS and the validation of its
authentic NS2 localization and efficient p7-NS2 polyprotein processing provided the basis to
experimentally determine the NS2 membrane topology. To this end, a series of pCITE p7-H-
F-NS2(1-290-SUMO CS variants were generated, each containing a single cysteine residue at
a defined position. Positions for these cysteine mutations were chosen based on the
predicted H-F-NS2(1.4535 membrane topology (Fig. 9A). The single cysteines were introduced
in putative cytoplasmic regions, which would allow PEG-Mal modification (PEGylation) after
selective plasma membrane (PM) permeabilization, or in putatively luminal sequences,
where the selective PEGylation should not be possible. As a positive control, a derivative

was created in which the C-terminal glycine of the cytoplasmic SUMO protein was mutated to
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cysteine (SUMO-G98C), assuming that SUMO-G98C should always be accessible for
PEGylation. A subset of the analyzed derivatives was created in previous works (Fellenberg,
2017; Walther, 2017). In addition, general experimental conditions of the SCAM assay
procedure for application on BVDV NS2 have already been established in master's thesis
(Walther, 2017), which were further optimized in the present work to allow the establishment
of an NS2 membrane topology. For the SCAM assay, MVA-T7°° infected Huh7-T7 cells were
transfected with the mutated pCITE p7-H-F-NS2(1-200-SUMO CS derivatives, using the pCITE
p7-H-F-NS2(1.200-SUMO CS SUMO-G98C and the cysteine-free pCITE p7-H-F-NS2(.290)-
SUMO CS construct as positive and negative controls for PEGylation, respectively (Fig. 10A
and B). 8 h pt cells were harvested and permeabilized by either Triton X-100 to test all
cysteine mutants for general accessibility for PEG-Mal modification or with Digitonin to
determine selective accessibility for PEGylation, respectively (Fig. 10A). After treatment with
PEG-Mal the reaction was stopped by addition of DTT and the proteins were precipitated
with methanol/chloroform (Fig. 10A), which proved to be most efficient in recovery of the
proteins while maintaining a low background compared to the initially used precipitation by
acetone or phenol/chloroform (data not shown). The precipitated proteins were resuspended
in SDS sample buffer and the samples were heated at 37 °C, which allowed better
detectability of the protein products compared with the previously used incubation at 95 °C
(data not shown), probably due to prevention of aggregation of the denatured H-F-NS2(.290)-
SUMO. Proteins were analyzed via SDS-PAGE and HA-specific western blot to detect H-F-
NS2(1-200-SUMO variants (Fig. 10A).
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Fig. 10: Experimental determination of a BVDV-1 NS2 membrane topology model using a SCAM assay
(adapted from Walther et al., 2021). (A) Schematic depiction of the experimental setup. (B) Analysis of
polyethylene glycol modification (PEGylation) of H-F-NS2(1.200)-SUMO CS derivatives after treatment with Triton
X-100 (top; general accessibility for PEG-Mal modification) or Digitonin (bottom; accessibility for PEG-Mal
modification after selective plasma membrane (PM) permeabilization). Protein samples were separated by SDS-
PAGE followed by western blot analyses using an aHA primary antibody. The cysteine-free NS2 derivative and
the SUMO-G98C variant served as negative or positive control, respectively. Mock refers to cell lysates without
transfected plasmid DNA. Positions of the PEGylated (H-F-NS2(1.200-SUMO + PEG) and the unmodified (H-F-
NS2(1-200-SUMO) protein products are indicated on the right. The detection of BiP/GRP78 served as loading
control. The molecular mass standards in kDa are given on the left. One representative western blot for each
treatment with Triton X-100 or Digitonin is shown. Dashed lines indicate separate western blots.

Western blot analysis of Triton X-100 treated cells showed for all cysteine mutants two HA-
reactive proteins: the unmodified protein product H-F-NS21.200-SUMO and a PEGylated form
(H-F-NS2(1.290-SUMO + PEG) (Fig. 10B, top). As expected, the cysteine-free variant (CS) did
not show any detectable PEG-Mal-modified form, while the positive control (SUMO-G98C)
was efficiently modified (Fig. 10B, top). All introduced cysteines were generally accessible to
modification by PEG-Mal (Fig. 10B, top). However, some of the cysteine mutations (T73C,
L86C, R96C and 1140C) showed weaker PEG-Mal modification indicating they were less
accessible for PEGylation (Fig. 10B, top).

After selective permeabilization with Digitonin, a PEGylated form of H-F-NS2(1-200-SUMO
was detected for cysteine mutants Y75C, F76C, Y78C, T106C, E108C, L109C, L173C,
L191C and Y210 as well as for the positive control SUMO-G98C (Fig. 10B, bottom),
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indicating a cytoplasmic localization of these cysteine mutations. The derivatives G6C,
D31C, F51C, W114C, K134C and 1137C did not display detectable amounts of the
PEGylated form after Digitonin treatment (Fig. 10B, bottom). This observation suggests
either a luminal localization or inaccessibility of these cysteines due to close proximity to the
ER membrane. In the displayed western blot the K134C derivative showed a lower protein
amount after selective PM permeabilization compared to the other constructs (Fig. 10B,
bottom), which made detection of the PEGylated form difficult. However, in several other
experiments no PEGylated form was detected for the K134C derivative, while the protein
amounts were comparable to the other NS2 variants (Fig. S 1). As mentioned above, due to
the general lower accessibility of the T73C, L86C, R96C and 1140C mutations for PEG-Mal
modification, no definitive statement concerning their localization can be made (Fig. 10B,

compare top and bottom panel).

These experimental data on the localization of the analyzed amino acid positions were
subsequently used as constraints (Y75, F76, Y78, T106, E108, L109, L173, L191, Y210 =
cytoplasmic and G6, D31, F51, W114, K134, 1137 = non-cytoplasmic) to determine an
updated membrane topology model for BVDV NS2 (Fig. 11). Since the SCAM assay results
were obtained using H-F-NS2(1200-SUMO, the prediction with the Phobius program was
done using the sequence of this NS2 derivative. Also the initial model without experimental
constraints was re-calculated applying H-F-NS2(1.200-SUMO sequence instead of H-F-
NS2.453), leading to a highly similar topology with a few minor changes in the TMs 3, 4 and 5
and therefore also in the loop sequences connecting these TMs (compare Fig. 11C, left and
Fig. 9A). The experimental data-based model predicts 3 TMs instead of 7 TMs for the in

silico generated model (compare Fig. 11, left and right).
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Fig. 11: Experimentally confirmed BVDV NS2 membrane topology model based on SCAM results using
p7-H-F-NS2(1200-SUMO derivatives (modified according to Walther et al., 2021). Left, In silico membrane
topology model of H-F-NS2(1-290-SUMO CS determined without constraints using the Phobius program. Right,
modified BVDV NS2 membrane topology model based on experimental data from the SCAM assay (Fig. 10).
Positions of cysteine mutations that were accessible (light green) and that were not accessible (light red) for PEG
modification after selective PM permeabilization are highlighted. In both models, the HA-Flag epitope (dark green)
and the SUMO moiety (black) are indicated. The first aa of NS2 as well as aa positions of luminal or cytoplasmic
sections are numbered. The intracellular membrane is displayed as black double line. Lumen, luminal side of the
membrane; Cytoplasm, cytoplasmic side of the membrane.

Due to their length, it can be assumed that these areas might form defined secondary
structures. Supporting this hypothesis, the Psipred program predicted two distinct helical
regions (aa 12-28 and aa 35-46) for the N-terminal luminal sequence (Fig. 12A, top), with a
high confidence value for both regions (7-10 and 7-9, respectively). Further analysis with
HeliQuest revealed strong hydrophobicity (0.937 and 0.911, respectively) for both predicted
helical elements (Fig. 12A, bottom). Secondary structure analysis of the TMS1-2 sequence
using Psipred also predicted a helical structural element in the first two-thirds of this region
(aa 75-101) (Fig. 12B, top). A more detailed analysis of the central part of this putative helix,
where prediction with Psipred showed high confidence values, revealed a hydrophobicity of
0.974 and a hydrophobic moment of 0.44 with HeliQuest (Fig. 12B, bottom).
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Fig. 12: Analysis of BVDV NS2 luminal N terminus (A) and TMS1-2 sequence (B) using Psipred and
HeliQuest programs (modified according to Walther et al., 2021). The secondary structure analysis of the two
regions with Psipred is given first. Secondary structure predicitions (Pred) are displayed both graphically and as
letter codes (coil: line, C; strand: arrow, E; helix: barrel, H). The confidence of the prediction (Conf) is given above
and the analyzed amino acid sequence (AA) is given below the prediction. Further analysis of putative helical
regions with HeliQuest is indicated below the Psipred analysis in each case, and the selected regions are
indicated by brackets. Hydrophobicity, hydrophobic moment as wells as the hydrophobic face for each putative
helix are given. Amino acids are color-coded concerning to their character: hydrophobic residues are depicted in
yellow; positively and negatively charged aa are shown in blue or red, respectively; uncharged, polar residues are
colored in pink or purple; proline is depicted in green and glycin and alanine in grey.
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5.1.3 Determination of the minimal BVDV NS2 protease domain based

on the membrane topology model

Until now, no protein structures of pestiviral NS2 are available. In part due to its high
hydrophobicity, it has not yet been possible to express functional pestiviral NS2 in bacteria
(Lackner et al., 2004). Previous attempts to reduce its hydrophobicity by generating N-
terminal truncations led to either strongly reduced or fully abolished NS2-3 processing,
suggesting the importance of the hydrophobic N-terminal part of NS2 for the NS2
autoprotease activity (Lackner et al., 2004). However, without detailed knowledge about the
NS2 topological organization NS2 truncations were set at random positions (Lackner et al.,
2004). With the established NS2 membrane topology model, it was now possible to make
another attempt to define the minimally active NS2 protease moiety. To this end, reporter
constructs encoding N-terminally truncated NS2 variants of various lengths were generated
(NS2(x.453, where the x indicates the position of the N-terminal NS2 aa), followed by the first
10 aa of NS3, which were described to be sufficient for efficient NS2-3 cleavage (Lackner et
al., 2004) (Fig. 13A). The SUMO protein, followed by a combined HA-V5 epitope tag, was
fused to the NS3 moiety to allow detection of the NS3(1.10-SUMO-HA-V5 cleavage product
(Fig. 13A). Since the activity of the noncp pestiviral NS2 protease is dependent on its
cofactor DNAJC14/Jiv, the NS2 truncations were examined in the DNAJC14-dependent
NCP7 context as well as in the cofactor-independent context of cp BVDV CP7 (Fig. 13A). To
enable efficient NS2-3 cleavage, SK6 KO GST-Jivo0 cells over-expressing the minimal
activating Jiv0 domain were used (Isken et al., 2019). Accordingly, the reporter constructs
with N-terminally truncated NCP7 NS2 derivatives were expressed in these SK6 KO GST-
Jivo0 cells using the MVA-T7P expression system (Fig. 13B). Western blot analysis with an
HA-specific antibody showed that NS2-3 cleavage with the release of the NS3.10-SUMO-
HA-V5 reporter moiety was detected not only for full-length NS2 (NS21.453)) but also for its N-
terminally truncated versions starting at NS2 amino acid positions 78, 99 or 112 (Fig. 13C).
These observations indicate the formation of a functional NS2 protease in the absence of the
luminal N-terminal part of NS2, TM1 or almost the complete TM1-2 sequence, respectively
(compare Fig. 13C). An NS2 protease active site mutant (NS2/C376A, CA; Lackner et al.,
2004) verified that cleavage between NS2 and NS3;.10) is NS2-specific (Fig. 13C).
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Fig. 13: Determination of an active minimal BVDV-1 NS2 protease domain (adapted from Walther et al.,
2021). (A) Scheme of the pCITE NCP7 or CP7 NS2x-453)-3(1-10-SUMO-HA-V5 expression constructs. The NS2
fragment is C-terminally fused to the first 10 aa of NS3 followed by SUMO and a combined HA-V5 epitope tag.
The 9 aa insertion of the strain CP7 is shown in red. (B) Schematic depiction of the experimental setup. (C)
Analysis of NS2-3 cleavage of different N-terminal NS2x4s3)-3(1-10-SUMO-HA-V5 truncations. MVA-T7ro-infected
SK6 KO or SK6 KO GST-Jiv90 cells were transfected with pCITE NCP7 or CP7 NS2x-453)-3(1-10-SUMO-HA-V5
derivatives. Transfected cells were processed 18 h pt for western blot analyses with an aHA primary antibody.
The respective full-length constructs (NCP7 and CP7 NS2(.453)) served as positive controls and the NS2 active
site mutant versions (NCP7 and CP7 NS2/C376A, CA) as negative controls, respectively. For HA-specific
analysis of the cell lysates shown in the lower panel after expression in SK6 KO GST-Jiv90 cells, cells were lysed
in one-third of the usually used lysis buffer. To detect GST-Jiv90 expression in the SK6 KO GST-Jivo0 cells an
aGST primary antibody was used. Mock refers to cell lysates infected with MVA-T7ro and transfected without
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plasmid DNA. Positions of protein products are indicated on the right. The molecular mass standards in kDa are
given on the left. Dashed lines indicate separate western blots.

Analysis of cofactor-independent CP7 NS2, confirmed these observations and additionally
showed a weak NS2 protease activity for a truncated NS2 starting at aa 136 (Fig. 13C),
indicating that the TM2 is dispensable for residual CP7 NS2 protease activity (Fig. 13C,
compare NCP7 and CP7 NS2use4s3). For better detection of the NS3(1.10-SUMO-HA-V5
cleavage product, cell lysates were resuspended in one-third of the normally used volume of
lysis buffer and re-analyzed (Fig. 13C, SK6 KO GST-Jiv90, aHA, lower panel). To determine
whether the minimal protease domain functions independently of its cofactor DNAJC14/Jiv,
the panel of NS2 truncations was re-analyzed in SK6 KO cells. In the absence of its
DNAJC14/Jiv cofactor, none of the analyzed NCP7-derived NS2 variants showed any
detectable NS2-3 cleavage activity, as expected (Fig. 13C, bottom panel). For the different
CP7 NS2 variants, NS2-3 cleavage could only be detected for full-length NS2 (NS2(1.453)) in
SK6 KO cells, i.e., in the absence of the DNAJC14/Jiv cofactor (Fig. 13C, bottom panel).
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5.2 Molecular characterization of stimulating HCV NS2 protease

determinants

The HCV NS2 cysteine protease catalyzes the cleavage at the NS2-NS3 junction (Lorenz et
al., 2006). To do this efficiently, the intrinsic proteolytic activity of NS2 is stimulated by the
NS3 protease domain, which acts as its activating cofactor (Boukadida et al., 2018; Santolini
et al., 1995; Schregel et al., 2009). Recently, this activation was shown to rely on a
conserved hydrophobic NS3 surface patch consisting of Y105, P115, and L127 as major
determinants of NS3-dependent NS2 protease stimulation and that activation is a shared
mode of NS2 protease regulation among different mammalian hepaciviruses (Boukadida et
al., 2018; Isken et al.,, 2015). However, the determinants on the NS2 surface putatively
involved in this process have been poorly characterized until now. Accordingly, the second
part of this work aimed at the identification and characterization of NS2 surface determinants
involved in the NS2 protease stimulation by NS3. To this end, two functional assays were
used, both based on the observation of NS2-NS3 cleavage. In the first experimental
approach, the effect of mutations of NS2 surface residues potentially located towards the
NS3 protease domain on NS2-NS3 cleavage in presence of the NS3 cofactor (NS2-
NS3u172)) was determined. In the second assay, the effect of these mutations was
investigated only in the presence of the four N-terminal NS3 amino acids (NS2-NS3api7), i.€.
in absence of the NS3 cofactor. The latter approach allowed the study of the effect on
intrinsic NS2 protease activity. Discovered potential determinants on the NS2 surface were
further investigated by permutating and combining them as well as examining their effect in a
replicative context. In addition, these residues were further investigated in the context of

other mammalian hepaciviruses.

5.2.1 Hypothetical HCV NS2-NS3 precursor model

It has been suggested that hydrophobic NS2-NS3 surface interactions are salient features for
NS2 activation by NS3 (Isken et al., 2015). Critical for a better understanding of the process
is the identification of the NS2 determinants required for this NS2 protease activation. While
structural information of the NS2 protease domain and the NS3 protease are available (Kim
et al.,, 1996; Lorenz et al., 2006), similar information for the uncleaved NS2-NS3 is still
missing. To overcome this lack of information, a NS2-NS3 precursor model was generated in
collaboration with D. Rehders and L. Redecke (University of Luebeck, Luebeck, Germany)
based on post-cleavage structures of the NS2 and NS3 protease domains (NS2P°: PDB
2HDO and NS3P°: PDB 1A1R; Fig. 14). It was hypothesized that the stimulating hydrophobic
NS3 surface residues Y105, P115 and L127 most likely interact with NS2 surface residues in
close proximity to the NS2 active site to allow NS2 protease activation by NS3. Accordingly,
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the following constraints were incoporated into the model: The activating NS3 hydrophobic
region is formed by the amino acids I3, Y105, P115 and L127 (Isken et al., 2015) and should
face the NS2 surface in close proximity of the NS2 active site. The NS2 and the NS3 proteins
are covalently linked with a reduced interaction radius between both proteins. To allow
cleavage, the NS2-NS3 cleavage site should be less than 4 A away from the active site
sulfur atom of C184. The structures of NS2P" and NS3P™ are assumed to be identical to their
determined post-cleavage crystal structures, e.g. the NS2 is present as an active dimer, the
NS3 protein as an active monomer. The NS2P°-NS3P° precursor model (Fig. 14) was

constructed in several stages (see also Materials and Methods).

NS2°r dimer

. ot
E163 NS3P©
. w1127
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&s P115
£ )v105 <
_ C184

l

NS2-NS3
cleavage site

Fig. 14: Hypothetical model of NS2P'°-NS3P© precursor prior to NS2-NS3 cleavage. Ribbon structural
representation of a hypothetical NS2r°-NS3p© precursor model consisting of two NS2p© (light yellow and light
purple, respectively) and one NS3r© molecule (grey ribbon). Post-cleavage structures of NS2pr© (PDB: 2HDO;
Lorenz et al.,, 2006) and NS3r° (PDB: 1A1R; Kim et al., 1996) have been used to generate this model. One
NS2prre composite active is shown with H143, E163 and C184 in red. The NS2r-activating NS3 surface residues
Y105, P115 and L127 are shown as green spheres. NS2-NS3 cleavage site is indicated.

5.2.2 Identification of NS2 surface determinants for NS3-mediated NS2

protease activation by alanine mutagenesis

Based on the NS2P-NS3P® precursor model (Fig. 14), surface residues in close proximity to
H143 of the NS2 active site could potentially form interactions with the activating NS3
surface residues Y105, P115 and L127 during NS2 protease stimulation (Fig. 15A). The
result of the energetic minimization suggested that NS2 residues F103, L110, L144, T145
and W150 could be able to undergo such interactions (Fig. 15A). It is noteworthy that F103,
which is very exposed, would be able to form potential interactions with any of the three
activating NS3 surface residues. Furthermore, NS2 L144 could potentially interact with NS3
Y105 and/or P115, while NS2 L110 and W150 could communicate with NS3 L127.
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To test the importance of these hydrophobic NS2 residues for NS3-mediated NS2
stimulation, the NS2 residues F103, L144, T145 and W150 were mutated to alanine. The
mutagenesis analysis was performed using the pCITE Flag-NS2-NS31-172-GST/BK (HCV
genotype 1B) construct previously used to study HCV NS2-NS3 cleavage (Fig. 15B; Isken et
al., 2015). In addition, several other conserved residues, that are either in close proximity to
the NS2 active site (Y141, N142 and P146) or are more distantly located from the active site
residues (L90, 197, V104A, L115, V119 and L135), were exchanged with alanine.

The NS2/C184A mutant with an inactive NS2 protease served as negative control. The
NS3/YPL-AAA mutant (NS3/Y105A-P115A-L127A) that is unable to support NS3-mediated
NS2 protease stimulation was also included to show the extent of NS2-NS3 cleavage without
NS2 protease activation by NS3 (Isken et al., 2015). Accordingly, WT-like NS2-NS3 cleavage
efficiencies would mark residues not critical for the NS2 protease activation, while mutations
with an impact on NS2-NS3 cleavage comparable to the NS3/YPL-AAA mutant would
identify NS2 amino acids potentially involved in the NS3-mediated NS2 protease activation
process. NS2-NS3 cleavage was analyzed in a replication-independent cell-based cleavage
assay based on Huh7-T7 cells and T7P-mediated expression from pCITE Flag-NS2-
NS31172-GST/BK derivatives (Fig. 15C). The uncleaved Flag-NS2-NS3(1-172-GST
polyprotein fragment and the products of NS2-mediated cleavage (Flag-NS2 and NS31-172)-
GST) were separated by SDS-PAGE and analyzed by western blot using Flag- and GST-
specific antibodies, respectively (Fig. 15D). Western blot signal intensities of uncleaved Flag-
NS2-NS3(:-172-GST and cleaved Flag-NS2 were determined using the ImageJ software to
calculate the individual NS2-NS3 cleavage rates (Fig. 15E). As expected, Flag-NS2-
NS31-172)-GST/BK WT exhibited efficient NS2-NS3 cleavage, while the C184A mutant did not
show detectable cleavage (Fig. 15D+E). In the case of NS3/YPL-AAA only residual NS2
protease activity was detected marking the intrinsic NS2 protease activity in the absence of
NS3 activation (Fig. 15D+E; Isken et al., 2015). The alanine scanning mutagenesis revealed
that most of the tested NS2 mutations had no (L90A, 197A, F103A, V104A, L115A, V119A) or
moderate negative (L135A, N142A, T145A, V160A) effects on NS2-NS3 cleavage (Fig.
15D+E). In contrast, Y141A and P146A inhibited NS2-NS3 cleavage similar to the active site
mutant C184A, indicating that either the active site configuration or NS2 protein conformation
is affected. Interestingly, the NS2 L144A and L147A mutations did show a very low level of
NS2-NS3 cleavage, comparable to the NS3/YPL-AAA mutant and thus appear to block NS3-
mediated NS2 stimulation in a manner similar to the NS3/YPL-AAA mutant (Fig. 15D+E).
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Fig. 15: Mapping of NS2 determinants important for NS3-mediated NS2 protease activation by alanine
scanning mutagenesis. (A) Selection of NS2 protease surface residues for alanine scanning mutagenesis
based on hypothetical NS2P°-NS3r© precursor model (also see Fig. 14). One NS2P© composite active site is
shown with H143, E163 and C184 in red. The NS2 protease-activating NS3 surface residues Y105, P115 and
L127 are shown as green spheres. The NS2-NS3 cleavage site is indicated. The analyzed NS2 protease surface
residues are depicted as blue stick drawings. (B) Scheme of NS2-NS3 cleavage analysis using the pCITE Flag-
NS2-NS3(1.172-GST/BK expression construct. (C) Schematic depiction of the experimental setup. (D) Western blot
analysis of NS2-NS3 cleavage after expression of Flag-NS2-NS3(1-172-GST polyprotein fragments in MVA-T7rol-
infected Huh7-T7 cells and harvest 20 h pt. One representative blot from three independent experiments is
shown. Molecular mass standards in kDa are shown on the left. Positions of the uncleaved precursor Flag-NS2-
NS3(1-172-GST and cleavage products Flag-NS2 or NS3u1172)-GST are indicated on the right. Dashed lines
indicate separate western blots. (E) NS2 protease cleavage efficiencies. Signals of uncleaved Flag-NS2-
NS3(1-172-GST and the cleavage products Flag-NS2 and NS3(1.172-GST were quantified by ImageJ software from
western blots to calculate the percentage of NS2-NS3 cleavage. Mean and standard deviations of NS2 cleavage
efficiencies from three independent experiments are presented. WT: wild-type; mock: transfection control without
plasmid DNA.
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5.2.3 Analysis of NS2 surface mutations with respect to NS2-NS3
cleavage in the absence of the NS3 cofactor revealed that the

F103A mutation stimulates intrinsic NS2 autoprotease activity

The observed interference of the L144A or L147A mutations with the NS3-mediated NS2
stimulation during NS2-NS3 cleavage (Fig. 15D+E) indicates that these mutations might
block crucial interactions between activating NS2 and NS3 surface residues critical for this
process. However, the inefficient cleavage between NS2-NS3 could also result from
disruption of the NS2 active site configuration due to the close proximity of the mutated NS2
residues to the NS2 active site H143. Accordingly, the set of NS2 mutations was analyzed for
their effect on intrinsic NS2 protease activity in the absence of the NS3 cofactor to exclude
direct effects on the NS2 protease unrelated to NS2 activation by NS3. For this purpose, the
pCITE Flag-NS2-APIT-GST/BK construct was used, in which C-terminal to Flag-NS2 the first
four NS3 amino acids (APIT) are fused to obtain the authentic NS2-NS3 cleavage site,
followed by GST to allow monitoring of NS2 cleavage activity (Fig. 16A). Cleavage of Flag-
NS2-APIT-GST is mediated by the intrinsic NS2 protease activity. All NS2 mutations
analyzed before were introduced in this construct, generating the respective pCITE Flag-
NS2-APIT-GST/BK derivatives. Again, T7P°-mediated gene expression in Huh7-T7 cells was
used to produce WT and mutant Flag-NS2-APIT-GST proteins to monitor NS2 cleavage
efficiencies by western blotting with Flag-specific antibodies (Fig. 16B). As a reference for
efficient NS2-NS3 cleavage Flag-NS2-NS31-.172-GST/BK WT was employed. To determine
cleavage rates of the individual variants, intensities of western blot signals for uncleaved
Flag-NS2-APIT-GST and cleaved Flag-NS2 were determined using the ImageJ software
(Fig. 16C).

As expected, Flag-NS2-APIT-GST WT showed only the weak cleavage characteristic of
intrinsic NS2 protease activity (Fig. 16B+C). No intrinsic activity was detected for the Flag-
NS2-APIT-GST C184A negative control mutant (Fig. 16B+C), confirming the specificity of
this assay. The NS2 mutations L90A, 197A, V104A, L115A, N124A, L144A T145A and
V160A showed slightly reduced intrinsic NS2 protease activities in the absence of NS3
compared to WT (Fig. 16B+C). Furthermore, the Y141A, P146A and L147A mutations either
fully abolished (Y141A and P146A) or strongly reduced (L147A) intrinsic NS2 protease
activity in Flag-NS2-APIT-GST context (Fig. 16B+C) suggesting a rather defective NS2
protease. The observation that the L144A exchange supports intrinsic NS2 protease activity
is indicating that (i) the NS2 protease is functional and (ii) the strong reduction of NS2-NS3
cleavage in the NS2-NS31.172) context (Fig. 15D+E) is likely the consequence of the L144A-

mediated interference with the NS2 protease activation by NS3. Together these results
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suggest that L144 represents a NS2 surface residue important for the NS3-mediated NS2

activation.

Another interesting observation from this analysis was that mutation F103A led to an
increased NS2 protease activity in the absence of the NS3 cofactor compared to WT Flag-
NS2-APIT-GST (Fig. 16B+C).
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Fig. 16: Re-analysis of NS2 protease surface residues in the absence of the NS3 cofactor revealed F103A
as a stimulating determinant for the intrinsic NS2 protease activity. (A) Schematic representation of the
pCITE Flag-NS2-APIT-GST/BK expression construct used to analyze the intrinsic NS2 protease activity in the
absence of its cofactor NS3. Cleavage of Flag-NS2-APIT-GST results in generation of Flag-NS2 and APIT-GST.
(B) Indicated pCITE Flag-NS2-APIT-GST plasmids were transfected into MVA-T7P-infected Huh7-T7 cells and
harvested 20 h pt. One representative western blot from three independent experiments is shown. Molecular
mass standards in kDa are shown on the left. Positions of the Flag-NS2-APIT-GST and the cleavage product
APIT-GST are indicated on the right. WT: wild-type; mock: transfection control without DNA. Dashed lines indicate
separate western blots. (C) NS2 protease cleavage efficiencies. Western blot signals of uncleaved Flag-NS2-
APIT-GST and cleavage product Flag-NS2 were quantified using the ImageJ software to calculate the percentage
of Flag-NS2-APIT-GST cleavage. Mean and standard deviations of NS2 cleavage efficiencies from three
independent experiments are presented.

5.2.4 Permutation analysis of NS2 L144 in the absence of the NS3
cofactor showed that L1441 stimulates intrinsic NS2 protease
activity

The surprising finding that the F103A mutation increases the intrinsic NS2 protease activity
suggests that certain NS2 mutations may have the ability to either induce optimizations of the
cleavage site positioning and/or active site conformation in the absence of the NS3 cofactor.
Mechanistically, such mutations might mimic NS2 alterations induced by NS3 in the NS2-

NS3 precursor resulting in efficient NS2 activity. Considering the importance of the L144A
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exchange for NS2 activation by NS3 (Fig. 15D+E), the NS2 position 144 was further
investigated to determine whether amino acid exchanges could also increase intrinsic NS2
protease activity. Accordingly, a panel of NS2 L144 permutations in the context of Flag-NS2-
APIT-GST/BK was analyzed for their impact on the intrinsic NS2 protease activity in the
absence of the NS3 cofactor (Fig. 17). The Flag-NS2-APIT-GST L144 derivatives were
expressed in MVA-T7P-infected Huh7-T7 cells and NS2 protease activity was analyzed by
western blotting. The expression of Flag-NS2-APIT-GST WT and Flag-NS2-APIT-GST
C184A served as positive and negative control for intrinsic NS2 protease activity,

respectively.

Whereas most of the L144 permutations analyzed (L144A, L144D, L144G, L144M and
L144N, L144Q, L144P and L144W) impaired intrinsic NS2 protease activity in the Flag-NS2-
APIT-GST context to varying degrees (Fig. 17), the exchange of L144 to isoleucine (L144l)
massively stimulated the intrinsic NS2 protease activity compared to WT (Fig. 17). L144V

also allowed moderate stimulation of intrinsic NS2 protease activity (Fig. 17).

Accordingly, two amino acid exchanges in the NS2 protease domain (F103A and L144l)

were identified that have the ability to stimulate the intrinsic NS2 protease activity.
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Fig. 17: The amino acid exchange L144l is stimulating the intrinsic NS2 protease cleavage efficiency in
the absence of the NS3 cofactor. (A) Analysis of the intrinsic NS2 protease activity in the MVA-T7ro expression
system in Huh7-T7 cells. NS2-mediated cleavage of Flag-NS2-APIT-GST derivatives was analyzed by western
blotting using GST-specific antibodies. One representative blot from three independent experiments is shown.
Molecular mass standards in kDa are shown on the left. Positions of the uncleaved precursor Flag-NS2-APIT-
GST and the cleavage product APIT-GST are indicated on the right. (B) NS2 protease cleavage efficiencies.
Signals of uncleaved Flag-NS2-APIT-GST and the cleavage product APIT-GST were quantified using the ImageJ
software from western blots to calculate the percentage of NS2-APIT-GST cleavage. Mean and standard
deviations of NS2 cleavage efficiencies from three independent experiments are presented. WT: wild-type; mock:
transfection control without plasmid DNA.
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5.2.5 Comparison of NS2 F103 and L144 mutations revealed different

requirements for intrinsic NS2 protease activity at these positions

The finding that two different NS2 mutations can stimulate the intrinsic NS2 protease activity
is intriguing since it may provide insight into the NS2 protease stimulation process. To also
determine the amino acid characteristics at NS2 position 103 critical for efficient intrinsic NS2
protease activity, F103 permutations were introduced into pCITE Flag-NS2-APIT-GST/BK.
The Flag-NS2-APIT-GST F103 derivatives were expressed in MVA-T7P-infected Huh7-T7
cells and NS2 protease activity was analyzed by western blotting. Flag-NS2-APIT-GST WT

and C184A served as positive and negative control, respectively.
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Fig. 18: Permutation analysis of HCV NS2 F103 revealed a broad spectrum of amino acids that enable
intrinsic NS2 protease cleavage. (A) Analysis of the intrinsic NS2 protease activity in the MVA-T7P° expression
system in Huh7-T7 cells. NS2-mediated cleavage of Flag-NS2-APIT-GST was analyzed by western blotting using
GST-specific antibodies. Molecular mass standards in kDa are shown on the left. Positions of the uncleaved
precursors Flag-NS2-APIT-GST and the cleavage product APIT-GST are indicated on the right. WT: wild-type;
mock: transfection control without plasmid DNA. (B) NS2 protease cleavage efficiencies. Signals of uncleaved
Flag-NS2-APIT-GST and the cleavage product APIT-GST were quantified using the ImageJ from western blots to
calculate the percentage of NS2-APIT-GST cleavage. Mean and standard deviations of NS2 cleavage efficiencies
from three independent experiments are presented. (C) Conservation of residues corresponding to HCV NS2
F103 and L144 in indicated mammalian hepacivirus species (according to Boukadida et al., 2018).

In contrast to the strict requirement for branched aliphatic amino acids observed for NS2
position 144 (Fig. 17), all analyzed F103 permutations showed a similar (F103D, F103G,
F103M, F103I, F103P, F103V, F103W) or slightly higher (F103A, F103N, F103Q) intrinsic
NS2 protease activity when compared to WT (Fig. 18A+B). Accordingly, there is a broad
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functional flexibility for NS2 position 103 to allow intrinsic NS2 protease activity. Thus, these
results demonstrate striking differences regarding the required amino acid characteristics at

these two positions concerning NS2 protease functionality.

These observations are supported by the comparison of HCV NS2 (NS2hcv) with NS2
sequences of different hepaciviruses (NS2nhepaci) ShOwing a strong conservation for leucine at
positions corresponding to NS2ucy L144 while at positions corresponding to NS2pcy F103
amino acids with different side-chain characteristics can be found in different NS2hepaci
sequences (Fig. 18C; Boukadida et al., 2018).

5.2.6 Combination of F103A and L144l exchanges increases the

stimulation of intrinsic NS2 protease activity in two HCV genotypes

The next step was to analyze whether the stimulation of the intrinsic NS2 protease activity by
the F103A and L1144l mutations is conserved among different HCV genotypes and if a
combination of both exchanges would further increase the intrinsic NS2 protease activity. To
this end, these mutations were introduced individually and in combination into Flag-NS2-
APIT-GST/JFH1 (genotype 2a; gt.2a) and their effect on intrinsic NS2 protease activity was
determined side-by-side with their respective BK strain (genotype 1b; gt.1b) derivatives (Fig.
19). The Flag-NS2-APIT-GST/BK or JFH1 derivatives were expressed in MVA-T7P-infected
in Huh7-T7 cells. The respective Flag-NS2-NS3(1.172-GST variants were used as references
for efficient NS2-NS3 cleavage. NS2 protease cleavage rates were determined from lysates
subjected to immunoblotting using infrared fluorescence-labeled secondary antibodies and

gquantified using the LI-COR Odyssey SA imaging system.

The comparison of the NS2 protease activities of the two genotypes showed that the NS2
protease of the JFH1 strain in the presence of the NS3 cofactor (Flag-NS2-NS31-172)-
GST/JFH1-WT) achieved almost complete NS2-NS31.172) cleavage with no detectable Flag-
NS2-NS3-172-GST precursor protein. In contrast, NS2 protease of the BK strain cleaved
only approximately 80% of the Flag-NS2-NS3(1.172-GST precursor protein (Fig. 19; compare
Flag-NS2-NS3(1.172-GST/JFH1 WT with Flag-NS2-NS3(1.172-GST/BK WT). This difference
can be partly attributed to more efficient intrinsic NS2 protease activity of JFH1 in contrast to
BK (Fig. 19; compare Flag-NS2-APIT-GST/JFH1 WT with Flag-NS2-APIT-GST/BK WT). As
expected, the NS2 C184A mutant is deficient in supporting NS2-APIT cleavage in both
genotypes (Fig. 19). The introduction of either NS2 F103A or NS2 L144l| mutations resulted
in an increased NS2 intrinsic protease activity relative to Flag-NS2-APIT-GST WT of both
genotypes (Fig. 19; see Flag-NS2-APIT-GST/JFH1 F103A and L144l| as well as Flag-NS2-
APIT-GST/BK F103A and L144l).
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Fig. 19: The amino acid exchanges F103A and L144l lead to stimulation of the intrinsic NS2 protease
cleavage efficiency in the absence of the NS3 cofactor in two different HCV genotypes. (A) Analysis of the
intrinsic NS2 protease activity using the MVA-T7P expression system in Huh7-T7 cells. NS2-mediated cleavage
of Flag-NS2-NS3(1172)-GST or Flag-NS2-APIT-GST polyprotein fragments was analyzed by western blotting using
Flag-specific antibodies. One representative western blot from three independent experiments is shown.
Molecular mass standards in kDa are shown on the left. Positions of the uncleaved precursors Flag-NS2-
NS3(1-172-GST or Flag-NS2-APIT-GST and cleavage product Flag-NS2 are indicated by arrows on the right.
Dashed lines indicate separate western blots. (B) Quantification of efficiencies of NS2 protease-mediated
cleavage (percentage of NS2-mediated cleavage, calculated as percentage of cleavage product to the sum of
uncleaved precursor and cleavage product) from lysates subjected to immunoblotting using infrared fluorescent-
labeled secondary antibodies and the LI-COR Odyssey SA imaging system. Background was subtracted from
Flag-specific signals of uncleaved precursors and cleavage product using the corresponding signal of the mock
sample. Mean and standard deviation of NS2 cleavage efficiencies from three independent experiments are
presented. WT: wild-type; mock: transfection control without plasmid DNA.

87



5 Results

Interestingly, the combination of both NS2 mutations (F103A/L144l) resulted in an
approximately 3- to 4-fold increase in NS2-APIT cleavage efficiency when compared to the
WT (Fig. 19B). In the context of genotype 2a, the F103A/L144] combination resulted in a
remarkably efficient NS2-APIT cleavage of approx. 65% (Fig. 19B). Taken together, these
observations demonstrate that the stimulating effect of F103A/L1441 amino acid exchanges
on the intrinsic NS2 protease activity is conserved between different HCV genotypes (Fig.
19). The ability of the double mutation F103A/L144I to strongly increase the intrinsic NS2
protease activity suggests that the functional roles of F103 and L144 might be
mechanistically linked.

5.2.7 The stimulating NS2 protease mutations F103A and L144l
enhance the intrinsic proteolytic NS2 activity in absence of any

NS3 sequence

It has been previously reported that HCV NS2 exhibits efficient intrinsic activity in the
absence of any NS3 sequence and that NS3-specific amino acids immediately downstream
of NS2 (NS3/APITA) reduce NS2 protease function to basal levels that require NS3 cofactor-
mediated stimulation for efficient NS2-NS3 cleavage (Boukadida et al., 2018). Based on
these observations, it has been proposed that the N-terminal sequence of NS3 has a
modulatory effect on NS2-NS3 cleavage that is compensated by specific hydrophobic
surface residues in the NS3 protease domain, resulting in stimulation of the NS2 protease by
NS3 (Boukadida et al., 2018; Isken et al., 2015). To determine whether the stimulatory effect
of the F103A and L144l mutations on NS2 protease activity in the Flag-NS2-APIT-GST
context compensates for the negative influence of the NS3 N-terminal APIT sequence, the
influence of the F103A and L144 mutations on the stimulation of NS2 protease activity in the
absence of any NS3-derived sequence was analyzed. Both mutations were inserted either
separately or in combination into the pCITE Flag-NS2;:11-4GS-eYFP construct (Fig. 20A). In
this construct Flag-NS2,r+: is followed by the amino acid linker sequence GGGGS (4GS) and
eYFP so that the NS2-NS3 cleavage site is replaced by a cleavage site with no similarity to
the authentic NS2-NS3 cleavage site, which allows evaluation of the intrinsic basal NS2
protease activity in the absence of any NS3 moiety. The Flag-NS2;:11-4GS-eYFP derivatives
were expressed in MVA-T7P%-infected Huh7-T7 cells. The effect of the amino acid exchanges
F103A, L1441 or F103A/L144] was determined from lysates subjected to immunoblotting
using infrared fluorescence-labeled secondary antibodies and quantified using the LI-COR
Odyssey SA imaging system (Fig. 20). The WT construct and the C184A mutant served as

positive and negative control, respectively.

88



5 Results

A pCITE Flag-NS2,r;,-4GS-eYFP

ny
' NS2,eu IGGGGSI eYFP ]

!

ceces| eveP |

Flag-NS2,e,, 4GS-eYFP
B PCITE Flag-NS2,z- C 1007
4GS-eYFP
—_— Q
.|
L - < 2 o I
<t o o Q
- 2 = 2 o § a 609
kDa = O I oL L = w
70 - (! J—
55 - g 0 =
(e «Flag-NS2-4GS-eYFP 5
Z 201
=
0 P T P T o
= 3 3§ g i 8
25 - (=) L '-&..
= e  |<Flag-NS2 S
w

aFlag
pCITE Flag-NS2 ;,,-4GS-eYFP

Fig. 20: HCV NS2 protease activity in the absence of any NS3 sequence is stimulated by NS2 mutations
F103A and L144l. (A) Scheme of pCITE Flag-NS2;rH1-4GS-eYFP reporter construct to analyze NS2 protease
activity in the absence of any NS3 sequence using a flexible linker (GGGGS). (B) The indicated plasmids were
transfected into MVA-T7ro-infected Huh7-T7 cells. Transfected cells were harvested 20h pt and NS2 protease
activity was analyzed by western blotting using Flag-specific primary antibodies. One representative blot from
three independent experiments is shown. Molecular mass standards in kDa are shown on the left. The positions
of the uncleaved precursor Flag-NS2-4GS-eYFP and the cleavage product Flag-NS2 are indicated by arrows on
the right. (C) NS2 protease cleavage efficiencies. Western blot signals generated by using Flag-specific primary
and infrared fluorescent-labeled secondary antibodies were quantified using the LI-COR Odyssey SA imaging
system. Mean and standard deviations of NS2 cleavage efficiencies from three independent experiments are
presented. WT: wild-type; mock: transfection control without DNA.

Robust NS2 cleavage activity (approx. 35%) could be detected with the Flag-NS2;r1-4GS-
eYFP WT construct (Fig. 20B+C) confirming earlier observations (Boukadida et al., 2018).
Furthermore, the stimulating character of the individual NS2 F103A or L1441 amino acid
exchanges was also observed in absence of any NS3 sequence (Fig. 20B+C). Interestingly,
the F103A mutation increased NS2 protease cleavage efficiency in the NS2;r11-4GS-eYFP
context only slightly from 35% to approx. 50%, while the introduction of the L144l amino acid
exchange resulted in a stronger improvement (to approx. 70%) of the intrinsic NS2 protease
activity (Fig. 20B+C). Importantly, the combination of both mutations (F103A/L144l) led to
approximately 90% NS2 cleavage efficiency (Fig. 20B+C).
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5.2.8 The L144I mutation is activating the intrinsic NS2 protease activity

in other mammalian hepaciviruses

Comparative studies of several mammalian hepaciviruses have been useful to identify
conserved or divergent features of NS2 protein function(s) (Boukadida et al., 2014, 2018).
Alignment of different mammalian hepaciviruses revealed that residues corresponding to
HCV L144 are conserved among these viruses suggesting a functional importance for this
residue (Fig. 18C; Boukadida et al., 2018). Therefore, the next step was to investigate
whether the ability of the L1441 exchange to activate the intrinsic NS2 protease activity is
also conserved in related mammalian hepaciviruses. To this end, hepaciviral NS2 proteins
from the equine hepacivirus (NPHV) strain H3-011, which is more closely related to HCV,
and from the rodent hepacivirus (RHV) strain NLRO7-oct70, which is more distantly related to
HCV (Fig. 21A), were examined. The Leucine-to-isoleucine mutation was introduced into
pCITE Flag-NS2gny-4GS-eGFP and pCITE Flag-NS2nenv-4GS-eGFP constructs at positions
corresponding to HCV NS2 L144 (NS2npuv L1441 and NS2gnv L1321) (Fig. 21B). The
autoproteolytic properties of NS2npuv-4GS-eGFP L1441 or NS2guv-4GS-eGFP L1321 were
compared with their respective WT derivatives after transient expression in MVA-T7°°-
infected Huh7-T7 cells. Flag-NS2;r11-4GS-eGFP WT and L1441 were used as references.
The respective NS2 protease activities were analyzed by western blotting using a Flag-
specific antibody. Interestingly, the intrinsic activity of both RHV and NPHV NS2 proteases
could be stimulated by a factor of 2 by NS2npnyv L1441 and NS2guyv L1321 exchanges similarly
to NS2;ru1 L1441 (Fig. 21B+C). Accordingly, these observations suggest that NS2;r41 L144
and corresponding residues in other mammalian hepaciviruses (NS2nphv L144 and NS2gruy
L132) represent a conserved functional determinant for the activation of the intrinsic NS2

protease activity.
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Fig. 21: The L1441 exchange is activating the intrinsic NS2 protease activity in different related
mammalian hepaciviruses. (A) Phylogenetic tree representation of phylogenetic analysis of NS2 and NS3 N-
terminal domain (NS3n) of selected Hepacivirus members (adapted from Boukadida et al., 2018). Clustering of
viruses according to their hosts is represented by colored boxes. The strains HCV JFHL1 (gt.2a), NPHV H3-011,
and RHV NLRO07-oct70 used in this section are highlighted in dark blue, light blue, and orange, respectively,
according to their cluster. (B) Scheme of pCITE Flag-NS2hepaci-4GS-eGFP reporter construct to analyze the
intrinsic NS2 protease activity in related mammalian hepaciviruses. (C) Indicated pCITE Flag-NS2hepaci-4GS-
eGFP derivatives were transfected into MVA-T7ro-infected Huh7-T7 cells. 20 h pt, transfected cells were
harvested into lysis buffer and NS2 protease activity was analyzed by western blot analysis using Flag-specific
antibodies. One representative blot from three independent experiments is shown. Molecular mass standards in
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kDa are shown on the left. The positions of the uncleaved precursor Flag-NS2hepaci-4GS-eGFP and cleavage
product Flag-NS2 are indicated by arrows on the right. (D) NS2 protease cleavage efficiencies (percentage of
NS2-4GS-eYFP cleavage, calculated as percentage of cleavage product to the sum of uncleaved precursor and
cleavage product) determined from lysates subjected to immunoblotting using infrared fluorescence-labeled
secondary antibodies and the LI-COR Odyssey SA imaging system. Background was subtracted from Flag-
specific signals of uncleaved precursors and cleavage products using the corresponding signal of the mock
sample. Mean and standard deviations of NS2 cleavage efficiencies from three independent experiments are
presented. WT: wild-type; mock: transfection control without DNA.

5.2.9 Mutations stimulating NS2 autoprotease modulate viral RNA

replication of an NS2-3’ replicon

The observation that the NS2 protease has efficient intrinsic proteolytic activity in the
absence of the NS3 cofactor suggests that the NS3 protease domain acts as a regulatory
rather than essential cofactor for NS2 to kinetically control NS2-NS3 cleavage (Boukadida et
al., 2018; Fig. 20). To determine whether the presence of the activating NS2 mutations
F103A and L144l stimulates polyprotein processing and thereby influences RNA replication,
their effect was analyzed in the pFKI-389 FLuc NS2-3'/JFH1 replicon context (Fig. 22).

Accordingly, the FKI-389 FLuc NS2-3'/JFH1 replicon derivatives F103A, L144A, L1441 and
F103A/L1441 were generated (Fig. 22A). The WT and the NS2/C184A variant served as
positive and negative control, respectively. In vitro transcribed replicon RNAs were
electroporated into Huh7 Lunet cells, and the NS2-NS3 cleavage efficiency and RNA
replication capacities were determined by western blotting and luciferase assay, respectively
(Fig. 22A). As expected, the western blot analysis showed that WT NS2 supported efficient
NS2-NS3 cleavage, while the NS2 active site mutation C184A completely blocked NS2-NS3
cleavage (Fig. 22B+C). The NS2 exchanges F103A and L144l exhibited NS2 -NS3 cleavage
efficiencies comparable to WT while the NS2 L144A mutation reduced NS2-NS3 cleavage to
a degree allowing the detection of uncleaved NS2-NS3 (Fig. 22B), which is in line with earlier
results (Fig. 15B). Interestingly, the combination of both activating NS2 exchanges
(F103A/L144l) in the context of the NS2-5B polyprotein resulted in an inefficient NS2-NS3
cleavage with detectable levels of NS2-NS3 precursor protein (Fig. 22B+C).
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Fig. 22: The NS2 F103A/L144] double mutation reduces NS2-NS3 cleavage efficiency in the NS2-NS5B
context and inhibits robust RNA replication of a NS2-3’/JFH1 replicon. (A) Scheme of experimental setup.
Huh7 Lunet cells were electroporated with 10 pg of respective FKi-389 FLuc-NS2-3'/JFH1 RNAs. Cells were
harvested at indicated time points pe either into SDS sample buffer for analysis by SDS-PAGE and western blot
or into passive lysis buffer for luciferase assay. (B) NS2-NS3 cleavage was monitored by western blotting using
an NS2-specific antibody detecting HCV NS2-NS3 and NS2. One representative blot from three independent
experiments is shown. Molecular mass standards in kDa are indicated on the left. The positions of the uncleaved
precursor NS2-NS3 and cleavage product NS2 are indicated by arrows on the right. (C) Quantification of
cleavage rates (% NS2-NS3 cleavage) were performed on 3 independent experiments subjected to infrared
fluorescent immunoblot imaging. Mean and standard deviations of NS2-NS3 cleavage efficiencies are presented.
(D) Determination of viral replication. HCV RNA replication kinetics were quantified 4, 24, 48 and 72 hours pe by
measuring firefly luciferase activity (relative light units, RLU). Graphs are representative results of three
independent experiments with standard deviations. WT: wild-type; mock: electroporation control without RNA.

RNA replication of the bicistronic FKI-389 FLuc NS2-3'/JFH1 F103A and L144l replicon
derivatives was similar to WT in agreement with their observed efficient NS2-NS3 cleavage
(Fig. 22D). In contrast, replication of the FKI-389 FLuc NS2-3'/JFH1 L144A replicon was
blocked correlating with its inefficient NS2-NS3 cleavage (Fig. 22D). Interestingly, replication
of FKI-389 FLuc NS2-3'/JFH1 F103A/L144]1 was approximately 50- to 150-fold lower
compared with WT, F103A, or L144l replicon at 48 h and 72 h pe (Fig. 22D).
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5.2.10 Evidence for a functional cooperation of NS2 and NS3

surface residues during NS3-mediated NS2 protease stimulation

NS2ucv-mediated NS2-NS3 cleavage has been shown to be stimulated by heterologous
hepaciviral NS3 protease domains (NS3y) from NPHV, BHV, and RHV, but only very weakly
by NS3y from GHV or GBV-B, suggesting that specific requirements exist for activating
residues within the hydrophobic NS3 surface patch (Boukadida et al., 2018). Interestingly,
NS3hcv residue P115 is conserved in the activating NS3 protease domains of NPHV, BHV
and RHV, whereas it aligns with a negatively charged glutamic acid residue in NS3 of GHV
(E116) and GBV-B (E115) (Fig. 23A). A substantial gain-of-function of the NS3gHv protease
domain as stimulating cofactor for HCV NS2 in a chimeric NS2cv-NS3chy precursor could
be achieved by substituting the GHV-specific E116 with an HCV-equivalent proline (E116P)
supporting the importance for hydrophobic surface interactions between the NS3 surface
patch and NS2 protease during NS2 stimulation by NS3 (Boukadida et al., 2018).
Accordingly, this NS2ucv-NS3chy chimera represents an excellent tool to further dissect

potential NS2-NS3 surface interactions during NS3-mediated NS2 stimulation.

Therefore, this chimera was used to investigate the functional interaction between NS2 and
NS3 surface residues. Based on two observations, it was hypothesized that NS2cy F103
might interact with the NS3cny residue corresponding to NS3ncv P115 to form a functional
interaction pair at the NS2-NS3 surface interface that supports NS3-mediated NS2 protease
stimulation: (i) in the hypothetical NS2-NS3 precursor model, NS2ucv F103 has the potential
to interact with NS3ncy P115 (Fig. 15A) and (ii) in GHV the residues corresponding to NS2cv
F103 and NS3ncv P115 are charged residues (NS2gnv R100 and NS3grv E116) that could
potentially form a salt bridge (Fig. 23A). To test whether the surface residues at NS2ucv
position 103 and NS3gny position 116 could functionally interact with each other in support of
efficient NS2-NS3 processing, NS2-NS3 cleavage of chimeric Flag-NS2;rH1-NS3chyv-GST
precursor variants (Fig. 23B), with different NS2-NS3 interaction pair combinations at these
positions, was determined. NS2 protease activity of these mutant chimeric precursors was
examined following to transient expression in MVA-T7"-infected Huh7-T7 cells. The
respective NS2 and/or NS3 residues were mutated to create potential NS2-NS3 surface
interaction pairs representing the GHV-GHV (F103R / E116), the HCV-HCV (F103 / E116P)
as well as the chimeric GHV-HCV (F103R / E116P) and the HCV-GHV (F103 / E116)
situations (Fig. 23C). As a negative control an NS2 active site mutation (NS2;r41/C184A) was
introduced in the chimeric NS2-NS3 precursor (Fig. 23C).
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Fig. 23: HCV-specific surface residues at the proposed NS2-NS3 interaction interface of a chimeric
NS2ncv-NS3chv precursor are required for efficient NS2-NS3 cleavage. (A) Alignment of residues
corresponding to HCV NS2 protease activating F103 and L144 and hydrophobic HCV NS3 surface patch residues
(Y105, P115 and L127) in indicated mammalian hepacivirus species (according to Boukadida et al., 2018) (B)
Scheme of pCITE Flag-NS2;rr1-NS3cHv-216-GST reporter construct to dissect NS2-NS3 surface interactions. (C)
Generated pCITE Flag-NS23rH1-NS3aehv(1-216-GST derivatives and indication of the situation considered in each
case with respect to the NS2;rv1 103 and NS3ehv 116 surface residues. (D) Indicated pCITE Flag-NS2irn1-
NS3cHv(1-216-GST derivatives were transfected into MVA-T7ro-infected Huh7-T7 cells. 20 h pt, cells were
harvested in lysis buffer and NS2 protease activity was analyzed by western blot analysis using Flag- and GST-
specific antibodies. One representative western blot from three independent experiments is shown. Molecular
mass standards in kDa are depicted on the left. The positions of the uncleaved precursor Flag-NS2;rH1-NS3cHv(-
216)-GST and cleavage products Flag-NS2irH1 or NS3cHv(1-216)-GST are indicated by arrows on the right. Mock:
transfection control without DNA.

As reported previously, weak NS2;:11-NS3chy cleavage and thus inefficient NS2;:41 protease
stimulation by the heterologous NS3gnv (F103 / E116) was observed (Fig. 23D; Boukadida et
al., 2018). Furthermore, the dramatic enhancement of this stimulation by introduction of the
HCV-specific proline residue in GHV NS3 at position 116 (E116P) in Flag-NS2;rH1-NS3chv-
GST (F103 / E116P) could be confirmed (Fig. 23D). Interestingly, this gain-of-function was

blocked by the combination of a GHV-equivalent charged NS2 F103R substitution with an
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HCV-analogous hydrophobic NS3 E116P exchange in Flag-NS2;e1-NS3chy-GST (F103R /
E116P). This variant showed very weak NS2 protease activity similar to the parental chimeric
derivative (F103 / E116) (Fig. 23D), indicating a strong decrease in NS2 protease stimulation
by NS3 most likely due to de-optimization of NS2-NS3 surface contacts by the NS2jen1
F103R exchange. The complementation of GHV-specific NS2 F103R substitution with a
charged NS3 residue at the proposed NS2-NS3 interaction interface (E116) in Flag-NS2jr:1-
NS3cHv-GST (F103R / E116) could not rescue this weak NS2-NS3 cleavage (Fig. 23D).
Together, the results suggest that NS2 F103 is indeed an important determinant of the NS2
stimulation by NS3. Furthermore, these data indicate that an optimal communication
between both surface areas (surrounding F103/L144 in NS2ncy and E116 in NS3ghy) is

pivotal for efficient NS3-mediated NS2 protease stimulation in this NS2;3r+1-NS3chv chimera.

To further verify the hypothesis that an optimal communication of NS2 and NS3 surface
residues in the proposed NS2-NS3 surface interface is required for efficient NS2-NS3
cleavage, HCV and GHV-equivalent NS2 103/NS3 115 interaction pairs were analyzed in a
JFH1-derived NS2-NS3 precursor (Flag-NS2-NS3(1.172-GST/JFH1) (Fig. 24A). Accordingly,
pCITE Flag-NS2-NS3(1.172-GST/JFH1 derivatives encoding HCV and/or GHV-specific
residues at NS2 position 103 and/or NS3 position 115 were generated and NS2 protease
activity of the Flag-NS2-NS3(1.172-GST/JFH1 precursors after transient expression in MVA-
T7"°infected Huh7-T7 cells was examined. In addition to the HCV-specific interaction pair
(F103 / P115), NS2 and/or NS3 residues were mutated to create derivatives with an NS2-
NS3 interaction pair representing the GHV-GHV (F103R / P115R) as well as the chimeric
GHV-HCV (F103R / P115) and HCV-GHV (F103 / P115E) situations, respectively (Fig. 24B).
The Flag-NS2-NS3(1.172-GST/JFH1 NS2 active site mutant (NS2/C184A) was used as
negative control (Fig. 24B).

As expected, the native HCV-specific interaction pair (F103 / P115) allowed for efficient NS2-
NS3 cleavage and thus strong stimulation of NS2 protease, whereas mutation in the NS2
protease active site (C184A) completely blocked cleavage (Fig. 24C). Interestingly, the NS2
phenylalanine-to-arginine exchange (F103R) in Flag-NS2-NS31.172-GST/JFH1 creating the
GHV-HCV-specific interaction pair (NS2 F103R/NS3 P115) also allowed for efficient NS2-
NS3 cleavage (Fig. 24C). Consistent with the previous report by Boukadida et al. and
observations in this work, the combination of NS2 F103 and NS3 P115E (HCV-GHV-specific
interaction pair) in Flag-NS2-NS3(1.172-GST/JFH1 reduced NS2-NS3 cleavage and thus
permitted only inefficient NS2 protease stimulation (compare Fig. 24C, F103 / P115E and
Fig. 23D, F103 / E116; Boukadida et al., 2018). Electrostatic complementation of this
negative charge in NS3 (P115E) with the NS2 F103R exchange creating the proposed GHV-
GHV-specific NS2-NS3 interaction pair resulted in a slight increase of the NS2-NS3 cleavage

efficiency compared to the Flag-NS2-NS31.172-GST/JFH1 (NS2 F103/NS3 P115E) variant
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comprising a HCV-GHV-specific interaction pair (Fig. 24C). Taken together, these results
also point to a critical role of optimized surface contacts mediated by NS2 position 103 and
NS3 position 115 for efficient NS2-NS3 cleavage.
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Fig. 24: Verification of the need for HCV-specific surface residues at the proposed NS2-NS3 interaction
interface for efficient NS2-NS3 cleavage in an HCV JFH1-derived NS2-NS3 precursor. (A) Scheme of pCITE
Flag-NS2-NS3(1-172-GST/JFH1 reporter construct. (B) Generated pCITE Flag-NS2-NS3(1-172-GST/JFH1
derivatives and indication of the situation considered in each case with respect to the NS2 103 and NS3 115
surface residues. (C) Western blot analysis of pCITE Flag-NS2-NS31-172-GST/JFH1 derivatives transfected into
MVA-T7rokinfected Huh7-T7 cells and harvested 20 h pt, in lysis buffer. NS2 protease activity was analyzed by
using Flag- and GST-specific antibodies. One representative western blot from three independent experiments is
shown. Molecular mass standards in kDa are depicted on the left. The positions of the uncleaved precursor Flag-
NS2-NS31172)-GST and cleavage products Flag-NS2 or NS3@-172-GST are indicated by arrows on the right.
Mock: transfection control without DNA.
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6 Discussion

Due to their small genome size, plus-strand RNA viruses encode only a very limited number
of proteins. In order to efficiently support the complex processes of the viral life cycle, such
as replication of the RNA genome and assembly of viral particles, many of the viral proteins
perform multiple functions (Lindenbach and Rice, 2013). A distinctive feature of the
Flaviviridae, such as HCV and pestiviruses, is the involvement of nonstructural proteins in
both RNA replication and virion morphogenesis (Murray et al., 2008b). To support these
spatially and temporally separated processes by a limited repertoire of viral proteins, the
regulated assembly of viral proteins is thought to lead to formation of distinct protein
complexes and the specific recruitment of additional cellular or viral interaction partners to
perform essential functions in RNA replication or virion morphogenesis (Bartenschlager et
al., 2010; Dubrau et al., 2017; Lindenbach and Rice, 2013; Tautz et al., 2015). Controlled
processing of viral polyprotein by cellular and viral proteases is another regulatory element in
the life cycle of plus-strand RNA viruses to prevent assembly of non-functional protein
complexes and to control protein functions temporally and spatially (Tautz et al., 2015; Yost
and Marcotrigiano, 2013). In the life cycle of the closely related HCV and pestiviruses, NS2
plays a central role. First, it allows RNA replication by releasing NS3 through cleavage at the
NS2-NS3 junction, and second, it is essentially involved in the formation of viral particles
(Lindenbach et al., 2013; Tautz et al., 2015). While the availability of structural data from
HCV NS2 has enabled intensive studies of the molecular details of its functions, the lack of

structural information from pestiviral NS2 prevents such deeper insights.

6.1 Structural organization of BVDV NS2

Studies on molecular details of NS2 functions within the pestiviral life cycle and deciphering
of NS2 protein-protein interactions require insights into its domain organization. Therefore,
the aim of this part of the present work was to generate an experimentally determined
topology model of the N-terminal membrane binding domain of BVDV-1 NS2 and to define

the minimal functional NS2 protease domain.

An N-terminal HA-Flag epitope-tagged BVDV-1 NS2 (H-F-NS2) derivative was used for
specific detection of pestiviral NS2. The analysis of growth kinectics of BVDV-1 NCP7 and
CP7 full-length cDNA clones encoding H-F-NS2 (Fig. 7) demonstrated that the insertion of
the combined HA-Flag (H-F) antibody epitope into NS2 has no detectable influence on viral
RNA replication and virion production. This also indirectly indicates that the inserted
heterologous sequence has no negative influence on NS2-3 cleavage as the liberation of

NS3 by the NS2 autoprotease is a prerequisite for pestiviral RNA replication (Grassmann et
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al., 1999). This assumption as well as the detectability of the H-F epitope and its applicability
for downstream analyses such as immunoprecipitation were confirmed after replication-
independent expression of the BVDV-1 NCP7 E2 to NS4A polyprotein region (Fig. 8) Taken
together, these observations are in line with the knowledge from studies on a H-F-labeled
HCV NS2 (Jirasko et al., 2010), which served as a template for generation of BVDV-1 H-F-
NS2. Moreover, these results demonstrate the ability of N-terminally H-F-tagged NS2 to fully
support the BVDV lifecycle in cell culture and show that this epitope tag is applicable for the
detection of BVDV NS2 in western blots.

6.1.1 SCAM assay results suggest the existence of three

transmembrane segments in BVDV NS2

To elucidate the membrane topology of pestiviral NS2, the SCAM assay was chosen from a
variety of possible approaches. Approaches involving N- or C-terminal fusion of reporter
molecules, such as alkaline phosphatase PhoA or beta-galactosidase LacZ, to differentially
truncated variants of the investigated protein were directly excluded because truncation of
membrane proteins and fusion with reporter molecules could very likely affect native topology
(Van Geest and Lolkema, 2000). Other approaches that exploit compartmentalization of the
cell by membranes, such as the SCAM assay (Bogdanov et al., 2005; Zhu and Casey, 2007)
used in this work or the exploitation of N-glycosylation (Lundin et al., 2003, 2006; Welply et
al., 1983), require less harsh alterations of the protein under study than reporter fusions.
However, the use of the SCAM assay to study membrane topology needs the presence of
defined single cysteines, which may require first generating a cysteine-free variant of the
analyzed protein (Van Geest and Lolkema, 2000), as in the case of the pestiviral NS2
studied here (Fig. 9). On the other hand, the application of N-glycosylation to asses
membrane topology requires the introduction of a glycosylation consensus sequence (Welply
et al., 1983). This again carries a high risk of compromising membrane topology, as it has
been shown that for efficient N-glycosylation, the loop containing the consensus must be
greater than 25 residues, with the glycosylation acceptor being 12-14 aa away from the
preceding and following transmembrane segments (Nilsson and von Heijne, 1993; Popov et
al., 1997). The SCAM assay has a major advantage over the glycosylation assay and other
approaches in that the introduction of defined cysteines represents point mutations that are
usually very well tolerated. In this assay, the modifiability of these individual cysteine
residues, e.g. by PEG-Mal, after selective PM permeabilization is determined to identify

regions in membrane proteins with a cytoplasmic localization.

In silico generated membrane topology models of BVDV-1 NCP7 NS2 served as templates

to define positions for these cysteine substitutions (Fig. 4C and Fig. 9A). Some striking
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characteristics in these hypothetical models made alternative topologies seem possible. For
example, the connection sequence between TM1 and TM2 in the theoretical model
according to the thesis of O. Klemens (Fig. 4C; Klemens, 2014) is improbably short with two
amino acids (one of which is an alanine with a very small methyl side chain). Furthermore,
according to this model and according to the model calculated on the basis of H-F-NS2 (Fig.
9A), the 9 aa long CP7 insertion would be placed between the putative TM6 and TM7 and
thus has a luminal localization. Because this insertion allows Jiv-independent deregulated
NS2-3 cleavage in the cytoplasm, this NS2 region is more likely to be localized in the
cytoplasm. Compared to the established membrane topology of HCV NS2 with 3 TMs and a
cytoplasmic domain (aa 94-217) (Fig. 4B, Jirasko et al., 2010), the higher number of 7 TMs
and the two relatively long luminal loop sequences connecting TM4 and 5 (aa 99-117) or
TM6 and 7 (aa 169-227), respectively (Fig. 9A), were especially noteworthy. Thus, it was
essential to determine an experimentally validated topology model. To apply the SCAM
assay for membrane topology elucidation, a cysteine-free variant of the investigated protein
is mandatory. For this reason, the cysteine-free pCITE p7-H-F-NS2.200-SUMO CS
expression construct (Fig. 9B) established in the bachelor thesis of J. Fellenberg was used
as a test system to determine the membrane topology of BVDV NS2 (Fellenberg, 2017). To
test the applicability of this construct, the expression and detectability (Fig. 9C) of the
encoded p7-H-F-NS2(1290-SUMO CS and its intracellular localization (Fig. 9D) have been
investigated in previous works (Fellenberg, 2017; Walther, 2017). The detection of a single
prominent band that can be assigned to H-F-NS2(1.200-SUMO indicates that this fusion
protein is stably produced and that co-translational p7-NS2 processing occurs efficiently. The
latter is an important prerequisite for the SCAM assay, as an unprocessed p7-H-F-NS2;.290)-
SUMO precursor protein would very likely interfere with SCAM assay results, as the
modification of accessible cysteine residues with PEG-Mal is increasing the apparent protein
size by 5 kDa, proposedly leading to a very similar size shift. Examination of the intracellular
localization of H-F-NS2(1.290-SUMO with H-F-NS2 authentically expressed in the infectious
full-length context NCP7 2/H-F and in the context of a subgenomic polyprotein fragment E2-
4A 2/H-F, showed comparable reticular as well as perinuclear localization of all H-F-NS2
variants, confirming the correct membrane insertion of the N-terminal NS2 portion H-F-NS2.
200-SUMO fusion protein. Taken together, validation of p7-H-F-NS2(1.290-SUMO CS in terms
of expression, p7-NS2 processing, and localization demonstrates its suitability for

determining NS2 membrane topology by SCAM assay.

Based on the results of the SCAM assay (Fig. 10), an experimentally supported BVDV NS2
membrane topology model could be generated using the program Phobius (Fig. 11, right).
Compared to purely in silico calculated models, the experimental SCAM data based model,

shows some clear differences. First, only three TMs (hypothetical models: 7 TMs) are found
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in the new model (compare Fig. 11, right to Fig. 11,left, Fig. 9A and Fig. 4C). The luminal N-
terminal part (NS2 aa 1-56) as well as the cytoplasmic C-terminal region (NS2 aa 169-290)
are considerably longer in the SCAM-assay derived model (Fig. 11). Furthermore, the
existence of a large cytoplasmic loop sequence connecting TMs 1 and 2 (NS2 aa 74-116) is
also remarkable (Fig. 11, right). Interestingly, this experimentally determined membrane
topology suggests a shared overall membrane topology between BVDV and HCV NS2 with
an N-terminal luminal region, three TMs and a C-terminal cytoplasmic domain (compare Fig.
4B and Fig. 11, right). But the NS2 membrane topologies of these two closely related viruses
also show striking differences: (i) the N-terminal luminal region preceding TM1 is with 56 aa
52 residues longer in the case of BVDV and (i) the cytoplasmic loop region connecting TMs
1 and 2 (TM1-2) is also much longer compared to HCV NS2 (compare Fig. 4B and Fig. 11,
right). This prediction and further analyses of the two deviating regions regarding secondary
structure and hydrophobicity (Fig. 12) suggest that these sequences mediate additional
association with the luminal membrane interface for BVDV NS2. N-terminal, hydrophobic
helices are not unusual structural elements for anchoring viral proteins to cellular
membranes. For example, amphipathic helical structures have been described for pestiviral
as well as hepaciviral NS4B and NS5A (Gouttenoire et al., 2014; Tellinghuisen et al., 2004,
2006). These structures can be important for viral RNA replication (HCV NS5A: Biswas et al.,
2016) and in some cases even serve dual function in RNA replication and virion

morphogenesis (Gouttenoire et al., 2014).

This new model of NS2 membrane topology now provides the opportunity of topology-guided
functional studies. Uncleaved NS2-3 is known to be essentially involved in virion
morphogenesis together with NS4A (Agapov et al., 2004; Dubrau et al., 2017; Moulin et al.,
2007). However, due to a lack of structural information regarding NS2 or the NS2-3
precursor, more focused studies on interactions with other viral or cellular proteins have not
been possible so far. For HCV NS2, on the other hand, based on the available structural data
of the N-terminal MBD, structural and functional sections could be defined with respect to
protein-protein interactions in this region (Jirasko et al., 2008, 2010). Additionally, the MBD
served as crossover region to construct viable intra- and intergenotypic HCV chimeras, which
underlines that the N-terminal part of the MBD interacts mainly with the structural proteins
while the C-terminal part of the MBD and the cytoplasmic domain are critical for the
interaction with the nonstructural proteins (Pietschmann et al., 2006). Moreover, a multitude
of studies suggest the mediating role of HCV NS2 between structural and nonstructural
proteins (see 3.4.2.2). Such interactions can also be assumed for BVDV NS2 (in the
uncleaved NS2-3 context) with other viral proteins and possibly also with host factors. For
example, it has been shown that NS2-3 must interact with NS4A to enable the production of

infectious virus particles (Moulin et al., 2007). The larger N-terminal sequence as well as the
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TM1-2 sequence in case of BVDV NS2 may indicate that there are additional pestivirus-
specific interaction sites for viral and/or cellular proteins compared to HCV NS2. By
identifying the putative TM regions (TM1, TM2, TM3), there is now the opportunity to perform
topology-guided reverse-genetic analyses aiming at the identification of protein regions

involved in protein-protein interactions with critical functions for the pestiviral life cycle.

6.1.2 BVDV-1 NS2 truncated by the first 135 amino acids is an active

protease

The experimentally established membrane topology model of BVDV NS2 was further used in
the present work to characterize the NS2 protease in more detail. Although its protease
activity is well characterized (Lackner et al., 2004, 2005, 2006), the minimal functional
protease domain of BVDV NS2 has not yet been defined. While for HCV NS2 the C-terminal,
cytoplasmic portion of the protein (amino acids 94-217) is known to be sufficient for protease
activity (Pallaoro et al., 2001), for BVDV NS2 it is only known that a deletion of the first 73 N-
terminal amino acids leads to a significant attenuation of protease activity (Lackner et al.,
2004). The availability of the BVDV NS2 MBD topology now enabled a structured approach
to define the minimal functional BVDV NS2 protease domain, in which topology-guided N-
terminal truncations of NS2 were examined for their protease activity in a NS2-NS31-10)-
SUMO-HA-V5 reporter construct (Fig. 13A). Accordingly, a minimal active protease domain
of NCP7 NS2 (aa 112-453) or CP7 NS2 (aa 136-453), respectively, could be defined (Fig.
13C). These data extend the knowledge of the minimal pestiviral NS2 protease (Fig. 13C and
Fig. 25; Lackner et al., 2004). The observation that only CP7 NS2(136.453 but not NCP7
NS2136-453) Shows residual protease activity is probably due to a stronger cleavage activity of
CP7 NS2 compared to NCP7 NS2 in the chosen experimental setup in SK6 GST-Jiva0 cells
(Fig. 13C, compare NCP7 WT and CP7 WT,; Isken et al., 2019). This might suggest that also
NCP7 NS2(136-453) exhibits residual protease activity which, however, is undetectable in this
setting. This study on the minimal protease domain of the BVDV NS2 indicates that a
membrane anchoring via at least one transmembrane segment is necessary for BVDV NS2
to catalyze the NS2-3 cleavage. It seems likely that membrane association is a requirement
for correct folding of NS2-3 prior to cleavage. The knowledge of the minimal active NS2
protease domain might also be helpful for structural studies since hydrophobic regions are
often problematic for crystallographic approaches. The requirement of at least one TM for
proteolytic activity contrasts data on HCV NS2, where the cytoplasmic domain alone showed
residual protease activity (Pallaoro et al., 2001) and its structure could be successfully
determined (Lorenz et al., 2006). However, the protease domain of HCV NS2 still requires

membrane association independently from the N-terminal MBD via additional determinants
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for NS2 protein stability and efficient protease activity (Lange et al., 2014; Wu et al., 2019).
Nevertheless, for certain other members of the genus Hepacivirus, like bat hepacivirus
(BHV), rodent hepacivirus (RHV) and GB virus B (GBV-B), it was shown that their NS2
protease requires its N-terminal membrane binding domain for catalytic activity (Boukadida et
al., 2018).

Taken together, this detailed mapping of the structural organization of BVDV NS2 will
support further studies aiming at a better understanding of the complex functions of NS2 in

the pestiviral life cycle.
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Fig. 25: Experimentally determined BVDV-1 NS2 membrane topology model and minimal active protease
domain. Membrane topology model of H-F-NS2(1-453) based on experimental results of SCAM assay visualized
with TOPO2. Amino acids are depicted as circles. The HA-Flag tag (green), the two Jiv binding motifs (blue), the
residues of the putative Zn2+ coordination motif (orange) and the putative catalytic triad of the protease (pink) are
highlighted. The position of the 9 aa insertion in the CP7 strain (red) is indicated by a dashed line. The portion of
NS2 that represents the minimal active protease is framed by a green box (solid line: minimal requirement for
CP7 NS2; dashed line: additional requirement for NCP7 NS2). The numbers indicate first and last aa of NS2 as
well as aa positions of luminal or cytoplasmic sections. The intracellular membrane is displayed as black double
line. Lumen, luminal side of the ER membrane; Cytoplasm, cytoplasmic side of the ER membrane.
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6.2 Stimulating HCV NS2 protease determinants

Protein-protein interactions between NS2 and NS3 are thought to play an essential role
during HCV NS2 stimulation by NS3 to enable efficient NS2-NS3 cleavage. This hypothesis
is based on the observation that the NS3 protease domain acts as cofactor for NS2 protease
stimulation (Isken et al., 2015; Schregel et al., 2009). A conserved hydrophobic surface
region within the NS3 protease domain has been shown to provide critical NS3 determinants
for NS2 protease stimulation by NS3, a feature conserved among several related mammalian
hepaciviruses (Boukadida et al., 2018; Isken et al., 2015). However, the NS2 determinants,
which are thought to be involved in this process of NS2 protease stimulation, have not been
characterized. These determinants have to receive a signal via hydrophobic surface
interactions from NS3 and transform it into structural changes leading to enhanced NS2-3

autocleavage.

An alanine scanning mutagenesis of a selected set of NS2 residues identified surface
residues L144 and L147 as potential recipients for NS2 protease stimulation by NS3 (Fig.
15D and E). These residues, when mutated to alanine, showed a strong decrease in NS2-
NS3 cleavage efficiency comparable to mutations in the recently identified hydrophobic NS3
surface patch (Fig. 15D and E, compare NS3/YPLAAA with L144A and L147A; Isken et al.,
2015). Other NS2 alanine mutations (Y141A and P146A) completely abolished NS2-NS3
cleavage, suggesting destruction of the NS2 protease function rather than interfering with its
stimulation by NS3 (Fig. 15D and E). Support for these conclusions was provided by re-
analysis of the respective alanine mutations in the Flag-NS2-APIT-GST context in the
absence of the NS3 cofactor domain, as the Y141A and P146A mutations blocked intrinsic
NS2 protease activity (Fig. 16). The deleterious effect of these mutations is indicative for a
more global effect on NS2 architecture and that these residues are important for active
site geometry, similar to the unusual cis-proline residue P164 (Lorenz et al., 2006). For
Y141A, these observations are consistent with previous experiments showing that the
mutation Y141A also strongly impairs RNA accumulation, likely by impairing NS2-3
processing (Dentzer et al., 2009). The L144 and L147 residues are highly conserved amino
acids close to the protease active site. In the case of L144, previous work by Dentzer and
coworkers already suggested its functional importance for NS2-NS3 cleavage and RNA
replication (Dentzer et al., 2009). They demonstrated that replacement with phenylalanine
allowed detectable NS2-NS3 processing and RNA replication, whereas a lysine at this
position disrupted these processes, suggesting that L144 supports the formation of the
correct active site architecture (Dentzer et al., 2009). The involvement of L144 in the correct
active site architecture is further strengthened by the observations that only the NS2 variant

L144A, but not L147A, showed intrinsic NS2 protease activity similar to the WT variant in the
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NS2-APIT context (Fig. 16). These results suggest that L144 is one of the NS2 determinants

critical for NS2 protease stimulation by NS3.

6.2.1 The NS2 amino acid exchanges F103A and L144l stimulate the
intrinsic NS2 protease activity in a phylogentically conserved

fashion by potentially distinct mechanisms

Analysis of NS2 mutations for their influence on intrinsic NS2 protease activity revealed that
NS2 F103A was able to stimulate this activity (Fig. 16B and C). In addition, NS2 L144
permutation analysis showed that L144l exchange also increased intrinsic NS2 protease
activity (Fig. 17). Interestingly, the combination of both exchanges further improved the
intrinsic NS2 protease activity (Fig. 19). This effect appears to be additive in the case BK
(gt.1b) and synergistic in the case of JFH1 (gt.2a) (Fig. 19).

Side-by-side analysis of these two NS2 exchanges in two different HCV genotypes confirmed
that the ability to stimulate NS2 protease activity in absence of the NS3 cofactor (i) is
conserved in different HCV genotypes and (ii) is independent of genotype-specific increases
in Flag-NS2-APIT-GST/JFH1 cleavage (gt.2a) compared to Flag-NS2-APIT-GST/BK
cleavage (gt.1b) (Fig. 19). These observations not only highlight the functional importance of
these findings, but are also imply that the stimulatory NS2 exchanges F103A and L144l
influence NS2 protease function and/or protein folding in a conserved fashion. The observed
genotype-specific differences in Flag-NS2-APIT-GST cleavage efficiencies could either be
due to more efficient translation of the Flag-NS2-APIT-GST/JFH1 reporter construct or
indicate that the Flag-NS2-APIT-GST/JFH1 precursor protein folds more efficiently into its
active conformation. An attractive hypothesis for intrinsic NS2 protease stimulation by NS2
exchanges F103A and L144l in the Flag-NS2-APIT-GST context would be that the effects of
these mutations mimic the molecular events of NS2 protease stimulation by NS3 and thus
provide mechanistic insights into this process. Mechanistically, NS2 protease stimulation by
the NS3 cofactor could involve optimization of the active site geometry by compensating for
the modulatory influence of the NS3 protease domain and/or an improved positioning of the

NS2-NS3 cleavage site relative to the nucleophilic active site cysteine.

An important finding emerging from the F103 and L144 permutation experiments is that both
positions may stimulate intrinsic NS2 protease activity possibly by different mechanisms (Fig.
17 and Fig. 18). This hypothesis is based on the observation that a very wide range of F103
exchanges either did not affect intrinsic NS2 protease activity or resulted in an increase (Fig.
18). In the case of L144 permutations, however, only a leucine-to-isoleucine exchange
massively increased Flag-NS2-APIT-GST cleavage while several other mutations reduced

cleavage activity (Fig. 17). Consistent with the striking differences in amino acid
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requirements at NS2 positions 103 and 144 to stimulate intrinsic NS2 protease activity in the
absence of NS3 (Fig. 17 and Fig. 18), leucine is conserved at L144-equivalent positions in
several mammalian hepaciviral NS2 sequences, whereas a wide range of amino acids is
found at the positions equivalent to HCV F103 (Fig. 18C). These differences in their
conservation strengthen the hypothesis that the identified stimulatory NS2 determinants may

use different modes to stimulate NS2 protease activity.

The observation that only isoleucine (and to a lesser extent valine) at position 144 is able to
stimulate intrinsic NS2 protease activity (Fig. 17) beyond the WT level suggests that
isoleucine may adopt an orientation adjacent to the neighboring catalytic histidine 143 that
may optimize its positioning with respect to the other two catalytic residues of the NS2
protease active site (E163 and C184). In support of this hypothesis, H143 makes many
hydrogen bond contacts relative to C184 (Lorenz et al., 2006) and therefore the NS2
protease may benefit from the L1441 exchange to create an optimized active site by
enhancing essential hydrogen bond formation. The importance of these hydrogen bond
contacts is emphasized by the observation that an H143A but not a C184A mutation in the
active site results in a global loss of NS2 secondary structure properties (Foster et al., 2010).
Moreover, the strict conservation of leucine at NS2 position 144 in different HCV genotypes
or at an equivalent position in mammalian hepaciviruses (Fig. 17 and Fig. 18C) argues for a
central role of this leucine adjacent to the active site histidine in the process of NS3-mediated
NS2 protease stimulation. This assumption was supported by leucine-to-isoleucine
exchanges at HCV NS2 L144-equivalent positions in NS2 proteins from either distantly
(RHV; rodents) or closely related (NPHV; horses) hepaciviruses: both enhanced the intrinsic
NS2 protease activities of these NS2 proteases relative to their respective WT protein (Fig.
21).

The observed increase in the intrinsic protease activity by NS2 F103A and other F103
permutations (Fig. 18) could be the result of changes in the local protein folding that lead to a
stimulation of the NS2 activity by optimizing interactions near the composite active site.
Alternatively, these permutations could allow a better accommodation of the NS2 C-terminus
in the context of NS2-APIT construct. Taken together, it appears that the stimulatory NS2
determinants F103A and L1441 might use distinct functional modes that may cooperate in

stimulating the intrinsic protease activity of NS2 in absence of NS3.

As mentioned above, F103A and L144l might also exert their stimulatory influence on
intrinsic NS2 protease activity by compensating for the postulated inhibitory influence of N-
terminal amino acids of NS3 (e.g. NS3 APIT) (Boukadida et al., 2018). However, the
observation that the F103A/L1441 combination in particular retains its ability to stimulate the

intrinsic NS2 protease activity not only in the presence (NS2-APIT) but also in the absence
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(NS2-4GS) of inhibitory NS3 amino acids (Fig. 19 and Fig. 20) suggests that the beneficial
effect of these mutations is mediated mainly within NS2 and not via diminishing the negative

effect of the NS3 APIT sequence on intrinsic NS2 protease activity.

In the HCV polyprotein context the NS3 protease domain was shown to mediate a
stimulatory effect on NS2-NS3 cleavage with a critical role of NS3 surface residues (Isken et
al.,, 2015), a functional feature shared among mammalian hepaciviruses (Boukadida et al.,
2018). In theory, the stimulatory NS2 determinants could function in concert with the NS3
surface patch to further increase NS2-NS3 cleavage. However, the functional analysis of the
NS2 exchanges in a NS2-NS5B replicon system revealed that the double mutant
F103A/L144l reduced NS2-NS3 cleavage relative to WT, or single mutants F103A and L144I
(Fig. 22B and C) and attenuated RNA replication in a bicistronic NS2-3’/JFH1 replicon (Fig.
22D). These results suggest that the stimulatory NS2 mutations mainly act on the intrinsic
NS2 protease activity, most likely by optimizing NS2 protease geometry, possibly in a mode
similar to the NS3 protease domain. The latter hypothesis is supported by the finding that the
two mutations interfere with NS2 protease activation by the NS3 cofactor (Fig. 22). Possibly
F103A and L1441 address the same interaction partners in NS2 which in the wildtype
situation are stimulated by NS3. However, this model awaits final proof by crystallographic

analyses.

6.2.2 Optimal surface interactions between NS2 and NS3 are required to

promote NS2 protease stimulation and efficient NS2-NS3 cleavage

The observation that NS2-NS3 cleavage efficiency is attenuated compared to WT when the
NS2 F103A/L1441 exchanges are introduced into the NS2-NS5B polyprotein context
suggests that NS3-mediated NS2 protease stimulation is negatively affected by these NS2
exchanges (Fig. 22). One explanation is that the ability of the stimulatory hydrophobic NS3
surface patch to interact with the mutant NS2 surface residues F103A and L144l is reduced,
supporting the hypothesis that the NS2 determinants F103 and L144 may play a role during
NS3-mediated NS2 protease stimulation in the uncleaved NS2-NS3 precursor protein.

Accordingly, specific interactions between NS2 and NS3 protease domain surfaces are
assumed to be important for NS3-mediated NS2 protease stimulation. Experimental support
for this hypothesis comes from the work by Boukadida and coworkers, showing that the NS3
protease domains of some hepaciviruses are able to activate the HCV NS2 protease in
chimeric NS2-NS3 precursors and that this heterologous stimulation is dependent on the
nature of specific residues within heterologous NS3 surface patch sequences (Boukadida et
al., 2018). Especially, a substantial gain-of-function of the NS3gnv protease domain as HCV
NS2 stimulating cofactor was achieved by the creation of a more HCV-like NS3 surface
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patch via converting E116 to proline, as found at equivalent NS3 position 115 in HCV and
NPHV (Boukadida et al., 2018). In the present work, an analogous analysis of different amino
acid pairs residing on the NS2 and NS3 protease domain surfaces were investigated in the
context of a NS2;rH1-NS3grv chimeric precursor. Here, it was possible to reproduce the
impressive positive effect of mutation E116P in the NS3gny protease domain on NS2jem1
protease stimulation (compare Fig. 23 with Boukadida et al., 2018). Most importantly, the
increased activation potential of the NS3gny E116P mutant was lost when residue F103 in
the NS2;:11 protease domain was replaced by arginine (Fig. 23, F103R / E116P), mimicking
the situation of the GHV NS2 protease. These data demonstrate that residue 103 in NS2 and
115 or in NS3 (both positions refer to HCV) are absolutely critical for NS3 dependent
activation of the NS2 protease. This loss of response to activation of NS2 mutant F103R
would even be consistent with a working model in which NS2 residue 103 receives the
activation signal from NS3 residue 115. Within a fully HCV JFH1-derived NS2-NS3
precursor, the NS2 exchange F103R allowed efficient NS2-NS3 cleavage compared to the
native HCV-specific situation (F103 / P115), whereas an F103R/P115E exchange resulted in
only a very moderate increase of NS2-NS3 cleavage compared to the very weak cleavage
detected with the F103/P115E variant (Fig. 24). This allows the assumption that electrostatic
interactions at the HCV interface are not essential for efficient NS2 protease stimulation.
Taken together, these experiments suggest that in addition to NS2 F103 and L144 further
NS2 determinants are involved in the surface interaction with the NS3 surface patch to
promote NS3 mediated NS2 protease activation. Still, structural data will be required to finally

clarify the mechanism of NS2 protease activation by its NS3 cofactor.
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6.3 Outlook

The experimentally determined membrane topology of BVDV NS2 obtained in the first part of
this work will allow topology-guided identification of potential protein-protein interactions of
the N-terminal MBD that are likely to be relevant to virion morphogenesis. Interestingly, the
differences of the membrane topology of BVDV NS2 compared to HCV NS2 (larger luminal
N-terminal sequence and longer TM1-2 sequence) argue for the existence of pestivirus-
specific interactions. The established fully functional tagged NS2 represents an ideal tool to
study these interactions. Moreover, the fine mapping of the minimal active NS2 protease
domain, and thus the identification of a functional NS2 protease moiety with reduced
hydrophobicity will support future structural studies of the pestiviral NS2 protease domain.
However, the need for membrane association via at least one TM to maintain detectable
protease activity has to be kept in mind for future structure elucidation approaches. The HCV
NS2 protease domain also requires membrane association, mainly mediated by the N-
terminal membrane domain of NS2 but also by determinants independent of this region
(Jirasko et al., 2010; Lange et al., 2014; Lorenz et al., 2006). One of these determinants is an
N-terminal helix-turn-helix motif (Fig. 26A; Lange et al., 2014). Sequence and structural
alignment of the C-terminal cytoplasmic domain of several pestivirus strains proposes the
presence of several putative helical elements in its N-terminal portion (Fig. 26B), which might
suggest that these also harbor determinants for membrane association. These potential
membrane-association determinants could be mutated in a way to decrease their
hydrophobicity while still retaining their structural integrity and NS2 protease activity. Another
approach to identify an active NS2 protease domain deprived of the entire MBD might be to
switch to a more efficient NS2 protease. As observed, CP7 NS2, which contains a 9 aa
insertion that renders this protease protein DNAJC14/Jiv-independent with regard to NS2-3
cleavage, still benefits from the presence of the NS2 protease cofactor Jiv90 in SK6-KO-
GSTJiva0 cells (Fig. 13). Along these lines, it is worth mentioning that NS2 of the BVDV-1
strain NADL naturally encompasses a Jiv90 insertion. Accordingly this NS2 variant could
present an even more active NS2 protease and could support the identification of a

functional NS2 protease without the transmembrane region.
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Fig. 26: Multiple protein sequence and structure alignments of the C-terminal cytoplasmic domains of
NS2 of various Hepacivirus strains (A) and Pestivirus strains (B) using PROMALS3D webserver. The
numbering of the analyzed amino acid sequences is in relation to the respective total NS2 protein. Predictions of
secondary structure elements are indicated as red (a-helix) or blue (B-sheet) letters in the respective sequences
or as “h” or “e”, respectively, in secondary structure consensus (Consensus_ss). For details concerning sequence
consensus (Consensus_aa) and Conservation see PROMALS3D documentation. The described helices of the
helix-turn-helix motif mediating membrane association of HCV NS2 (Lange et al., 2014) are marked as green
boxes (A).
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The HCV NS2 surface determinants F103 and L144 identified and characterized in the
second part of this work provide an exciting basis for further dissection of the molecular
mechanism of NS3-mediated activation of the HCV NS2 protease. The suggested structural
mimicries by the mutations F103A and L144] may represent the transition state of the NS2
protease domain during activation by its cofactor NS3. Accordingly, a crystal structure of
these mutants would provide interesting further insights into molecular details of the process
of NS2 protease activation and NS2-NS3 cleavage which is critical for the HCV life cycle.
Moreover, further experimental consolidation of the hypothesized NS2-NS3 surface
interactions should be the goal of future investigations. Furthermore, direct evidence for the
interaction of these surface determinants with each other or with additional interaction
partners of the respective opposite protein surface could further strengthen this theory. Since
it can be assumed that these interactions are very short-lived, a method should be applied
that can resolve these temporally existing contacts. Here, the so-called bio-orthogonal
labeling would be an ideal approach, where photo-activatable non-canonical amino acids
inserted at defined positions in the investigated protein by alternative usage of amber stop
codons can be used to identify protein-protein interaction by photo-crosslinks coupled to

subsequent mass-spectrometry analysis (Chin, 2017; He et al., 2017).

The insights obtained in this work expand the knowledge of NS2 proteins of the closely
related pestiviruses and hepaciviruses and will help future studies to understand complex

functions of NS2 in the life cycle of these viruses.
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Fig. S 1: Analysis of PEGylation of H-F-NS2(1-200-SUMO CS derivatives after treatment with Digitonin
(accessibility for PEG-Mal modification after selective PM permeabilization). Protein samples were
separated by SDS-PAGE followed by western blot analyses using an aHA primary antibody. The cysteine-free
NS2 derivative and the SUMO-G98C variant served as negative or positive control, respectively. Mock refers to
cell lysates without transfected plasmid DNA. Positions of the PEGylated (H-F-NS2(1-200-SUMO + PEG) and the
unmodified (H-F-NS2(1-200-SUMO) protein products are indicated on the right. The detection of BiP/GRP78 served
as loading control. The molecular mass standards in kilodalton (kDa) are given on the left.
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