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Introduction

1. Introduction

1.1 The Family Arenaviridae

The International Committee on Taxonomy of Viruses (ICTV) recognizes at present four
genera within the family Arenaviridae: Mammarenavirus, Reptarenavirus, Hartmanvirus
and Antennavirus [1-3]. Currently, the Mammarenavirus genus includes 39 species.
These are further divided into two subgroups, the Old World (OW) arenaviruses and the
New World (NW) arenaviruses, based on their geographic distribution, as well as their
antigenic and genetic relationships (Fig 1) [4-6]. The NW arenaviruses are further
subdivided into four clades, with clade B containing all known highly pathogenic NW

arenaviruses (Fig 1).
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persistent infection of their rodent reservoir hosts, whose restricted geographic ranges
define the endemic regions of the corresponding viruses [8]. The OW arenavirus lineage
includes only viruses found on the African or Eurasian continents, with the exception of
the prototype OW arenavirus Lymphocytic choriomeningitis virus (LCMV), which

circulates globally due to the broad dissemination of its host Mus musculus [9]. OW
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arenaviruses endemic to West Africa, such as the highly pathogenic Lassa virus (LASV)
or the apathogenic Mobala and Mopeia viruses, which are endemic to Mozambique and
Zimbabwe, share Mastomys natalensis as their primary host reservoir (Fig 2) [10-13].
Interestingly, recently described Asian mammarenaviruses, such as the Wénzhou virus,
appear to circulate in both rat and shrew species [14-16].

Lymphocytic Choriomeningitis Virus

Bear Canyon Virus
Big Brushy Tank Virus
Catarina Virus
Skinner Tank Virus
Tamiami Virus

Tonto Creek Virus
Whitewater Arroyo Virus

Wénzhou Virus

~—_ Pirital Virus
'\\»lt @

) ) A Tacaribe Vi . )
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Pichindé Virus: e S AW y i
AT Iz J ‘ N Je 0
Lassa|Virus "\ { Gairo Virus ) (W 2RO
A Lo M Vi e
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Luna Vius / \
Lunk Virus

Chapare Virus Gbagroube Virus |
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in Vi Cupixi Vi : s
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New World mammarenaviruses Old World mammarenaviruses

Figure 2. Geographical distribution of mammarenaviruses. New World arenaviruses (green) occur in the
Americas, while the Old World arenaviruses (blue) are found on the African and Eurasian continents, with
the exception of Lymphocytic choriomeningitis virus, which has a worldwide distribution. Viruses that are
highly pathogenic for humans are highlighted in red.

In contrast, NW arenaviruses are only found in the Americas (Fig 2) [17]. Major reservoir
hosts for these viruses are the Sigmodontinae subfamily of rodents, including members
of the genera Calomys, Sigmodon, Neotomys, Necromys, Oryzomys and Neacomys [18].
A possible exception is the Tacaribe virus (TCRV), which was originally isolated from
Jamaican fruit bats (Artibeus jamaicensis) and great fruit-eating bats (Artibeus lituratus),

with no rodent host described yet [19, 20].

In contrast to the relatively benign persistent infections that arenaviruses cause in their
reservoir hosts, infection with some of these viruses can lead to the development of
significant disease in humans, including hemorrhagic fever (HF) and neurological
symptoms. In West Africa, LASV causes an estimated 300,000 to 500,000 seasonal
infections per year (Fig 2), resulting in 3000 to 5000 deaths [21]. In addition, one-third
of convalescent patients develop sensory deafness [22], which is a great economic

burden since those affected can no longer work [23, 24]. Another highly pathogenic

2
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African OW arenavirus, Lujo virus, was recently discovered in Zimbabwe (Fig 2), with
four out of five patients succumbing to the disease [25]. However, OW arenaviruses are
also a public health threat outside of Africa. Infections with the globally occurring OW
species LCMV are particularly dangerous for both immunocompromised and pregnant
individuals. While infections with LCMV in the first trimester of pregnancy increase the
risk of spontaneous abortion, infections in the second and third trimesters lead to
congenital defects [26, 27]. In immunocompromised patients, LCMV infection presents
with clinical symptoms similar to those of HF and can lead to fatal multiorgan failure
following transmission of LCMV during organ transplantation [26-30]. Similarly,
Dandenong virus, which is believed to circulate in states of the former Yugoslavia (Fig
2), was responsible for three deaths in Australia following organ transplantation from

an infected donor [31].

Among the NW arenaviruses, all HF causing viruses belong to clade B and are restricted
to the South American continent (Fig 1). Among these viruses, Junin virus (JUNV) has to
date caused the greatest burden on public health due to annual infections mainly
affecting agricultural workers [22]. Previously, there were up to 3500 annual cases of
JUNV infection in Argentina; however, the introduction of a vaccination program has
reduced this to 30-50 cases each year [32, 33]. For the closely related Machupo virus
(MACV), approximately 200 clinical cases from multiple outbreaks in Bolivia were
reported between 2007 and 2008 [34]. This represents a dramatic increase, as no cases
had been recorded since the first outbreak in 1963. [35]. In Bolivia, Chapare virus was
recently identified as the causative agent of HF in six confirmed cases during two
outbreaks in 2003 and 2019, with one infected person dying in 2003 as well as three
infected persons in 2019 [36, 37]. Similarly, since its discovery in 1989, a total of 618
cases of Guanarito virus (GTOV) infection have been documented in Venezuela [38].
Finally, Sabia virus (SABV) was identified as the causative agent of three fatal infections
in Brazil between 1990 and 2020 [39, 40]. Despite being caused by different viruses,
these infections lead to similar diseases, with comparable case fatality rates (CFR), in

human patients.
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1.2  Juninvirus

1.2.1 Epidemiology

The rodent species C. musculinus represents the main reservoir of JUNV; however, the
virus has also been isolated from other Calomys species, as well as Akodon azarae,
Bolomys obscurus and even the predatory carnivore Galictis cuja [41, 42]. The natural
habitats of these reservoir species extend across important rural agricultural regions of
central and northwestern Argentina, that include the endemic region for JUNV [43]. The
first recognized outbreak of JUNV infection occurred in 1958 in the northern part of
Buenos Aires province. Since then, the endemic area has expanded to a size of more
than 150,000 km? and covers parts of the provinces of Santa Fe, Cérdoba and Buenos
Aires, including cities such as Rosario (Santa Fe), which alone has almost 2 million
inhabitants. The ongoing intensification of agriculture in central Argentina represents
one of the accelerating factors for the growth of the JUNV endemic area by creating
additional suitable habitats for reservoir host species [44, 45]. Correspondingly, farm
workers represent the highest-risk population for JUNV infection, with resulting disease
outbreaks showing a seasonal pattern associated with the harvesting period between
March and June [32, 46, 47]. Zoonotic transmission of JUNV to humans occurs due to
direct contact of skin lesions with infectious material such as urine, feces, and saliva
from persistently infected animals, or as a result of exposure to infectious aerosols, for
instance during the harvesting process. Interestingly, few known cases of human-to-
human transmission of a JUNV infection have been reported, and these appear to

require direct contact with blood and other body fluids [48].

1.2.2 Clinical Presentation and Diagnosis

Infection with JUNV can cause Argentine hemorrhagic fever (AHF) in human patients
which poses a major public health concern in the affected region. Approximately 80 %
of JUNV infections are symptomatic. The clinical course of the disease can be divided
into three phases [49]. During the first week post-infection (prodromal phase) patients
present with nonspecific symptoms of infection, including fever (38-39°C), myalgia,
anorexia, severe headache and muscle pain [49]. Early clinical manifestations that are
more specific for JUNV infection are the absence of upper respiratory symptoms, oral

enanthems, signs of petechiae on the upper chest and arms, conjunctival congestion,

4
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and proteinuria [50]. As the disease advances to the neurologic-hemorrhagic phase, 20-
30 % of patients experience severe symptoms such as mucosal hemorrhage in the
pharyngeal, vaginal, and gastrointestinal tracts, and/or neurologic manifestations (e.g.,
tremors, seizures and shock) [49]. Hematologic abnormalities such as leukopenia and
thrombocytopenia can be observed during this phase of the disease. Left untreated,
these symptoms may lead to loss of consciousness/coma and/or multi-organ failure,
which leads to a CFR of between 15-30 % in untreated AHF cases [46, 51]. Surviving
patients usually require a period of 1-3 months for complete recovery (convalescence
phase) [49]. Complaints such as asthenia, irritability, memory impairment and hair loss

are commonly associated with this stage of the disease.

Laboratory results are needed to complement the patient's history and clinical
examination in the diagnosis of the viral infection, since early disease manifestations are
nonspecific and can be mistaken for several other acute febrile diseases. Importantly,
an early diagnosis of JUNV infection is particularly important as it is key for allowing
effective treatment [52]. Real-time reverse transcription polymerase chain reaction
(PCR) based detection of viral genomic material is used as the standard method for early
and reliable laboratory diagnosis [53, 54]. In contrast, enzyme-linked immunosorbent
assay (ELISA) tests are mainly used for research and surveillance in the natural host and
retrospective diagnosis/follow-up of reported cases because of their high sensitivity of
detection with appropriate specificity [55]. Indirect immunofluorescence antibody tests
and neutralization tests also exist, but can only be used late in infection following

seroconversion [56, 57].

1.2.3 Treatment and Vaccination

Since the late 1950s, treatment for AHF has consisted of the transfusion of immune
plasma derived from patients who have recovered from the disease and which possess
JUNV-neutralizing antibodies [49]. To date, this is the only method shown to be effective
in preventing the progression of AHF in humans which can reduce the CFR to 1-2 % if
treatment is started within 8 days of the onset of symptoms [46, 58]. Despite its
effectiveness in preventing death, following a period with no clinical signs, 10 % of
treated individuals develop febrile symptoms, cerebellar signs and cranial nerve palsies

[59, 60]. These secondary events have been termed late neurologic syndrome (LNS) [61].
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The origin of LNS in these patients remains unknown [49], however, it indicates the

necessity to develop alternative therapies.

In an effort to expand the available therapeutic options, treatment of patients with a
delayed AHF diagnosis (i.e. >8d after onset of disease) using the nucleoside analogue
ribavirin has also been investigated. However, while it showed rapid clearance of
viremia following drug administration and a prolonged time to death, the CFR was not
significantly reduced [49]. More recently, another nucleoside analogue T-705
(favipiravir) has shown antiviral activity [62], as well as the ability to potentiate the
antiviral activity of ribavirin during combination treatments in guinea pigs infected with
JUNV [63]. In January 2020, this drug combination was successfully used for the first
time in a woman in Belgium who was hospitalized with severe AHF symptoms after
traveling to Argentina [64]. After 50 days of hospitalization, the patient was discharged

and developed no sequelae during her recovery [64].

The development of a safe and effective vaccine has also been a critical part of the
success of the AHF control strategy in Argentina, and has especially focused on
protecting high-risk groups (i.e. agricultural workers). Early efforts to develop an
inactivated vaccine using different inactivation methods (e.g., photoinactivation or
formalin inactivation) failed to provide protection already in preclinical studies using the
guinea pig model [65], emphasizing the importance of also inducing a cellular immune
response against JUNV [66]. Consequently, further approaches focused on producing an
attenuated live vaccine by serial passage of the highly pathogenic JUNV XJ strain in
guinea pigs, mouse brains, and fetal rhesus lung (FRhL) cells. Subsequent experiments
in animal models showed attenuation in guinea pigs after passage in mouse brains and
additional attenuation in mice after further passage and clonal selection in FRhL cells
[67]. Clinical trials with the resulting attenuated strain, which became later known as
the vaccine Candid#1, confirmed both its safety and immunogenicity in humans. Large-
scale use in high-risk individuals has since demonstrated its high efficacy, leading to
reduction in infections among vaccinated populations of approximately 95 % [46].
Consequently, the number of annual cases has dropped from an average of 300-1000
[33] to 30-50 [49, 52, 65] registered cases per year. As of 2007, the Candid#1 vaccine

has been included in the national vaccination schedule in the AHF endemic region [68].
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1.3  Arenavirus Molecular Biology

1.3.1 Genome Organization and Structure of the Viral Particle

Arenaviruses have a bipartite RNA genome of negative polarity [69, 70]. The small (S)
segment has a size of approximately ~3.4 kb; whereas the large (L) segment is ~7.2 kb
long, although the exact length of both RNA segments varies slightly between different
arenavirus species [69]. Each genome segment consists of two ambisense oriented, non-
overlapping open reading frames (ORFs), each encoding for one viral protein [71]. The L
segment encodes the matrix protein (Z) in sense (5’-3’) and the RNA-dependent RNA
polymerase (L) in antisense (3’-5’) orientation, while the S segment encodes the
glycoprotein precursor (GP-C) in sense and the nucleoprotein (NP) ORF in antisense
orientation. Non-coding RNA sequence elements between the ORFs fold into one or
more energetically stable hairpin structures that serve as an important structure-
dependent termination signal for viral transcription [72-75]. In addition, untranslated
regions (UTRs) at the end of the genome mediate interaction of the viral genome with

the viral polymerase (Fig 3) [76-79].

L RNA (~7.2 kb)
IGR

UTR | | UTR
L-segment 54z & L | g3

S RNA (~3.4 kb)
IGR

UTR l [ UTR
S-segment 5' 3

Figure 3. Arenavirus particle structure and genome organization. Arenavirus virions are composed of a
host cell-derived membrane containing the mature trimeric viral glycoprotein, with consists of the
exposed glycoprotein 1 (GP1) and glycoprotein 2 (GP2) subunits as well as a transmembrane-bound stable
signal peptide (SSP). On the inside of the particle, the viral envelope is coated with the viral matrix protein
(Z). The viral genome segments L and S are bound by the nucleoprotein (NP) and the viral polymerase (L),
which are present as a ribonucleoprotein complex. Framed by untranslated regions (UTR) at the 5' and 3'
ends, each RNA genome segment encodes two viral proteins, with ORFs arranged in an ambisense
orientation and separated by an intergenic region (IGR). The L segment encodes the viral polymerase L
(orange) and the matrix protein Z (gray), while the nucleoprotein (green) and glycoprotein precursor GP-
C (red) are encoded by the S segment. Created with BioRender.

Virion Membrane

Arenavirus particles range in diameter from 40 to over 200 nm exhibiting a spherical to

pleomorphic shape [1]. Inside the virions, the two viral genome segments L and S can
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be found. These are encapsidated by NP, with each monomer binding 6-7 nucleotides
of the viral RNA genome [80-82], and form, together with L bound to the genome
termini, a pseudo circularized ribonucleoprotein complex (RNP) [69]. In order to protect
the viral genome, the virions also consist of a host cell-derived lipid envelope coated on
the inside with the matrix protein Z, while trimeric complexes of mature GP are
embedded in the membrane [83, 84]. These GP complexes consist of the membrane-
bound subunit (GP1), the transmembrane subunit (GP2), and the stable signal peptide
(SSP), which is non-covalently bound to GP2 via a zinc-binding domain in the cytoplasmic
part of GP2 [85, 86]. In addition, a variable number of ribosomes can be also found in
the viral particle, although the functional relevance of their incorporation is unknown

(Fig 3) [87, 88].

1.3.2 Virus Replication Cycle

Attachment of the virion to a host cell surface receptor represents the initial step of the
viral replication cycle (Fig 4, step 1). Individual OW and NW subgroups differ in terms of
their selective exploitation of surface receptors, affecting both their viral pathogenicity
and tropism. For OW species, neurophin (NRP)-2 receptor (LUJV) and a-dystroglycan
(LASV and LCMV) have been described as the primary receptors [89-93]. In contrast, viral
species such as JUNV, MACV, GTOV, and SABV that belong to the clade B NW arenavirus
subgroup primarily use transferrin receptor-1 for entry (TfR1) [94-96]. While highly
pathogenic NW arenavirus species can efficiently use human TfR1 for infection, low
pathogenic species are restricted to the use of their animal host's TfR1 [97, 98]. Further,
voltage-gated calcium channels were recently shown to acts as receptors for the
internalization of both pathogenic and apathogenic NW arenavirus species [99].
Recognition and binding of these specific surface receptors occurs through attachment
of the membrane-distal GP1 subunit. Mechanistic differences appear in the subsequent
cellular uptake of the viral particle (Fig 4, step 2). OW arenaviruses undergo a clathrin-
and dynamin-independent internalization process, likely an wunusual form of
macropinocytosis involving components of the endosomal sorting complex required for
transport (ESCRT)-mediated sorting pathway [100-102]. In contrast, Trfl receptor-
mediated entry by viruses of the NW group occurs in a clathrin-dependent manner
[102]. During infection with both OW and NW, membrane fusion is facilitated via the

membrane-bound class | fusion protein subunit GP2 (Fig 4, step 3), with acidification of
8
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the endosome (pH<5.0) triggering a conformational change in GP2 that leads to fusion
of the viral and endosomal membranes and release of the RNP into the cytoplasm [101,
103, 104]. Interestingly, for OW arenaviruses efficient fusion also depends on a switch
in GP1 receptor binding in the endosome to either lysosomal-associated membrane

protein 1 (LAMP1, LASV) or CD63 (LUJV) under low pH conditions [89, 105].
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Figure 4. Schematic of the arenavirus replication cycle. The viral replication cycle starts with the binding
of the virus to its specific surface receptor through the GP1 subunit of the glycoprotein (1). This interaction
then induces endocytic viral particle uptake (2). Endosomal acidification leads to GP2-mediated fusion of
the viral and endosomal membranes and release of viral ribonucleoprotein complexes (RNPs) into the
cytoplasm (3). Upon release of the viral genomic RNA segments into the cytoplasm, primary transcription
occurs using L and NP that are already bound to the RNA genome. Thereby, the antisense ORFs encoded
on the L and S segment viral RNA (VRNA) are transcribed into mRNAs coding for NP and L. The increasing
concentration of NP leads to the formation of inclusion bodies in the cytoplasm, in which secondary
transcription and replication take place using newly synthesized nucleoprotein (NP) and the viral
polymerase L. During secondary transcription, in addition to the mRNAs encoded by the genomic RNA for
NP and L, the viral matrix protein Z and glycoprotein precursor GP-C mRNAs are also transcribed from the
antigenomic complementary RNA (cRNA) (4). The resulting viral mRNA is then translated by the host
ribosomes (5). Besides the newly synthesized NP and L, the viral matrix protein Z also localizes to inclusion
bodies, where Z inhibits viral RNA synthesis and facilitates the transport of the RNPs to the budding sites
in order to interact with components of the endosomal sorting complex to initiate the viral budding. In
contrast, the glycoprotein precursor (GP-C) is co-translationally translocated into the endoplasmic
reticulum (ER) where it matures via the ER/Golgi network into mature trimeric complexes, which are
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incorporated into the cell membrane at budding sites. Assembly of the virion is regulated by Z which also
drives the budding of new virions (6). Created with BioRender.

Upon fusion, the viral RNP complexes are released into the cytoplasm, and
approximately 1 h after infection, primary transcription of the genomic RNA can be
observed [83, 106]. Given the antisense orientation of the ORFs for L and NP (on the L
and S segments, respectively) primary transcription results in the production of L and
NP mRNAs [69, 106, 107]. Both L and NP represent the minimum requirements for viral
transcription and replication and are necessary in high amounts for efficient viral RNA
synthesis [108-110]. While primary transcription initially occurs in the cytoplasm, the
increasing concentration of NP leads to the formation of replication compartments
(called inclusion bodies) in the cytoplasm, which are the sites of secondary transcription
and replication [83, 111] (Fig 4, step 4). In contrast to primary transcription, which is
driven by NP and L already bound to the viral genome segments released from the virion,
secondary transcription and replication relies on NP and L that has been newly
synthesized in the infected cell [69, 107]. Besides transcription of NP and L mRNAs,
secondary transcription also results in the production of Z and GP-C mRNA from
replicated cRNA [83, 106]. In general, the viral transcription of mRNAs is initiated by
using short capped RNA primers that are cleaved from host cell RNA by a cap-snatching
mechanism, presumably facilitated by the endonuclease domain of L [112-117]. In
contrast, initiation of viral genome replication is based on a de novo prime-realign
mechanism with short dinucleotides serving as the primers for L [79, 118, 119]. Overall
this ambisense coding strategy of the arenavirus genome results in temporal separation
of gene expression into early genes i.e., L and NP, associated with viral RNA synthesis,
and late genes, i.e., Z and GP-C, involved in terminating RNA synthesis, and facilitating

maturation and budding [120].

Consistent with these functions, following translation (Fig 4, step 5) both full-length NP
and L are localized to inclusion bodies, while the matrix protein Z is mostly recruited to
the budding site at the cell membrane, although a small fraction of Z is also found in
inclusion bodies [121-123]. With increasing amounts of Z, viral RNA synthesis is arrested
due to binding of L by the Z RING domain at the RNA product exit site, which locks the

polymerase in an inactive state [124-127]. Inactivation of viral RNA synthesis by Z marks
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the transition from viral transcription and replication to transport of RNP segments to

the budding site, which is the main function of Z during the viral replication cycle [109].

In contrast to the other viral proteins, GP-C is co-translationally translocated into the
endoplasmic reticulum (ER), where it is cleaved by signal peptidases and undergoes N-
linked glycosylation [128] (Fig 4). Furthermore, cleaved GP matures to GP1 and GP2 via
additional proteolytic cleavage by subtilisin-kexin isoenzyme 1/site 1 protease (SKI-
1/S1P) during transport through the Golgi network [129, 130]. Mature GP complexes are
subsequently transported to budding sites at the cell membrane mediated by the SSP
subunit [131-133]. Once the Z:RNP complex transported by the cellular ESCRT machinery
reaches the budding site, interactions between the membrane-anchored glycoprotein
complex and myristoylated Z [134, 135] results in the formation and release of new

virions [123, 131, 136] (Fig 4, step 6).

During the viral replication cycle it is key that RNA species generated during viral RNA
synthesis are shielded to prevent the induction of the host innate immune response. In
particular, the control of type | interferon (IFN-I) (e.g. IFNa and IFNB) induction is critical
to prevent the expression of interferon stimulated genes (ISGs), which are important
mediators of the host antiviral defense [137]. In virus-infected cells, RNA-specific
pattern recognition receptors (PRR), such as toll-like receptors (TLR), retinoic acid-
inducible gene | (RIG-1) like receptors (RLR) represent important initial mediators for
activation of the IFN | induction pathway [138]. Importantly, the NPs of LCMV and LASV
(OW), as well as JUNV, MACV and Pichindé virus (PICV) (NW), have all been described to
act as IFN-I antagonists. Furthermore, the induction of apoptosis in response to viral
infection, can have significant pro- or anti-viral effects on virus infection [139]. The NP
of JUNV has been suggested to be an inhibitor of apoptosis induction, by serving as an
alternative substrate for activated caspases to inhibit full caspase-3 activation [140].
However, many details of this association of NP with apoptosis and the implications of

this function for the viral replication cycle remain unclear.

1.4  Structure and Functions of the Arenavirus Nucleoprotein
The NP is the most abundant arenaviral protein in both infected cells and virions and
has a molecular mass of between 60-65 kD, depending on the specific virus [141]. Based

on the available crystal structures, NP consists of two domains connected via a flexible
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26-30 amino acid linker region [80, 142]. In addition to a 3'-5' exonuclease function
specific for the degradation of double strand RNA (dsRNA), which plays a role in viral
defense against the innate immune response, the C-terminus contains further accessory
functions relevant for various aspects of viral replication cycle. In contrast, the N-
terminal domain encodes key motifs relevant for interaction with the viral genomic

segments and thus for viral RNA synthesis (Fig 5) [108, 143-145].

Inhibition of IFN type | and NFkB Induction

Interaction with IKKe

NP-NP Oligomerization Interaction with Z
RNA Binding Interaction with L
1 326 340 564
AL GxLxLxh DExDxDh CHXCC ggeslely
Coiled Coil 3'-5' Zinc Finger
Motif Exonuclease Motif
Motif

Figure 5. Structure and associated functions of the arenavirus nucleoprotein (NP). Schematic overview
of the domain structure of NP showing regions associated with its different functions. The protein consists
of two distinct domains, i.e. the N-terminal domain and the C-terminal domain, connected by a short
linker region. The N-terminal domain is relevant for NP oligomerization via a coil-coiled motif and contains
the sites responsible for RNA binding. The C-terminal domain is important for binding to the viral
polymerase L during RNA synthesis, as well as for binding of the matrix protein Z during virion assembly.
In addition, the C-terminal domain is associated with interactions relevant for the inhibition of interferon
(IFN) induction and NFkB pathway activation. IFN inhibition is associated with binding of IKKe by NP, as
well as the activity of its 3'-5' exonuclease domain.

In infected cells, full-length NP is bound in an oligomerized form to viral genomic RNA
by a deep basic crevice localized within the N-terminus [146] consisting of an
enrichment of typical RNA binding amino acids such as arginine, methionine, histidine,
and lysine residues [147, 148]. When not bound to viral genomic RNA, full-length NP
forms homo-oligomers, each consisting of three monomers [142] in a symmetrical head-
tail arrangement [146]. This arrangement represents a "closed" conformation that
presumably acts as a form of storage to prevent nonspecific encapsidation of non-viral
RNA by newly translated NP [149]. Based on these structural data, a model has been
proposed where these NP trimers are disrupted by an unknown trigger, that allows
binding of nascent genomic RNA leading to assembly of new RNPs [146]. Important to
the different stages of nucleocapsid formation is NP-NP self-oligomerization, which is
mediated by a coiled-coil motif localized in the N-terminus [80, 150]. Such motifs are

characterized by heptad repeat patterns consisting of highly conserved hydrophobic
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amino acids forming the hydrophobic core, charged amino acids that build interhelical
salt bridges, as well as solvent exposed amino acids stabilizing the helical structure [151,
152]. For arenavirus NP, a coiled-coil motif was described, starting at G92 and extending
to 1113 [80]. Point mutations within this motif inhibit transcription and replication, while
no effects on NP mediated IFN antagonism or incorporation into particles were observed
[153]. By coating the RNA genome, NP regulates viral polymerase access to the RNA
substrate during viral transcription and replication, which is described as one of its main
functions during the viral replication cycle [72, 109, 110, 154]. For several NW and OW
arenavirus species (i.e. LASV, LCMV MOPV as well as TCRV and MACV) an interaction of
NP and L in the presence or absence of a VRNA template could be demonstrated
suggesting indirect interactions between those factors [121, 143, 149]. The C-terminal
domains of LASV, LCMV and MOPV NP were shown to be relevant for this interaction,
while results for TCRV NP showed that regions within both the N-terminus and C-
terminus seem to be necessary for binding to L. Moreover, for TCRV NP, RNA binding
and interaction with L were shown to be mediated by distinct motifs [121, 155]. Based
on these results, a model was proposed in which low-affinity interactions between NP
and L would allow the transient release of NP subunits from genomic RNA during viral
polymerase template movement, giving L limited access to the viral genome during the

course of RNA synthesis [76, 121, 143, 149, 154].

Furthermore, interaction of NP with Z is also facilitated by the C-terminus of NP for both
OW and NW arenaviruses [80, 156-158]. Mutational studies within the C-terminal
domain of NP led to the identification of a cysteine-rich sequence segment CxzHxis-
24Cx2C (CHCC) (Fig 5) that is strictly conserved in OW and NW arenaviruses, representing
a putative zinc finger motif [80]. This interaction between NP and Z is important for
mediating the transport of RNPs from the sites of viral RNA synthesis (i.e. inclusion
bodies) to the budding site [80, 156, 159]. Interestingly, at least for some arenaviruses,
it has been demonstrated that such NP-Z interaction can also support viral budding

independently of the presence of RNPs [158].

Apart from interactions with viral proteins, arenaviruses have also been described to
subvert and regulate the induction of innate immune system signaling pathways that

affect the induction of a robust IFN-I induction response at specific stages. The signaling
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pathway resulting in activation of interferon regulatory factor 3 (IRF3), which acts as a
key transcription factor for IFN-I induction, represents an important target of viral
factors regulating the antiviral immune response [160]. For cells infected with OW or
NW species such as LASV, LCMV, JUNV, or MACV, their respective NPs have been shown
to have an inhibitory effect on the phosphorylation and thereby translocation of dimeric
phosphorylated IRF3 into the nucleus, thus decreasing IFN-a and IFN-B induction in
response to infection [137, 145, 161]. The phosphorylation of IRF3 required for
dimerization is conferred by the upstream serine/threonine kinase | kappa B -kinase €
(IKKe) [162, 163]. A specific binding of IKKe by NP has been demonstrated for OW and
NW arenaviruses, suggesting a regulatory sequestration of IKKe to avoid subsequent
activation of IRF3 by phosphorylation [161]. The required IKKe:NP interaction site could
be identified within the C-terminal domain of NP and is particularly dependent on
aspartate acid (D) 389 and glycine (G) 392 (annotated according to the LASV NP), which
are highly conserved between OW and NW arenavirus species [142, 144, 161, 164, 165].
In order to control the expression of key proinflammatory cytokines by the transcription
factor nuclear factor kappa-light-chain enhancer of activated B cells (NFkB), NP versions
of OW and NW arenavirus species have been demonstrated to inhibit NFkB-mediated
transcriptional activation [166, 167]. A specific region consisting of amino acid residues
D389, E391, D533, H528, and G392 (annotated as for LASV NP) located within the C-

terminal domain of NP was described as critical for inhibiting NFkB activation [167].

Interestingly, the amino acid residues essential for the IKKe interaction and NFkB
inhibition overlap with a recently described 3'-5' exonuclease domain located in the C-
terminus of NP [142, 164]. The arenavirus NP is a member of the DEDDh 3'-5'
exonuclease group within the DnaQ-like exonuclease superfamily, with its catalytic
activity dependent on characteristic acidic amino acids Dx2Ex7sDxs7Dh [168]. The four D
and E residues (DEDD) provide the coordination of two divalent metal ions, and a
histidine acts as a general base, such that a two metal ion dependent hydrolysis
mechanism is suspected [168-170]. Here, a hydroxide ion is formed by the reaction of
water molecules with the effective base histidine, which is orientated towards the 3'-
terminal phosphodiester group for nucleophilic attack together with the metal ion,
which results in the cleavage of single nucleoside monophosphates from the nucleotide

polymer [171, 172]. Crystal structure studies of LASV NP showed that a divalent metal
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ion (i.e. Mg?*, Mn?*, Co?* and Zn?*) is needed to coordinate the amino acid residues
forming the exonuclease catalytic site [164], while a second divalent ion is believed to
be coordinated only upon binding of the nucleic acid substrate within the active site, at
which point it acts as an activator for cleavage [164, 173]. In addition, a Zn** metal ion
was identified as stabilizing the tertiary structure of the NP C-terminal domain by
building a zinc coordination site, and thereby supporting the general folding of the
exonuclease domain [164, 174]. For the enzymatic function of the mammarenavirus NP
exonuclease, a substrate selectivity for dsRNA exists [164, 173]. Based on these findings,
a model was proposed suggesting a possible role for NP exonuclease function in the
degradation of immunostimulatory byproducts of viral RNA synthesis. According to this
model, arenaviruses would use the 3'-5' exonuclease function to eliminate cytoplasmic
viral dsRNA species that would otherwise function as pathogen-associated molecular
pattern molecules (PAMPs) for cytoplasmic RNA-sensing proteins such as the RIG-I-like
receptors (i.e., RIG- and MDAGS), thereby contributing to the induction of IFN-1[142, 144,
175-177]. A further way of controlling RLR activation by detection of virus-specific
dsRNA species was described for the NP of LCMV, which appears to interact specifically
with the dsRNA sensor proteins of RIG-I or MDAS [165]. Such interaction could be
confined to the C-terminal domain of LCMV NP and was proven to be independent of

IKKe regulation [165].

1.5 Modulation of Apoptosis by Arenaviruses

1.5.1 Apoptosis Pathways

Apoptosis is a highly conserved process of programmed cell death that serves many
important functions in multicellular organisms. In response to various physiological
stimuli, the induction of apoptosis ensures the maintenance of tissue and cell
homeostasis by eliminating redundant or superfluous cells and protect the organism
from the accumulation of mutated or otherwise damaged cell populations [178]. As
such, induction of apoptosis is an important component of embryonic development
(e.g., cavitation or tissue fusions), as well as during wound healing (e.g., by regulating
proliferation of immunologically relevant cell types) or in controlling the humoral
immune response by eliminating specific cell types to prevent tissue damage [179-182].

However, apoptosis is also an integral part of the host defense against viral infection,
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with the induction of apoptosis representing the final stage of several antiviral defense

mechanisms that are part of the innate or adaptive immune responses [183].

The apoptotic process can be subdivided into three morphologically and biochemically
distinct phases [184, 185]. During the initiator phase, there is an accumulation of
apoptotic triggers that initiate a signaling cascade within the affected cell. This is
followed by the effector phase, in which a signaling cascade is induced that culminates
in the activation of cysteine-dependent aspartate-specific proteases, known as caspases
[186-188]. In cells, caspases exist as zymogens (pro-caspases) that become active after
proteolytic cleavage leading to a conformational change in their structure [189].
Activation of initiator caspases (e.g., caspase-2, -8, -9, and -10) leads to induction of
downstream effector caspases (e.g., caspase-3, -6, -7, and -14) (Tab 1), targeting key
proteins important for the organization and regulation of cell metabolism and cell
stability [190, 191]. Cleavage of these cellular caspase substrates initiates the final
degradation phase, during which characteristic morphological changes of the cell
become visible. As a result of chromatin condensation, nuclear fragmentation, cell
shrinkage and plasma membrane detachment, the cell disintegrates into membrane-

bound fragments called apoptotic bodies [188].

Table 1. Members of the human caspase family

Consensus Cleavage Motifs
Caspases Cellular Functions
P4 P3 P2 P1J * References

Caspase-1 w E H D [186, 192]
‘é.‘ Caspase-4 W/L E H D [193, 194] |nﬂammatory
8 Caspase-5 W/L E D [194]

Caspase-12 -

Caspase-2 X X X D [193, 195]
% Caspase-8 X E X D | [195, 196] Apoptotic
g Caspase-9 X E Y, D [194, 195] (Initiator Caspases)

Caspase-10 L E \ D [195, 197]
o | Caspase-3 D E \Y D [194, 195]
Q A toti
3 | caspase-6 X E N D | [193,195] \Popratic
2 (Executioner Caspases)
© Caspase-7 D E \ D [194-196]

Caspase-14 w E H D [198] Keratinocyte differentiation

* Arrow indicates the caspase cleavage site following the P1 amino acid

Immediate clearance of apoptotic bodies by efferocytosis occurs mainly by phagocytes

such as macrophages, but also by parenchymal cells, both of which degrade and recycle
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the cellular components [199, 200]. Besides the production of immunomodulatory
factors by the apoptotic cell itself [201, 202], engulfing macrophages secrete anti-
inflammatory cytokines that prevent the induction of a proinflammatory response [203-

205], thus making apoptosis a form of immunologically silent cell elimination.

In general, apoptosis induction can be triggered by both endogenous stimuli (intrinsic
pathway) and the presence or absence of exogenous factors (intrinsic and extrinsic
pathways). Activation of the extrinsic pathway involves binding of specific extracellular
ligands, such as fas ligand (FasL) or tumor necrosis factor a (TNF-a), to their respective
cell surface receptors (i.e. tumor necrosis factor receptor-1 (TNFR1), fas receptor (FasR),
TNF-receptor-related apoptosis-mediated protein (TRAMP) and TNF-related apoptosis-
inducing ligand receptor-land -2 (TRAIL-R1 and -R2), leading to assembly of death
receptor complexes [206, 207] (Fig 6). This involves the recruitment of adaptor

molecules, such as the TNF-receptor-associated death domain protein (TRADD) and fas-

associated
Extrinsic pathway Figure 6. Extrinsic and intrinsic
@& a5/ ™NFa apoptosis pathways. Depending on

the type of initiating stimulus either
the extrinsic or intrinsic apoptotic
pathway can be activated. The
extrinsic pathway is induced by

Death receptors

FAMHOH M He

FADD (LN d e and binding of extracellular ligands such
m*@-ﬁ 7 metabolic stress as fas ligand (FasL) or tumor
5o @ l necrosis factor a (TNF-a) to their
Intrinsic pathway corresponding death receptors (e.g.
l BAD  BID tumor necrosis factor receptor-1
wo @ *g‘ .BMF L (TNFR1), fas receptor (FasR)). After
| — noxa ® & oligomerization of the death
BAX-BAK channels = e & = receptor complex, the adaptor
> 9 \ [m' proteins TNF receptor-associated
Ynf death domain protein (TRADD) and
9 . Fas-associated death  domain
) - protein (FADD) are recruited, and in
L. subfamily turn recruit procaspase-8 and -10 to
Cytochromec—e ® ©® form the death-inducing signaling
.t e complex (DISC). This leads to
(<] (2]

activation of caspases-8 and -10 by
proteolytic cleavage. Alternatively,
the intrinsic pathway can be
induced by either extracellular
stress signals, such as growth factor
deprivation or intracellular stress
signals, such as DNA damage. In
response to these stimuli, the
balance between cellular stress
sensors of the Bcl-2 homology 3 (BH3) subset of the B-cell lymphoma 2 (Bcl2) protein family (BH3-only

cCasp 3
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proteins) and anti-apoptotic Bcl2 proteins shifts toward BH3-only protein activation. When activated,
BH3-only proteins trigger oligomerization of Bcl-2 homologous antagonist killer (Bak) and Bcl-2-associated
X protein (Bax), which form pores in the outer mitochondrial membrane. As a result, the membrane
potential is depolarized and cytochrome c is released into the cytoplasm. The formation of the
apoptosome is triggered by the binding of cytoplasmic cytochrome c by apoptotic protease activation
factor 1 (Apafl). Subsequently, procaspase-9 is recruited to the apoptosome and triggers its activation by
proteolytic cleavage. Both activated casapse-8 (extrinsic pathway) and caspase-9 (intrinsic pathway)
subsequently cleave the executioner caspases-3 and -7 to activate the death signaling pathway. Further,
caspase-8 activation can also result in cleavage of the pro-apoptotic factor BH3 interacting-domain death
agonist (Bid) into truncated Bid (tBid), which can trigger cytochrome c release from the mitochondria and
activation of the intrinsic pathway. Modified with permission from Taylor et al., 2008 [208]. Created with
BioRender.

death domain protein (FADD), which then recruit the initiator procaspse-8 or -10 into
the forming death inducing signaling complex (DISC) [209-211]. The accumulation of
these procaspases within the DISC complex induces their autocatalytic activation [197,
211]. Following dissociation of activated caspase-8 from the DISC, it cleaves effector
caspases-3 and -7, leading to the induction of cell death [212, 213]. In addition, activated
caspase-8 and -10 have both been described to mediate cleavage of the pro-apoptotic
factor BH3-interacting domain (Bid) to truncated Bid (tBid), initiating a form of crosstalk

between the extrinsic and intrinsic pathway activation [214].

In contrast to extrinsic apoptosis, intrinsic apoptosis is induced by both intracellular and
extracellular signals, such as the absence of certain apoptosis suppression factors,
cytokine classes or growth factors, as well as hyperthermia, viral infections or hypoxia
[215] (Fig 6). In response to such stimuli, proapoptotic proteins of the Bcl-2-homology-
3 (BH3)-only subset of the B-cell ymphoma-2 (Bcl2) protein family (i.e. Bim, Puma, Noxa
or Bmf), which act as pathway specific sensors for stress stimuli, are activated. Once
activated these BH3-only proteins compete with anti-apoptotic Bcl2 proteins (e.g. Bcl-
2, Bcl-Xi, Bcl-2, Mcl-1 or Al), also members of the Bcl-2 protein family, to control
activation of intrinsic apoptosis [216-218]. If this equilibrium shifts in favor of cell death,
activated BH3 only proteins can also directly promote the oligomerization of Bcl-2
homologous antagonist killer (Bak) and Bcl-2-associated X protein (Bax) which form
pores within the outer membrane of mitochondria. Such events lead to a mitochondrial
permeability transition resulting in a loss of mitochondrial membrane potential, and
ultimately the release of cytochrome c into the cytoplasm [219-222]. Once in the
cytoplasm, cytochrome c triggers the formation of apoptosomes, after which these
multiprotein complexes recruit initiator caspase-9 zymogens and initiate the activation

process of caspase-9 [223, 224]. Subsequently, the apoptosome containing activated
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caspase-9 recruits the effector procaspases-3 and -7 for activation [225, 226]. Finally,
both the extrinsic and intrinsic pathways trigger the execution phase of apoptosis in
which effector caspases orchestrate the degradation of important cellular structures
and organelles, e.g. fragmentation of the Golgi apparatus, mitochondria, and
endoplasmic reticulum along with fragmentation of the nucleus and chromosome

condensation, and degradation of cytoskeletal components and cell junctions [208].

Based on their domain structure and biological functions, as well as their sequence
similarities, caspases are classified into three different groups [227] (Tab 1). While group
| comprises caspases that play a role in inflammation, groups Il and Ill caspase are
involved in apoptosis. In general, all caspases share a similar structural organization with
two conserved catalytic subunits of ~10 kD (small (p10) subunit) and ~20 kD (large
(p20) subunit), respectively that are generated from the C-terminal part of each
procaspase [228, 229]. Cleavage of substrate proteins by activated caspases occurs
preferentially after an aspartate (D) residue. Further, the amino acid residues
surrounding the D at position P1 play an important role for recognition and cleavage by
caspases. In particular, a highly conserved E is found at position P3 within the optimal
cleavage motifs of all human caspases (Tab 1) [194, 230, 231]. However, using proteomic
approaches, non-canonical sequences have also been identified as caspase cleavage
sites, with a particular enrichment of protein fragments described to be cleaved after E
residues. [232]. Further, the tertiary structure of the target protein domains can play an
important role in defining the enzyme's accessibility to its substrate, as can the presence
of structural elements that can affect the cleavage rate (i.e. loops>helices>sheets) [191,

233-236].

1.5.2 Regulation of Apoptosis by sNSVs such as Arenaviruses

The control of apoptosis induction during the viral replication cycle is an important
function. Since viruses are fundamentally dependent on many cellular mechanisms,
regulation of apoptosis induction can be required to gain sufficient access to essential
cellular factors for enhanced viral replication and contributing to viral pathogenicity
[139, 237, 238]. In contrast, an apoptosis response that occurs too early could limit viral
production and thus reduce viral spread. Interestingly, several segmented negative-

strand RNA viruses (sNSVs) have been shown to inhibit apoptosis early during infection,
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while exhibiting pro-apoptotic activities at late stages. Furthermore, it was
demonstrated that sNSVs use the induction of apoptosis to produce additional viral
protein isoforms. For instance, proteolytic cleavage of the influenza A virus (IAV)
nucleoprotein bound to the viral genome at a late stage of infection removes a nuclear
translocation signal, allowing RNP complexes to be transported into the cytoplasm and

to sites of viral budding [239].

In addition, accessory proteins encoded from overlapping ORFs that have either pro-
apoptotic or anti-apoptotic effects were identified for some sNSVs. This suggests a
possible mechanism for the temporal regulation, allowing the virus to determine the
timing of apoptosis induction. For example, the influenza virus neuraminidase and the
RNA-dependent RNA polymerase subunit PB1 frame 2 (PB1-F2) have been shown to
possess pro-apoptotic activity [240]. Similarly, non-structural protein S (NSs) of several
bunyaviruses, including Crimean-Congo hemorrhagic fever virus (CCHFV), Bunyamwera
virus (BUNV), Hantaan virus (HTNV), Andes virus (ANDV) and Rift Valley fever virus
(RVFV) have been described to possess pro-apoptotic characteristics [240-245].
However, the NSs of BUNV have been reported to have an additional anti-apoptotic
function [246], making it both an apoptosis inhibitor as well as inducing factor similar to
what has been described for the IAV nonstructural protein 1 (NS1) [247, 248]. In
contrast, RVFV appears to divide the pro- and anti-apoptotic functions between two
nonstructural protein versions. In addition to the pro-apoptotic NS, RVFV also expresses
an additional non-structural protein m (Nsm) with important anti-apoptotic activities
[249-251]. Further, anti-apoptotic effects have been found during infections with HTNV
or ANDV, regulating the induction of the intrinsic apoptosis pathway by stabilizing the
integrity of mitochondrial membranes and inhibiting the activation of the initiators

caspase-8 and -9 [252].

The ability to regulate apoptosis induction has also been demonstrated for some
arenaviruses. Cells infected with the highly pathogenic OW arenavirus LASV or NW
arenavirus JUNV display no signs of apoptosis throughout infection [140, 253]. In
contrast, infections with the OW arenavirus LCMV result in moderate apoptosis

induction, especially at late stages of infection [254], while infections with the low
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pathogenic NW arenavirus TCRV as well as the JUNV vaccine strain Candid#1 result in

strong apoptosis activation[254-256].

For TCRV, the underlying mechanisms leading to apoptosis induction have already been
mapped. In general, upregulation of the pro-apoptotic BH3 proteins Noxa and Puma in
response to p53 activation, together with inactivation of the pro-apoptotic BH3 factor
Bad by phosphorylation and subsequent binding to 14-3-3, results in induction of
apoptosis via the intrinsic pathway. Ultimately, such upstream activation/inactivation
events cause full activation of the entire apoptosis pathway by inducing initiator
caspase-9 and executor caspase-3 in TCRV infected cells [255, 257]. Interestingly, the
same intrinsic apoptotic signaling events reported for TCRV (i.e., activation of p53 and
upregulation of Puma and Noxa) also appear to be triggered during a JUNV infection
[257]. Nonetheless, JUNV seems to evade activation of the executioner caspase-3 and
apoptotic cell death [140, 255]. This is apparently due to a decoy function of JUNV NP,
which seem to serve as an alternative substrate for caspase cleavage. Mutational studies
have identified two caspase cleavage sites in NP, at 160DVKD163 and 219QEHD227, giving
rise to the NP47kp and NPaokp isoforms, respectively. Considering that NPssp also showed
a decrease in signal intensity in response to treatment with a pan-caspase inhibitor (i.e.
Z-VAD-FMK), it was assumed to be also generated by caspase cleavage, although the
responsible cleavage site has not yet been determined [140]. Importantly, expression of
JUNV NP capable of undergoing cleavage to the NPs7xp and NPsokp isoforms (but not
mutants with the cleavage sites removed) can prevent cell death in response to
treatment with apoptosis-inducing chemicals [140]. Consequently, JUNV NP appears to
represent another example of an sNSV that encodes a protein with anti-apoptotic

properties.

In contrast to highly pathogenic wild-type JUNV, the vaccine strain Candid#1 was
described to induce apoptosis. However, in this case, apoptosis appears to be triggered
in response to aberrant expression of the glycoprotein, which leads to its retention in
the ER/Golgi where it triggers the unfolded protein response (UPR) [258-262]. Since the
NP of Candid#1 contains all caspase cleavage motifs identified in the JUNV Romero
strain NP, the anti-apoptotic function previously described seems to be insufficient. So

far, the exact reason for this is unknown.
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1.6 Alternative Protein Isoform Generation in Small RNA Virus Biology

1.6.1 Biological Relevance of Viral Protein Isoforms

The high error rates of viral RNA-dependent RNA polymerases favor limited coding
capacities for NSV genomes. Such constraints force viral strategies to maximize the
limited coding potential to preserve all protein functions required for a successful viral
life cycle [263, 264]. Mechanisms taking place on the level of both transcription and
translation, as well as during posttranslational modifications, can contribute to viral

protein diversity (Fig 7).

Transcriptional Level Translational Level Post-translational Level
Polymerase Frameshifting Leaky Ribosomal Scanning Covalent Addition of
\ viral Viral Functional Groups

—= Ribosomal Termination/Reinitiation —

mRNAs Proteins
Splicing/ \ Internal Ribosome Entry Site / \ Proteolysis
Initiation

Figure 7. Viral strategies to circumvent the limited coding capacities of small genomes. RNA viruses with
small genomes, and particularly negative-stranded RNA viruses (NSVs), have evolved various strategies to
generate additional protein diversity by exploiting different steps of the host cell protein biosynthesis
pathway. At the transcriptional level, high viral mMRNA sequence diversity is achieved by forward and
reverse sliding of the viral RNA-dependent RNA polymerase on the substrate (polymerase frameshifting)
or by exploiting the canonical co-transcriptional splicing process. In addition to producing multiple mRNA
species, a viral mRNA can serve as a template for in-frame and out-of-frame translation, resulting in
multiple protein versions. It has been described that sNSVs utilize cap-dependent alternative translation
mechanisms such as the ATG codon surround sequence-dependent leaky ribosomal scanning as well as
ribosomal termination and initiation mechanisms to generate protein isoforms. In addition, viruses have
also evolved a cap-independent translation mechanism based on secondary structures called internal
ribosome entry sites (IRES) located within the viral mRNA sequence. Furthermore, the functionality of
individual viral proteins can be modified at the posttranslational level by covalent addition of functional
groups (e.g. phosphorylation, glycosylation, ubiquitination, methylation or lipidation), or truncation by
proteolytic cleavage.

Increased complexity of viral transcripts generated from one ORF can be achieved by
direct regulation of viral polymerase activity during transcription, e.g., to promote frame
shifting through forward and/or reverse slippage [265]. Alternatively, increased protein
diversity can also be generated by expanding coding capacities exploiting the canonical
pre-mRNA splicing machinery [266-268]. Due to their nuclear replication cycles, in
particular, orthomxyoviruses make extensive use of mRNA splicing. In particular,
segment 7 of IAV is known to encode, in addition to the major gene product matrix
protein 1 (M1), three additional transcripts generated by alternative splicing. Of these
MRNA 2 has been shown to encode the matrix protein 2 (M2) protein, which is a pH-
activated proton-selective channel [269-272]. In addition to the main gene product NS1,

IAV segment 8 also produces an additional transcript by alternative splicing that encodes
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for the non-structural protein 2/ nuclear export protein (NS2/NEP), which is thought to
play a role in viral RNA synthesis [273, 274].

Furthermore, non-canonical translation initiation mechanisms, including both cap-
independent initiation from internal ribosome entry sites (IRES) and cap-dependent
translation initiation strategies, such as. e.g. ribosomal termination/reinitiation or leaky
ribosomal scanning, can also result in the generation of multiple proteins being
translated from a viral mMRNA template [275-278]. These strategies are also widely used
in sNSV and are discussed in more detail below. In addition, viruses exploit different
modes of non-canonical elongation and termination, such as ribosomal frameshifting,
read-through, and stop and carry-on, to translate additional proteins from a single viral

mRNA template.

Finally, posttranslational modification of viral proteins by covalent addition of chemical/
ionic groups (e.g. phosphorylation, methylation or acetylation), carbohydrate molecules
(e.g. ADP ribosylation, N- or O-linked glycosylation), lipids (e.g. prenylation,
palmitoylation or myristoylation) or amino acids (e.g. ubiquitination, ISGylation,
SUMOylation or NEDDylation) can lead to changes in protein structure, dynamics and
properties [279-281]. Furthermore, proteolytic cleavage of proteins mediated by zinc
metalloproteases, serine, aspartic or cysteine proteases (i.e. caspases) [282] can result
in the generation of specific viral protein subpopulations of altered localization and/or

protein functions and properties [237, 283].

1.6.2 Viral Strategies to Exploit Non-canonical Initiation of Translation

Translation is a cyclical process that consists of the initiation phase, the elongation
phase, and the termination/recycling phase [284, 285]. Assembly of the 43S pre-
initiation complex (43S PIC) which binds near the 5'-cap of the mRNA, represents the
first step in this process. After attachment to the unwound mRNA substrate, the 43S PIC
scans in 5'-3' direction until the initiation codon is recognized and stable codon-
anticodon base pairing is established via the initiator tRNA [286, 287]. Upon recognition
of the start codon, the 43S PIC enters a "closed" conformation, leading to the
displacement of several eukaryotic translation initiation factors (elF) from the

ribonucleoprotein complex and giving rise to the 48S initiation complex. Binding of the
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60S ribosomal subunit to the 48S initiation complex finally leads to the formation of the
elongation competent 80S ribosome [284, 288-292].

Manipulation of the translational initiation mechanism is central to the generation of
accessory proteins for many viruses and allows maximum utilization of their viral mRNA
templates. In particular, translational initiation of additional ORFs downstream of the
main ORF by recruitment of ribosomes directly to cis-acting IRES elements in viral mRNA
regions enables synthesis of the encoded proteins even under conditions of global host
silencing [293, 294]. IRES structures were first described in picornaviruses [295-299] and
have been characterized in other RNA virus genera such as flaviviruses [300-302] and

dicistroviruses [303-306], but not in SNSV species.

Further, there are non-canonical cap-dependent translation initiation strategies based
on ribosomal termination/reinitiation mechanisms that also lead to the expression of
additional ORFs encoded toward the 3'-end of the mRNA template. This process relies
on regulatory short upstream ORFs (UORFs) or other sequences located at the 3’end of
the main ORF [278]. Due to these sequences, either of two different ribosomal
termination/re-initiation mechanisms can occur [307, 308]. Ribosomal shunting involves
nonlinear scanning of the template [309] and is controlled by a short uORF. Partial
dissociation of the assembled ribosome after translation of the uORF allows the 40S
subunit to stay attached to the template, bypass large internal leader regions, and
subsequently reassemble with the 60S subunit to translate the second downstream ORF
[310, 311]. Alternatively, ribosomal termination/re-initiation dependent on specific
ribosomal binding sites has also been described. In this process, translation of the
downstream ORF depends on nucleotides in the ORF1 sequence, which form a
termination codon upstream of the ribosome binding site (TURBS) allowing the small
ribosomal subunit to remain bound to the template and recruit a new 60S subunit to
translate ORF2 [312]. An example of this mechanism from among sNSVs is the
expression of the BM2 protein of influenza B virus, which occurs via termination-

dependent reinitiation of segment 7 [313-315].

However, for other sNSVs, and particularly for bunyaviruses, optimization of coding
capacity exploits cap-dependent ribosomal leaky scanning. This process is highly

dependent on the specific nucleotide context surrounding the start codon, which helps
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to prevent aberrant initiation, i.e. resulting from incorrect or incomplete base pairing
between the codon and anticodon. In particular, elF1, elF1A, and elF2a have been
described to support correct translation initiation site recognition through specific
protein-nucleotide interactions [316-321]. Based on an analysis of known start codons
in mammalian mRNAs, a consensus sequence describing this optimal nucleotide context
could be identified: 5'-GCCGCCRCCAUGG-3’ (R = A or G) [322, 323]. Further studies of
the nucleotides surrounding a given start codon (i.e. its “Kozak context”) have revealed
a particular importance of having both a purine at position -3 (where +1 denotes the
first base of the AUG codon) and a guanosine at position +4, both of which are highly
conserved among ORFs used in vertebrate model organisms [324]. Variations in the
Kozak context, especially at these key positions can lead to the 43S PIC skipping these
sites and instead initiating at a downstream start codon, represents an exception to the
"first AUG rule" where the first AUG codon functions as the primary translation initiation
site [323, 325]. Such leaky scanning events allow the expression of N-terminally
truncated protein isoforms using alternative in-frame translation initiation sites or the
production of smaller protein versions from +1 (out-of-frame) ORFs embedded in the

main coding sequence.

Both leaky ribosomal scanning mechanisms have been described to be used for
translation of IAV segment 2, which encodes the polymerase basic protein 1 (PB1) and
two additional protein isoforms, PB1-F2 and PB1-N40. PB1-F2, which is translated by a
separate out-of-frame ORF within the coding sequence for PB1, is characterized as a
pro-apoptotic virulence factor that promotes mitochondrial apoptosis. In contrast, PB1-
N40, which is assumed to be required for virus entry, represents an N-terminally
truncated version of PB1 that is translated from an alternative in-frame AUG [326-330].
Further examples of this “leaky scanning” from alternative in-frame AUGs are the
synthesis of PA-N155 and PA-N182, both of which are N-terminally truncated forms of
the polymerase acidic protein (PA), encoded by IAV segment 3 [331]. Bunyaviruses have
also been shown to exploit alternative translation to generate additional protein
isoforms especially by using +1 overlapping ORFs nested within the main ORF.
Specifically, the NSs protein which functions as an important IFN antagonist, is
generated from the S segment of many bunyaviruses using a leaky ribosomal scanning

mechanism [332-334]. To date there is no evidence for the use of any of these
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mechanisms by arenaviruses. However, given their close phylogenetic relationship to
bunyaviruses, it is tempting to speculate that they may also use leaky ribosomal

scanning to generate additional protein isoforms.

1.7  Aims of the Thesis

Due to the limited coding capacities of their small genomes, NSVs need to exploit various
mechanisms to produce additional proteins from their limited number of mRNA
transcripts. In the case of JUNV, three additional isoforms of NP (NPs3kpa, NP47kpa, and
NP4okpa) have been reported, at least two of which (e.g. NPa7xp and NPaokp) appear to
participate in the regulation of apoptosis during virus infection [140]. However, the
importance of the NPszip variant production is unclear because the mechanism by which
its generated, and thus its precise sequence, remains unknown. Therefore, the first aim
of this work was to elucidate the mechanism responsible for the production of NPs3kpa.
Further, despite the current evidence for a role of JUNV NP isoforms in regulating
apoptosis, it is currently unknown whether they have any additional functional
relevance for other aspects of the viral replication cycle and/or for regulation of the

innate immune response.

Indeed, given the strict separation of functions between the N- and C-terminal domains
of NP, the N-terminal truncations present in the various NP isoforms would most likely
impact functions associated with the N-terminal domain (i.e. homo-oligomerization of
NP and RNA binding), while those associated with the C-terminal domain (i.e. control of
IFN induction) might still be preserved. Therefore, the functions of these NP isoforms
were assessed using a combination of minigenome assays (to assess regulation of viral
RNA synthesis) and 3'-5'-exonuclease assays (to assess dsRNA degradation). Moreover,
the localization of the individual NP isoforms was investigated to be able to draw further
conclusions about their potential participation in different functions during the viral

replication cycle.

Finally, since the importance of the identified caspase cleavage sites in the context of
viral infections has not been described so far, infection experiments were performed
using previously generated recombinant JUNV versions (rJUNV). In the course of these
infection experiments, the role of NPs3p isoform production for the inhibition of

apoptosis during JUNV infection should also be characterized.
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2.  Materials and Methods
2.1  Molecular Biological Methods

2.1.1 Cloning Strategies

Characterization of sequences associated with the generation of NPs3ip: Both putative
caspase cleavage motifs, as well as the in-frame methionine residues were investigated
as a possible origin of the NPs3kp isoform using site-directed mutagenesis (Section 2.1.5)
(Fig 8). For this purpose, the required point mutations (Tab 2) were first introduced into
the JUNV NP CFLAG ORF contained in a pTM1 vector backbone. After transformation
into chemically competent E. coli (Section 2.1.14) and plasmid purification (Section
2.1.15) for each of the mutant pTM1-JUNV NP versions, the sequence integrity was
confirmed by Sanger sequencing (Section 2.1.16). The pTM1 plasmids containing the
JUNV NP CFLAG ORFs with the desired mutations were incubated with restriction
endonucleases for cleavage at specific recognition motifs flanking the JUNV NP CFLAG

OREF (i.e. EcoRl and Xhol, Section 2.1.10).

SDM1PCR Fransformation 2 Figure 8. Cloning strategy

Caspase Cleavage Sites: + for the generation of

D63N, DGSN'. Di’_SN, DB::’N and D97N Miniprep Sequence pCAGGS JUNV NP
M78A, Msng:f:;lzlg\?,en?:;fl:\:;bl, M100A confirmation 3 VerSIOT'IS Y\"th pOI'nt
M8OL+M100A, M78A+M100A, M78A+M80L mutations in potential
M78A+M80L+M100A @ caspase cleavage sites or

Xholy CFLAG 4 EcoRl alternate start codons.

I First, site-directed

TM1 Restriction digest Mutagenesis was used to

JUNV NP insert the desired point

Xhol EcoRl EcoRl Y [¥hel  mutations into the JUNV

UNY NP EFLAG ORE BB NP CFLAG ORF in a pTM1

Ligation vector using sequence

! specific primers (Step 1).

EcoRl Xhol Subsequently, the PCR
@ product was transformed
and the amplified plasmid

Transformation ~ DNA was purified on a

+ . . .
pCAGGS Miniprep small scale (i.e. Miniprep)
JUNV NP . Sequence S 5 AF

Xhol EcoRl (Step ). ter

5

CFLAG Transformation confirmation : .
+ confirmation by Sanger
JUNV NP CFLAG ORF Midiprep 4

sequencing, the
mutagenic JUNV NP CFLAG ORF was excised from the pTM1 vector backbone using EcoRl and Xhol and
inserted into the dephosphorylated pCAGGS backbone via ligation (Step 3). The generated pCAGGS-JUNV
NP CFLAG versions were transformed and subsequently purified as a miniprep. Following sequence
confirmation (Step 4) the pCAGGS constructs were retransformed and purified on a large scale for further
experimental use (Step 5).
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Resulting DNA fragments were subsequently gel extracted (Section 2.1.9). In parallel,
the expression vector pCAGGS was treated with the same restriction enzymes (Section
2.1.10) and dephosphorylated (Section 2.1.11) for subsequent ligation with the mutated
JUNV NP CFLAG ORF containing DNA fragments (Section 2.1.3). After successful ligation,
pCAGGS plasmids containing the JUNV NP CFLAG ORF were transformed (Section 2.1.14)
and purified on a small scale (Section 2.1.15), with subsequent sequence verification by
Sanger sequencing (Section 2.1.16). After positive confirmation of the desired point
mutations in the JUNV NP CFLAG ORF, the corresponding pCAGGS plasmids were
retransformed (Section 2.1.14) and purified on a large scale (Section 2.1.15) for future

experiments.

Table 2. Primers used for site-directed mutagenesis

Primer ID/Name Primer Sequence*

Mutation of potential caspase cleavage sites

201_ NP(D63N)_Fwd

CAAAAGGGGAGAAGAAAACCTCAATAAGTTGAGG

202_NP(D63N)_Rev

CCTCAACTTATTGAGGTTTTCTTCTCCCCTTTTG

203_ NP(D69N)_Fwd

GACCTCAATAAGTTGAGGAACCTGAATAAAGAGGTTG

204_ NP(D69N)_Rev

CAACCTCTTTATTCAGGTTCCTCAACTTATTGAGGTC

205_ NP(D75N)_Fwd

GGACCTGAATAAAGAGGTTAACAGACTTATGTCCATGAAG

206_ NP(D75N)_Rev

CTTCATGGACATAAGTCTGTTAACCTCTTTATTCAGGTCC

207_ NP(D93N)_Fwd

GTTTTCAAGGTGGGAAATCTGGGGAGGGATG

208_ NP(D93N)_Rev

CATCCCTCCCCAGATTTCCCACCTTGAAAAC

209_ NP(D97N)_Fwd

GAGATCTGGGGAGGAATGAACTGATGGAG

210_ NP(D97N)_Rev

CTCCATCAGTTCATTCCTCCCCAGATCTC

Mutation of methionine residues

557_NP(M80G)_Fwd

GAGGTTGACAGACTTATGTCCGGGAAGAGTGTTCAACGAAACAC

558_ NP(M80G)_Rev

GTGTTTCGTTGAACACTCTTCCCGGACATAAGTCTGTCAACCTC

559_ NP(M8OV)_Fwd

GAGGTTGACAGACTTATGTCCGTAAAGAGTGTTCAACGAAACACA

560_ NP(M80V)_Rev

TGTGTTTCGTTGAACACTCTTTACGGACATAAGTCTGTCAACCTC

561_ NP(M8OL)_Fwd

GAGGTTGACAGACTTATGTCCTTAAAGAGTGTTCAACGAAACACA

562_ NP(M8OL)_Rev

TGTGTTTCGTTGAACACTCTTTAAGGACATAAGTCTGTCAACCTC

563_ NP(M80I)_Fwd

GTTGACAGACTTATGTCCATCAAGAGTGTTCAACGAAACA

564_ NP(M80I)_Rev

TGTTTCGTTGAACACTCTTGATGGACATAAGTCTGTCAAC

496 NP(M78A)_Fwd

GGACCTGAATAAAGAGGTTGACAGACTTGCGTCCATGAAGAGTGT

497 _NP(M78A)_Rev

ACACTCTTCATGGACGCAAGTCTGTCAACCTCTTTATTCAGGTCC

530 _NP(M100A)_Fwd

GGGGAGGGATGAACTGGCGGAGTTAGCGTCTGAC

531 _NP(M100A)_Rev

GTCAGACGCTAACTCCGCCAGTTCATCCCTCCCC

28




Materials and Methods

618_ NP(M78A/M80L)_Fwd TGAGGGACCTGAATAAAGAGGTTGACAGACTTGCGTCCTTAAAGAGTGTTCAACGAAA

619_NP(M78A/M80L)_Rev TTTCGTTGAACACTCTTTAAGGACGCAAGTCTGTCAACCTCTTTATTCAGGTCCCTCA

* Point mutations are indicated in red

2. Alanine scanning mutagenesis: An alanine scanning approach was used to identify
the region responsible for generation of NPs3p (Fig 9). First, the region from D30
(88GAT??) to W39 (388TGG3°°) within JUNV NP was divided into stretches of 20, 10 or 5
amino acids for replacement with corresponding 20 alanine (A), 10 A or 5 A sequences

(Fig 9, cloning scheme using a 5 alanine (A) oligonucleotide stretch). Sequence specific

1 Figure 9. Cloning strategy
Deletion PCR: 2 f lani . T
Elimination of Restriction digest BsmBl or alanine scanning. To
20, 10 and 5 amino acid residues l eliminate the amino acid
spanning regions of interest region of interest from the
pTM1 JUNV NP sequence, PCR was

JUNV NP .
Xhol. CFLAG /LEcoRI performed using sequence
specific primer pairs

pTM1 . S\ .
3'-CGGC-5 -CGGC-5 .

JUNVNP ) 5-Ala residues-oligo containing  Esp3l (BsmBl)
“ 5'-GCCGCAGCGGC-3' Ligation 3 sites  that excluded the

JUNV NP CFLAG ORF 3-GTCGCCGGCGE-S' targeted region (Step 1). The

resulting linearized pTM1-

pTM1
JUNV NP Jl.JNV NP C.FLAG vector was
Xhol, CELAG /“EcoRI digested with Esp3l (BsmBl)
s (Step 2) followed by

Transformation .
+ dephosphorylation, and
Miniprep ligated with an alanine-
Sequence a encoding sequence
7 confirmation generated by primer
pCAGGS Restriction digest hybridization (shown here
JUNV NP o Il A for oligos encoding 5 alanine
Xhol*, CFLAG col EcoRI |)( ol .
o — (A) residues) (Step 3).
JUNV NP CFLAG ORF Following  transformation
Tfﬂﬂsfﬂimﬂﬁon Ligation 5 and small-scale purification
Midiprep Sequence EcoRl Xhol | (Miniprep) of plasmid DNA,
confirmation Transformation @ sequences were verified by
+
6 Miniprep

Sanger sequencing (Step 4).
The mutant JUNV NP CFLAG
ORF was then removed by restriction digestion with EcoRI and Xhol and ligated into a dephosphorylated
pCAGGS vector, also digested with EcoRl and Xhol (step 5). After small-scale transformation and
purification (Miniprep) of the pCAGGS constructs, the sequences were confirmed by Sanger sequencing
(Step 6). With positive confirmation of sequence integrity, the previously purified plasmid DNA (Miniprep)
was used for retransformation and large-scale purification (midiprep) for further experiments (Step 7).

primers (Tab 3) were first used to eliminate the region of interest consisting of 20, 10,
or 5 amino acid residues within the pTM1-JUNV NP CFLAG expression construct by PCR
(Section 2.1.4). Used primers encoded the recognition sequence of the restriction
enzyme Esp3l (BsmBl) (Table 3). Following a restriction digest with Esp3l (BsmBl)
(Section 2.1.10), the vector was ligated (Section 2.1.13) with corresponding alanine

encoding inserts produced by the hybridization of alanine oligonucleotide stretches
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(Section 2.1.12). The resulting plasmids were transformed (Section 2.1.14), purified on
a small scale (Section 2.1.15), and sequenced using Sanger sequencing to confirm the
exchange (Section 2.1.16). Mutant JUNV NP CFLAG ORFs were subsequently subcloned
into the expression vector pCAGGS using EcoRI and Xhol flanking the JUNV NP CFLAG
ORF (Section 2.1.10). Gel extracted (Section 2.1.9) JUNV NP CFLAG ORF inserts were
subsequently ligated (Section 2.1.13) into the dephosphorylated (Section 2.1.11)
pCAGGS backbone. After small-scale plasmid DNA purification (miniprep) (Sections
2.1.14 and 2.1.15), the sequences of the purified DNA constructs were verified by Sanger
sequencing. Following confirmation, previously purified plasmid DNA (miniprep) was
used for retransformation and subsequent large-scale purification (Sections 2.1.14 and

2.1.15) for further experimental use.

Table 3. Primer pairs and alanine encoding oligonucleotides for alanine scanning mutagenesis

Primer ID/Name Primer Sequence*

267_20_Ala_residues_Fwd GCCGCAGCAGCAGCAGCAGCGGCAGCCGCGGCCGCAGCAGCAGCAGCAGCGGCLAGC

268_20_Ala_residues_Rev CGCGGCTGCCGCTGCTGCTGCTGCTGCGGCCGCGGCTGCCGCTGCTGCTGCTGCTG

308_10_Ala_residues_Fwd | GCCGCAGCAGCAGCAGCAGCGGCAGC

309_10-Ala-residues_Rev CGCGGCTGCCGCTGCTGCTGCTGCTG

391 5 Ala_residues_Fwd | GCCGCAGCGGC

392_5_Ala_residues_Rev CGCGGCCGCTG

265_Block 1_Fwd

GTCAGCGGCCGCCGTCTCACGCGGTGCAGCGGGCACTCAG

266_Block 1_Rev

CGGTCGCGGCCGCCGTCTCCCGGCTGACTTGACAGTCTGAGTGAATTG

286_Block 2_Fwd

GCTTGCGGCCGCCGTCTCACGCGCTGAATAAAGAGGTTGACAGACTTATG

287_Block 2_Rev

CGGTCGCGGCCGCCGTCTCCCGGCCTGTGCCACTTGGTTGAAGTCAATG

288_Block 3_Fwd

GTCAGCGGCCGCCGTCTCACGCGAAGGTGGGAGATCTGGGGAGG

289_Block 3_Rev

CGGTCGCGGCCGCCGTCTCCCGGCGTCCCTCAACTTATTGAGGTCTTC

290_Block 4_Fwd

GTCAGCGGCCGCCGTCTCACGCGAAAAACAAGATAAGAAGAGCAGAGAC

291_Block 4_Rev

CGTACGCGGCCGCCGTCTCCCGGCGAAAACTGTGTTTCGTTGAACACTC

292 Block 5_Fwd

GTCAGCGGCCGCCGTCTCACGCGCAGTCACAACTTGCTAAAAGATCAG

293 Block 5_Rev

CGGTCGCGGCCGCCGTCTCCCGGCTAATTTCTCAAGGTCAGACGCTAAC

294 Block 6_Fwd

GTCAGCGGCCGCCGTCTCACGCGACTGGAGGAAATGGTGTGGTGAG

295_Block 6_Rev

CGGTCGCGGCCGCCGTCTCCCGGCGGACAAATTACCCATGTAAACCCCTT

296_Block 7_Fwd

GTCAGCGGCCGCCGTCTCACGCGGATGTTAAAGACCCTTCAAAGCTAAAC

297 Block 7_Rev

CGGTCGCGGCCGCCGTCTCCCGGCCCCTTGCTGTTGAAATCCCAGTG

393 Block A_Fwd

GTCAGCGGCCGCCGTCTCACGCGATGAAGAGTGTTCAACGAAACACAG

394 Block E_Rev

CGGTCGCGGCCGCCGTCTCCCGGCGGACATAAGTCTGTCAACCTCTTTATTC
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395_Block B_Fwd GTCAGCGGCCGCCGTCTCACGCGGACAGACTTATGTCCATGAAGAGTG
396_Block C_Rev CGGTCGCGGCCGCCGTCTCCCGGCAACCTCTTTATTCAGGTCCCTCAAC
397_Block F_Fwd GTCAGCGGCCGCCGTCTCACGCGCGAAACACAGTTTTCAAGGTGGG
398_Block G_Rev CGGTCGCGGCCGCCGTCTCCCGGCTTGAACACTCTTCATGGACATAAGTC

* Esp3l (BsmBI) recognition sites are indicated in red and the overhangs produced by cleavage are underlined

3. Generation of expression constructs for individual JUNV NP isoforms: For the
functional analysis of individual JUNV NP isoforms, N-terminal deletion mutants of JUNV
NP were produced that have the same start as each of the identified NP isoforms (Fig
10). The NPs3kp isoform was generated by sequence deletion, with amino residues M80

1 2 Figure 10. Cloning strategy for

PCR: . .
) - generation of JUNV NP deletion
Deletion of amino acid region ~ Restriction digest  EcoRl Xhol .
—_—— mutants resembling the natural

to produce Truncated JUNV NP CFLAG ORF R R
artifical versions of JUNV NP isoforms occurring JUNV NP isoforms.
The relevant regions of pTM1-
Ligation 3 JUNV NP CFLAG ORF,

corresponding to the origins of
the NPsskp, NPazo and NPaokp

EcoRl EcoRl Xhol were amplified with sequence
pCAGGS . . .
specific primers containing the

JUNV NP CFLAG ORF epe
recognition sequences for EcoRI
' and Xhol (Step 1). The resulting
5 Transformation  peg products were then

+

pTM1
JUNV NP

Xhol

S Miniprep digested with EcoRl and Xhol
JpUNV NP Sequence (Step 2) and inserted by ligation
Xhol - Transformation confirmation intO the pCAGGS vector
EcoRl o backbone, also digested with

JUNV NP CFLAG ORF Midiprep 4

EcoRl and Xhol and
subsequently dephosphorylated (Step 3). After transformation and small-scale purification (Miniprep) of
the DNA, the sequence was verified by Sanger sequencing (Step 4). When the sequence integrity could be
confirmed, the plasmid DNA were retransformed and purified as midiprep for use in experiments (Step
5).

to L564 included in the resulting construct. Furthermore, the NPs3kp construct version
contained an additional M100A substitution to remove the second alternative
translation initiation site M100. Similarly, the corresponding isoforms generated by
caspase cleavage were constructed starting from M164 (NP47p) and M223 (NPaokp),
respectively, with the NPas7p expression construct additionally carrying a D222N
substitution to eliminate NPsop formation. The pTM1 plasmids containing JUNV NP
CFLAG ORF (or versions already containing the described point mutations - generated as
described in Section 2.1.1.1 above) were used for amplification of the required regions
of JUNV NP by PCR (Section 2.1.4). All forward primers used contained an EcoRl

restriction site, while the reverse primers encoded an Xhol site (Tab 4). The resulting
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PCR products were purified (2.1.9) and digested with EcoRI and Xhol (Section 2.1.10)
before ligation (Section 2.1.13) into a dephsophsorylated (Section 2.1.11) pCAGGS
backbone which was also digested using EcoRl and Xhol (Section 2.1.10) and
dephosphorylated (Section 2.1.11). Subsequently, the ligation samples were
transformed (Section 2.1.14) and prepared on a small scale by miniprep (Section 2.1.15)
and then checked by Sanger sequencing (Section 2.1.16). After confirmation of the
sequence, the plasmid DNA was retransformation (Section 2.1.14) and purified on a

large scale by midiprep (Section 2.1.15) for experimental use.

Table 4. Primers for cloning of JUNV NP deletion mutants into pCAGGS

Primer ID/Name Primer Sequences*
543 _NP(A1-79) Fwd GCTAGAATTCATGAAGAGTGTTCAACGAAAC
241 _NP(A1-163)_Fwd GCTAGAATTCATGCCTTCAAAGCTAAACAATCAGTTTGG
243 _NP(A1-222) Fwd GCTAGAATTCATGTGCCTTCAGATTGTGACTAAGGATG
242_NP(ORF)_Rev CTTT TTACTTGTCATCGTCGTCCTTGTAG

4. Cloning of NPs from diverse OW and NW arenaviruses: To investigate the generation
of C-terminal NP isoforms for other NW and OW arenaviruses, expression plasmids
encoding the complete NP ORF of GTOV (strain VINH-95551), MACV (strain Carvallo) and
SABV (strain SPH114202), as well as MOBYV (strain ACAR 3080), LASV (strain Josiah) and
LUJV NP were generated (Fig 11).

ﬁﬁ S'Jﬂ‘ﬂd'ﬂ- 3 1 Figure 11. Cloning strategy
5 LT 3 Reverse Transcription for diverse arenavirus NP

5‘-—R.'|-.l-1;|:-3' 5"41""1“"3‘ l ORFs into pCAGGS. First,

ificati viral RNA from different
5 Juz-m;- 3 g J“lﬂ]u}- 3 PCR Amplification 2

arenaviruses was reverse
5 '—ﬁ“"‘“‘* ¥ Restriction digest  transcribed into the
! corresponding cDNA (Step
EcoRl| o X10! 1). Subsequently, the cDNA
JUNV NP CFLAG ORF was amplified by PCR with
sequence specific primers
containing restriction sites
v for EcoRI and Xhol (Step 2).
EcoRI Xhol Ligation was performed
@ after digestion of the PCR

products and pCAGGS

Ligation 3

JUNV NP CFLAG ORF

Sequence I i
: R , vector backbone with EcoRI
Transformation confirmation Transformation
+ + and Xhol (Step 3) followed
Midiprep 4 Miniprep

by dephosphorylation of
the backbone. After ligation, the plasmid DNAs were transformed and purified on a small scale (Miniprep.
After checking the sequence integrity by Sanger sequencing (Step 4), the plasmid DNA was retransformed
and purified as midiprep for further experimental work (Step 5).
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Viral RNA for each virus was isolated (Section 2.1.2) and reverse transcribed (Section
2.1.3). The resulting cDNA served as a template for subsequent PCR amplification
(Section 2.1.4) of the respective NP ORF. The forward primers used contained a
restriction site for EcoRlI, while the reverse primers contained a Xhol recognition motif,
as well as the sequence for the FLAG tag (DYKDDDDK) (Tab 5). Subsequently, the NP PCR
products were digested with EcoRI and Xhol (Section 2.1.10) and ligated (Section 2.1.13)
into pCAGGS, which had also been digested with the same restriction enzyme
combination and subsequently dephosphorylated (Section 2.1.11). The ligation
reactions were subsequently transformed into E. coli (Section 2.1.14) and purified on a
small scale (Section 2.1.15). Once the sequences of the plasmids were verified via Sanger
sequencing (Section 2.1.16), the samples were retransformed (Section 2.1.14) and

purified on a large scale (Section 2.1.15) for the subsequent experimental work.

Table 5. Primers for cloning of various NW and OW NP sequences into pCAGGS

Primer ID/Name Primer Sequences*
247_GTOV_NP_Fwd GCATGAATTCATGGCTCACTCCAAAGAAATCCCC
248_GTOV_NP_Rev CAGTCTCGAG CATCACAAATGCGCTCTTGGC
249 LASV_NP_Fwd CATGGAATTCATGAGTGCCTCAAAGGAAATAAAATCC
250_LASV_NP_Rev GAAACTCGAG CAGAACGACTCTAGGTGTCGATG
251_LUJV_NP_Fwd GATCGAATTCATGTCCCAATCAAAAGAAGTGAAATCC
252_LUJV_NP_Rev GATCCTCGAG CAGACTCAGCTTGGCTGCTG
253_MACV_NP_Fwd GTACGAATTCATGGCTCACTCCAAGGAAATTCCCAG
254_MACV_NP_Rev CAGTCTCGAG CAGTGCAAAGGCTGCCTTGGG
255_MOBV_NP_Fwd GCTAGAATTCATGAGCAACTCCAAGGAAATCAAGTC
256_MOBV_NP_Rev CTAGCTCGAG CAGGATGACCTTGGGTGTTGCTG
257_SABV_NP_Fwd GTACGAATTCATGAGCAACTCAAAGGAAATCCCCAG
258_SABV_NP_Rev CAGTCTCGAG GATGGTGAATGCTGCCTCCAGTG
282_LCMV(Arm) NP_Fwd | GATCGAATTCATGTCCTTGTCTAAGGAAGTTAAGAG
283_LCMV(Arm) NP_Rev | GATCCTCGAG GAGTGTCACAACATTTGGGCCTC
284 _LCMV(WE)_NP_Fwd GATCGAATTCATGTCTTTGTCCAAAGAAGTCAAAAG
285_LCMV(WE)_NP_Rev GATCCTCGAG GAGTGTCACAACATTGGGTCCTC

* EcoRl (red) and Xhol (purple) recognition sites are indicated, while the sequence for the FLAG tag is shown in green

5. Insertion of mutations affecting NP isoform generation into the full-length JUNV S
segment: To generate recombinant JUNVs containing point mutations to eliminate

either the identified alternative translation sites (M80 and M100) or the caspase
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cleavage sites (D160/163 and D222), mutations were introduced into the NP ORF of the

viral S segment contained in a pAmp vector (Fig 12). For the insertion of the M80L and
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D160/163 mutations, the Hind Il restriction enzyme (Section 2.1.10) was used to excise
the corresponding nucleotide sequences from the already point mutated pCAGGS JUNV
NP constructs. In order to insert the D222N point mutation as well as the
D160/163/222N triple substitution, Bglll was used instead (2.1.10). Simultaneously,
pAmp-JUNV S seg (cCRNA) vectors were prepared as ligation backbones using the same
restriction enzymes and subsequently dephosphorylated (Section 2.1.11) before being

used for ligation. Prepared inserts and the corresponding dephosphorylated vectors
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have been ligated (Section 2.1.13). Subsequently, the plasmid DNA was transformed
into E. coli (Section 2.1.14) and purified on a small scale (Section 2.1.15) for sequencing

(Section 2.1.16).

2.1.2 Viral RNA Extraction

For the cloning of NP ORFs from various OW and NW arenaviruses as well as sequencing
of recombinant JUNV viruses, viral RNA was isolated from the supernatants of infected
Vero76 cells (Section 2.3.4) using the QIAmp Viral RNA kit (Qiagen) according to the
manufacturer’s instructions. Addition of 140 ul of cell supernatant to 560 pl of AVL
buffer + carrier RNA was used to lyse the viral particles. After incubation for 10 min at
room temperature (RT), 560 ul of 99 % ethanol was further added to the samples prior
to removal from the BSL 4 laboratory. Next, the RNA solution was transferred to a
QlAamp Mini column and incubated for 1 min before centrifugation at 6000xg. To
remove contamination, the bound viral RNA was washed twice with wash buffers AW1
and AW2, and centrifuged at 6000xg for 1 min each time. After a final centrifugation at
17,000xg for 3 min, the membrane was incubated for 1 min with 60 pl AVE buffer and
centrifuged again at 6000xg for 1 min to elute the RNA. The eluted RNA was aliquoted

and stored at -20°C.

2.1.3 cDNA Synthesis from Viral RNA

Purified viral RNA was reverse transcribed into cDNA for subsequent PCR amplification
of NW as OW arenavirus NP ORFs using the SuperScript Ill Reverse Transcriptase Kit
(Invitrogen). The isolated viral RNA served as a template for first strand cDNA synthesis
using a sequence specific forward primer complementary to the 3' end of the S segment
from the viral RNA of GTOV (VINH-95551), MACV (Carvallo), SABV (SPH114202), MOBV
(ACAR 3080 MRC5 P2), LASV (Josiah) or LUJV (Tab 5). To perform the first strand
synthesis, a reaction mixture consisting of the components listed for Step 1 (Tab 6) was
prepared and incubated at 65°C for 5 min. The sample was cooled on ice for at least
1 min. After a brief centrifugation to collect the condensate, additional components,
including the Superscript Il reverse transcriptase, were added to the solution (Step 2,
Tab 6). Subsequently the mixture was incubated at 55°C for 1 h for cDNA synthesis,
followed by a heat inactivation step of 15 min at 70°C. Subsequently, the reaction was

treated with 1 ul E. coli RNase H (250 U) (New England Biolabs) for 20 min at 37°C to
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eliminate remaining RNA template. The resulting cDNA was either directly used for PCR

or stored at -20°C.

Table 6. Reaction setup for SuperScript Ill reverse transcription

Reagent Source Volume

dNTPs [10 mM/nucleotide] New England Biolabs 1ul

§ Gene specific forward primer [10 uM] - 1l

g Viral RNA [10 pg — 500 ng] - Xul
DEPC-treated H20 Ambion filled up to 13 pl
5x First strand buffer RT Kit/ Invitrogen 4 ul

2 | DTT[0,1 M] RT Kit/ Invitrogen 1yl

‘E: Murine RNase inhibitor [40 U/ul] New England Biolabs 1yl
SuperScript Il reverse transcriptase RT Kit/ Invitrogen 1ul
Total volume 20 pl

Similarly, reverse transcription of viral RNA extracted from recombinant JUNVs was
performed to obtain cDNA using sequence specific primers (Tab 18). After subsequent
PCR amplification (Section 2.1.4) using the forward and reverse primers listed in Table
18, the resulting DNA fragments were sequenced by Sanger sequencing (Section 2.1.14).
For this purpose, RevertAid reverse transcriptase (Thermo Fisher) was employed. An
initial reaction mixture containing the RNA template and primers (Step 1, Tab 7) was
incubated at 65°C for 5 min, and samples were immediately transferred to ice for at
least 1 min. After addition of the remaining components, including the reverse
transcriptase (Step 2, Tab 7), synthesis of cDNA was performed at 42°C for 60 min,

followed by heat inactivation at 70°C for 10 min, and incubation with RNase H, as

described above.

Table 7. Reaction setup for RevertAid reverse transcription

Reagent Source Volume
o | Gene specific forward primer [10 uM] - 1l
? Extracted viral RNA - 3ul
= DEPC-treated H,0 Ambion 7.5 ul
5x First strand buffer RT Kit/ Invitrogen 4l
§ dNTPs [10 mM/ nucleotide] New England Biolabs 2 ul
?: Murine RNase inhibitor [40 U/ul] New England Biolabs 0.5 ul
Revert Aid transcriptase [200 U/ul] RT Kit/ Invitrogen 1l
Total volume 19 pl

2.1.4 Polymerase Chain Reaction
For this work, PCR amplification with the iProof high-fidelity PCR kit (Bio-Rad) was used

to introduce deletions within the JUNV NP CFLAG ORF, to amplify the NP CFLAG ORFs of
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different arenaviruses, and to amplify sequence segments as part of rJUNV sequencing.
For the PCR reaction, the individual components listed in Table 8 were mixed in a cooling
block. The samples were briefly centrifuged and subsequently placed in a C1000 Thermal
Cycler (Bio-Rad), for incubation using a protocol adapted to the annealing temperatures
of the specific primer and the elongation time needed for amplification of the insert (Tab
9). As a variation of the reaction mixture shown in Table 8, the 5x iProof HF buffer (PCR
kit/Bio-Rad) was replaced with 10 pl of 5x iProof GC buffer (PCR kit/Bio-Rad) and an
additional 10 pl of 5x Q solution (Qiagen) were used for the amplification of 800-1000 bp

fragments for the complete sequencing of rJUNVs (Section 2.1.16).

Table 8. Reaction setup for iProof polymerase PCR

Reagent Source Volume
5x iProof HF buffer PCR Kit/ Bio-Rad 10l
dNTPs [10 mM/ nucleotide] New England Biolabs 1yl
Forward primer [10 uM] - 1ul
Reverse primer [10 uM] - 1l
DNA [50 ng] - Xul
MgCl2 [50 mM] PCR Kit/ Bio-Rad 0.5 pl
DMSO PCR Kit/ Bio-Rad 1.5l
iProof Polymerase PCR Kit/ Bio-Rad 0.5 ul
sdH20 - Xul
Total volume 50 ul

Table 9. Cycling protocol for iProof polymerase PCRs

PCR Protocol Steps Cycle no. Temperature Time
Initial Denaturation 1x 98°C 30 sec
Denaturation 98°C 10 sec
Annealing 40x X°C 30 sec
Elongation 72°C 30 sec/kb
Final Elongation 1x 72°C 10 min

2.1.5 Site-directed Mutagenesis

For analysis of the role of specific aspartate and methionine residues within NP in the
generation of NPs3kp, the relevant amino acid changes were introduced by site-directed
mutagenesis using the Quickchange method [335, 336]. For the introduction of the
desired point mutations, sequence specific primers were generated (Tab 2) targeting
pTM1-JUNV NP CFLAG as a template for amplification by iProof polymerase (Bio-Rad).
Reaction setup was performed as described for standard iProof polymerase PCR (Section
2.1.4). However, in contrast to the standard PCR protocol, a cycle protocol specific for

site-directed mutagenesis was used with a lower number of cycles. Depending on the
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desired mutation type, 12 cycles were used for point mutations, whereas 18 cycles were
used for mutation of two or more nucleotides. Furthermore, the template denaturation
step lasted 30 sec and the primer annealing phase took 1 min (Tab 10). After cycling,
methylated parental plasmid DNA was digested by incubation of the PCR reaction with
2 ul Dpnl (New England Biolabs) overnight at 37°C followed by heat inactivation at 80°C
for 20 min. Following treatment, the reaction mixtures were transformed into

chemically competent E. coli (as described in Section 2.1.14).

Table 10. Cycling protocol for iProof polymerase site-directed mutagenesis PCRs

PCR Protocol Steps Cycle no. Temperature Time
Initial Denaturation 1x 98°C 30 sec
Denaturation 98°C 30 sec
Annealing 12-18x x°C 1 min
Elongation 72°C 30 sec/ kb
Final Elongation 1x 72°C 10 min

2.1.6 Agarose Gel Electrophoresis

Agarose gel electrophoresis was used for both the preparative purification of DNA for
cloning and analysis of PCR products or restriction digests to check for the presence of
the expected DNA fragments. To purify DNA products > 1 kb by gel extraction (Section
2.1.9), an agarose concentration of 0.8 % (w/v) was used, while for DNA < 1 kb, a high
percentage gel (i.e., either 1 % or 2 % agarose gel) corresponding to the expected DNA
fragment size was chosen. Furthermore, analytical gels always contained an agarose
concentration of 0.8 % (w/v). For preparation of these gels, the appropriate amount of
agarose (Bio-Rad) was added to 1X TAE buffer! (Roth) and heated in a microwave until
the agarose was completely dissolved. After solidification in a gel tray (Bio-Rad), the
agarose gels were transferred to a SubCell GT electrophoresis unit (Bio-Rad) filled with
1x TAE buffer (Roth). Samples were mixed with 6x gel loading buffer? (New England
Biolabs) in a 1:5 ratio. For gel extraction of PCR products or plasmid DNA digested for
subsequent cloning or restriction digestion testing, the entire reaction volume was used
for electrophoretic separation, while only 5 % of the total PCR reaction volume (50 pl)
was analyzed. Either 5 ul (for analytical gels) or 10 pl (for preparative gels) GeneRuler

1 kb Plus DNA Ladder (Thermo Fisher) was loaded onto the gel as a standard DNA ladder,

1 50x TAE Buffer: 2 M Tris, 1 M acetic acid and 50 mM EDTA in distilled, deionised water (pH 8,5)
2 1X Buffer Components: 2.5 % Ficoll®-400, 10 mM EDTA, 3.3 mM Tris-HCI, 0.08 % SDS, 0.02 % Dye 1
(pink/red) and 0.001 % Dye 2 (blue)
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and electrophoresis was performed at a voltage of 90-110 V until adequate separation

was achieved.

2.1.7 Staining of DNA using Ethidium Bromide

Following separation by agarose gel electrophoresis of samples for analysis (i.e. test
restriction digests or small aliquots of PCR product), the gels were subsequently
incubated in a 1x TAE buffer solution containing 0.5 pg/ml ethidium bromide (Roth).
Staining was performed for at least 30 min at RT in the dark without shaking. Samples
were then evaluated by visualizing the DNA band(s) using the gel documentation and

analysis GenoPlex system (VWR) with ultraviolet light of 302 nm wavelength.

2.1.8 Staining of DNA using Fast Blast

Preparative purification of DNA for further cloning was performed by incubating the
agarose gels with a 100x concentration of the cationic thiazine dye FastBlast (Bio-Rad)
for 2 min at RT with shaking. After incubation, the staining solution was discarded and
the gel was decolorized with 30°C warm H;0 with constant shaking for about 30 min to
1 h. In between, the water used to decolorize the gel was replaced several times. Once
the gel background was sufficiently reduced, the agarose gel could be used for further

DNA extraction.

2.1.9 Gel Extraction of Plasmid DNA and PCR Product Purification

For gel extraction of DNA bands from agarose gels, the NucleoSpin Gel and PCR Clean-
up kit (Macherey-Nagel) was used. First the excised gel piece containing the band of
interest had to be dissolved at 50°C in binding buffer (NTI) at a ratio of 200 pl NTI/
100 mg agarose gel. Other components necessary for cloning, such as the digested and
dephosphorylated vector backbones, as well as PCR products, were also purified using
the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). However, in this case,
samples were resuspended in a 2:1 ratio of binding buffer (NTI buffer) to DNA for
purification. For both methods, the DNA solution was next transferred to a DNA binding
column and isolated by centrifugation at 11,000xg for 30 sec. To remove contaminants,
the columns were washed twice with 650 pl of NT3 buffer and centrifuged 30 s/
11,000xg each time. Subsequently, the DNA was eluted from the silica membrane with
30 pl dsH20 and incubated at RT for 1 min followed by centrifugation at 11,000xg for

1 min. The purified DNA was stored at -20°C.
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2.1.10 Restriction Digestion of Plasmid DNA

As part of the cloning strategies detailed in Section 2.1.1, restriction digests were
performed for both the analysis of constructs and the generation of cleaved DNA for
further cloning. Besides several type Il restriction endonucleases (i.e. EcoRl, Xho I, Bglll,
and Hindlll), the isoschizomer of the type IIS restriction enzyme BsmBlI, Esp3l (all New
England Biolabs) was also used. As buffer systems, the CutSmart buffer (New England
Biolabs) was commonly used for all type Il restriction enzymes, except for Bglll, which
requires buffer 3.1 (New England Biolabs), and Esp3l, which cuts best in Tango buffer
(Thermo Fisher) (+ DTT). All reactions were set up according to Table 11 and 12. While
all analytical restriction enzyme digests (Tab 11) were incubated at 37°C for 30 min, the
preparative digests with type Il restriction enzymes (Tab 11) received incubation at 37°C
for 4 h followed by heat inactivation. In contrast, preparative Esp3l incubations were

prepared according to Table 12 and incubated at 37°C for 16 h.

Table 11. Reaction setup for preparative and analytical restriction digests

Reagent Source Preparative Digest Analytical Digest
10x buffer New England Biolabs | 5 ul 1ul
Restriction endonucleases [1-5 U/ ul] | New England Biolabs | 1 pl/ each 0.3 pl/ each
PCR product /plasmid DNA [3-5 pg] - Xul 8.4 ul
dsH20 - Xul -
Total volume - 50 ul 10 pl

Table 12. Reaction setup for preparative restriction digest with Esp31 (BsmBl)

Reagent Source Preparative Digest
10x Tango buffer Thermo Fisher 4 ul
DTT [20 mM] - 2 ul
Esp3! [10 U/ ul] Thermo Fisher 2ul
DNA [>3 pg] _ 30 pl
sdH20 - 2 ul
Total volume - 40 pl

2.1.11 Dephosphorylation of Plasmid DNA

To avoid recircularization of vectors linearized by restriction endonuclease digestion,
the 5'-phosphate groups were removed by dephosphorylation. This was accomplished
by incubating the linearized vector with shrimp alkaline phosphatase (New England
Biolabs) in a reaction mixture prepared according to Table 13. The reactions were

initially incubated for 1 h at 37°C. Afterwards, an additional 2 ul of shrimp alkaline
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phosphatase was added and the reaction was incubated at 52°C for an additional

30 min, followed by heat inactivation at 72°C for 30 min.

Table 13. Reaction setup for plasmid DNA dephosphorylation

Reagent Source Volume
10x CutSmart buffer New England Biolabs 6 ul
Shrimp alkaline phosphatase [1 unit/ pl] New England Biolabs 2ul(+2ul)
Vector DNA - 50 pl
Total volume 60 ul

2.1.12 Primer Phosphorylation and Hybridization

In order to generate inserts for replacement of selected sequences during alanine
scanning, oligonucleotides encoding the appropriate number of alanine (A) residues
(i.e., 20 A, 10 A, or 5 A residues) were phosphorylated and hybridized. After incubation
of the respective oligonucleotide stretches with T4 PNK (New England Biolabs) at 37°C
for 1 h, the phosphorylated oligonucleotides were mixed for subsequent hybridization.
For this, 1 ul of each phosphorylated primer was mixed in 18 ul H,0 and then incubated
at a temperature gradient from 98°C to 25°C with the temperature decreasing gradually

(-1°C per cycle) over 2 h (Tab 15).

Table 14. Reaction setup for primer phosphorylation

Reagent Source Volume
5x T4 ligase buffer New England Biolabs 4l
DTT [20 mM] - 4l
Primer [100 uM] - 2ul
T4 PNK New England Biolabs 1 pl
dsH20 - 9ul
Total volume 20 pl

Table 15. Temperature gradient cycling protocol for oligonucleotide hybridization

Protocol Steps Cycle no. Temperature Time
Initial incubation 1x 99°C 5 min
Temperature gradient 73x 98°C to 25°C (with -1°C/ cycle)

2.1.13 DNA Ligation

To facilitate ligation of inserts and their corresponding linearized and dephosphorylated
vectors, T4 DNA ligase (New England Biolabs) was used. As a starting point, a standard
molecular ratio of 1:6 between vector and insert volumes was used in reactions
prepared as shown in Table 16. In cases where this standard approach did not work,

different ratios were also tested. The ligation reactions were incubated at 14°C for 16 h.
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As a control for vector relegation, a sample was included in which the insert DNA was

replaced with the same volume of H,0.

Table 16. Standard T4 ligase ligation reaction

Reagent Source Volume
5x T4 ligase buffer New England Biolabs 2ul
T4 DNA ligase [1 U/ ] New England Biolabs 1l
Vector backbone - 1 pl
Insert - 6 ul
Total volume 10l

2.1.14 Plasmid Transformation into Chemically Competent E. coli

Isolation of ligated plasmids was achieved by transformation of competent E. coli.
Artificial competence was achieved in E. coli (XL1-Blue) cells using the Mix and Go E. coli
Transformation Kit and Buffer set (Zymo Research) following the manufacturer's
instructions. Briefly, an overnight culture of E. coli was grown to an OD600 nm of 0.4-
0.6 followed by incubation on ice for 10 min and centrifugation at 2500xg for 10 min at
4°C. After the supernatant was removed, the cell pellet was resuspended in 5 ml of ice
cold 1x wash buffer and centrifuged at 2500xg for 10 min at 4°C. The supernatant was
discarded and the cells resuspended in 5 mlice cold 1X Competent buffer. Subsequently
the resulting competent bacteria were flash frozen in liquid nitrogen in 50 pl aliquots for

storage at -80°C until use.

For transformation, aliquots of competent E. coli were thawed on ice after which an
appropriate DNA volume was added (i.e. 10 pl ligation reaction or 1 ul plasmid DNA for
retransformation) and the solution was gently stirred with a pipette tip. The
transformation mixture was next incubated on ice for at least 30 min. Afterwards, the
entire transformation solution was either spread on lysogeny broth (LB) agar plates or
added directly to liquid LB medium (for plasmid retransformations), both supplemented
with ampicillin (100 ug/ ml). Both the plates and liquid cultures were incubated

overnight at 37°C, while the liquid cultures were additionally shaken at 200 rpm.

2.1.15 Plasmid Preparation

Plasmid DNA from transformed E. coli was isolated and purified at different scales
depending on the application. Small scale preparations (i.e. minipreps) were used as
part of the cloning process to generate DNA for restriction digest to confirm successful

cloning of a DNA fragment and/or to verify construct sequences by Sanger sequencing.
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For small scale DNA preparations, the NucleoSpin Plasmid EasyPure kit (Macherey-
Nagel) was used. Individual colonies on ampicillin containing LB agar plates were
collected with a pipette tip and placed into 5 ml of liquid LB medium containing 100 ug/
ml ampicillin. Samples were incubated overnight at 37°C with shaking at 200 rpm.
Bacterial cultures were subsequently pelleted for 1 min at 7000xg and resuspended with
150 pl of Al buffer containing RNase A. Lysis of the bacteria was induced by the addition
of 250 ul A2 buffer for up to 2 min, followed by neutralization with 350 ul A3 buffer.
Precipitated bacterial proteins and chromosomal DNA were collected by centrifugation
at 12,000xg for 3 min, after which the cleared lysates were applied to a column
containing a silica membrane and centrifuged at 2000xg for 30 s. After one washing step
using 450 ul AQ buffer and centrifugation at 12,000xg for 1 min, the silica membrane
was dried by an additional 1 min centrifugation at 12,000xg. Subsequently the DNA was
eluted from the membrane by addition of 50 ul H,0, incubation for 1 min at RT followed

by centrifugation at 12,000xg for 1 min.

Once plasmid DNA sequence integrity was confirmed, the corresponding plasmid DNA
was purified in large quantities (i.e., midiprep) for further use in experiments. For this,
the NucleoBond PC100 kit (Macherey-Nagel) was used. As a first step, chemically
competent E. coli were transformed with 1 pl plasmid DNA stock solution the previous
day (Section 2.1.14) and transferred to 100 ml (high copy plasmids) or 500 ml (low copy
plasmids) LB medium followed by incubation with shaking at 37°C. The next day, the
overnight culture was pelleted at 4000xg for 15 min at 4°C. Harvested bacterial cells
were resuspended in 4 ml (high copy plasmids) or 8 ml (low copy plasmids) buffer S1
and lysed via addition of 4 ml (high copy plasmids) or 8 ml (low copy plasmids) of lysis
buffer S2 and incubation for < 5 min at RT. After addition of 4 ml (high copy number
plasmids) or 8 ml (low copy number plasmids) of buffer S3 and incubation on ice for
5 min, lysates were centrifuged at 12,000xg for 25 min. The clarified solutions were
added to an anion exchange chromatography column previously equilibrated by the
addition of 2.5 ml of N2 buffer. After washing the plasmid DNA with 10 ml (high copy
plasmids) or 12 ml (low copy plasmids) of N3 buffer, the DNA was eluted by adding 5 ml
of N5 elution buffer. The eluted DNA was then precipitated by the addition of 3.5 ml
isopropanol and centrifugation for 30 min at 15,000xg at 4°C. Finally, the DNA pellet was

incubated with 70 % ethanol and centrifuged again for 10 min at 15,000xg. Afterwards
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the plasmid DNA pellet was briefly dried and resuspended in 350 ul dsH,O. DNA

concentrations were measured using a NanoPhotometer P300 (Implen)

spectrophotometer.

2.1.16 Sanger Sequencing of DNA

For the sequencing of the various NP expression plasmids generated by cloning, vector-
specific primer pairs located adjacent to the 3' and 5' ends of the multiple cloning site
were used (Tab 17). In addition, to generate the rJUNV variants, the pAmp vector
encoding the viral S segment had to be sequenced. Therefore, forward and reverse
primers specific for the 3' and 5' ends of the pAmp vector multiple cloning site and for
the NP ORF were used, as well as a reverse primer localized within the GP-C ORFs (Tab
17). To completely sequence the corresponding rJUNVs, partially overlapping PCR
products of 800-1000 bp were amplified by PCR (Sections 2.1.2, 2.1.3 and 2.1.4) using
the primers listed in Table 18. For Sanger sequencing, 5 pl of primer [5 uM] was mixed
with either 5 ul of plasmid DNA (corresponding to 400-500 ng of DNA) or 5 pl of purified
PCR product (corresponding to approximately 100-400 ng of DNA). Samples were sent
to Eurofins Genomics for sequencing and the sequencing data obtained were analyzed

using the Geneious 10 software package.

Table 17. Primers used for plasmid sequencing

Target Primer ID/Name Primer Sequence
239 pTM1_Fwd ATTGTATGGGATCTGATCTGG
pTM1 240_pTM1_Rev GCCAACTCAGCTTCCTTTCGG
108_JUNV_Rom_NP_1152_Rev ATCTCAACAGGGTCAGTGGCTG
184 pCAGGS_Fwd CCTTCTTCTTTTTCCTACAG
pCAGGS 185_pCAGGS_Rev CCTTTATTAGCCAGAAGTCAG
108_JUNV_Rom_NP_1152_Rev ATCTCAACAGGGTCAGTGGCTG
80_pAmp_Fwd GGGAATAAGGGCGACACGG
pAmp vector
81_pAmp_Rev CATCAGTGCCAACATAGTAAGCC
PAMP | o oRE 503_JUNV_NP_3727_Fwd GAAGCCCAAGAGAGGTTAAAGC
108_JUNV_Rom_NP_1152_Rev ATCTCAACAGGGTCAGTGGCTG
GP-C ORF 98_JUNV_GPC_2658_rev GGCACAACCCACAAGTTGGCC

Table 18. Primers used for JUNV genome sequencing

Target Primer ID/Name Primer Sequence
L segment

3UTR 190 TCRV L NCR SDM_Fwd CGACTCACTATAGCGCACCGAGGATCCTAGGCGGCACTTG
694_JUNV_Lseg_907_Rev GGCACATCACTGTCTTTGTGG
480 JUNV Lseg_532 _Fwd TCGGTGGCTACTGATTGACATCC

L ORF 504 JUNV Lseg 1279_Rev CTGTGACCAGAGATCTTGATGAG
481 JUNV Lseg 1175_Fwd TAAGAAATGCAGGAATAGTTGTTGG
505 JUNV Lseg 1988_Rev GACATGCAGTCGACCCTTAGC
482_JUNV_L seg_1857_Fwd CACGAACTCATGACAATGACAAGG
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506_JUNV Lseg_2709_Rev

CCTTACTTGATCCTCTGTTAAACTCTC

483_JUNV_L seg_2541 Fwd

TATTCTCTCTGTTTATGATAAGGAG

507_JUNV Lseg_3398_ Rev

ATACAGTTCTCTATTTGAGCCAACC

484 JUNV_L seg 3237 _Fwd

GAGGTTCGGCTTAGTACCAGG

508_JUNV Lseg_4050_Rev

CTGTTCTGTCTTGACACTTTTCATC

485_JUNV_L seg_3935_Fwd

GCACAACACATCAGATTTATATGG

513 _JUNV L seq_4813_Rev

CTCTGCCAAGATCTTCTTCACGC

486_JUNV_L seg_4655_Fwd

GTGTAGTGAAGATGAAATCAGACG

509_JUNV Lseg_5496_Rev

GTTCCTGCAAACTTGCTGTGG

487 _JUNV_L seg_5387_Fwd

AGACATGATGAATGAGAACTTAGG

510_JUNV Lseg_6205_Rev

ATATGCATACTTGTTACCTAGTTCAG

Z ORF 488_JUNV_L seg_6095_Fwd CTAGCCTACCATTGTTCACAGG
5’ UTR 300_TCRV S/Lseg 5’end_Rev CGCACCGGGGATCCTAGG
S segment
3‘UTR 298_TCRV S/Lseg 3’end_Fwd CGCACAGTGGATCCTAGGC
373_JUNV_XJ13_1107_Rev AGTTAGCCAATCTCAAATTCTGACC
477_JUNV_NP2_Fwd GAGTGGATGCTCGTAGCAG
NPORF  "695_JUNV_sseg_1757_Rev GGAACAGCAAGCTCGATGG
697_JUNV_Sseg_1665_Fwd CTCCAGTGAACCACACTGTGC
GP-C ORE 696_JUNV_Sseg_2513_Rev GAGTGGATGCTCGTAGCAG
698_JUNV_Sseg_2345_Fwd CAAGGCATTGATTGTCTGCCC
5’ UTR 300_TCRV S/Lseg 5’end_Rev CGCACCGGGGATCCTAGG

2.2 Cell Biological Methods

2.2.1 Cultivation of Eukaryotic Cells
For this work, non-human primate kidney epithelial cells (Vero76, CCLV-RIE 0228), baby

hamster kidney cells (BSR-T7/5, CCLV-RIE 0583), human embryonic kidney cells
(HEK293T, CCLV-RIE 1018) and human hepatoma cells (Huh7, CCLV-RIE 1079) were
obtained from the Cell Culture Collection for Veterinary Medicine (CCLV) of the
Friedrich-Loeffler-Institut. Vero76 cells and HEK293T cells were grown in Dulbecco's
Modified Eagle Medium3 (DMEM, Gibco) supplemented with 10 % fetal calf serum (FCS)
and 1 % penicillin/ streptomycin (10,000 U/ ml each, Gibco), while BSR-T7/5 and Huh7
cells were grown in GMEM* supplemented with 5 % newborn calf serum (NCS). All cell
lines were cultivated at 37°C in an atmosphere containing 5% CO,. For maintenance,
cells were passaged at 2 to 3 day intervals to achieve 80-90 % confluence in T75 flasks

(Corning). For cell passage, the old medium was first removed from the cells and 2 ml of

3 DMEM: 9.9 g/ | Dulbecco’s modified Eagle medium (Gibco); 3.7 g/ | NaHCOs (Roth); 0.12 g/ | pyruvic acid
sodium salt (Merck); pH 7.1

4 GMEM: 12.5 g/ | Glasgow’s minimal essential medium (Gibco); 2.75 g/ | NaHCOs (Roth); 0.5 g/ | Tryptose
Phosphate Broth (Sigma); 1 g/ | peptone from casein (Sigma); 1 g/ | peptone from animal tissue; 0.5 g/ |
yeast extract; pH 7.1
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Alsever's trypsin versen solution® (ATV) was added to rinse off the remaining medium
and loose cells. Subsequently, the cell monolayer was incubated with an additional 2 ml
of fresh ATV at 37°C/ 5 % CO; until the cells detached from the cell culture flask surface.
To stop the protease digestion, 10 ml of either DMEM + 10 % FCS (for HEK293T and
Vero76 cells) of GMEM + 5 % NCS (for BSR-T7/5 and Huh7 cells) was added followed by
thorough resuspension to separate the cells. According to a cell division factor
determined based on the growth rate of each cell line and the desired cell density, an
appropriate volume of cell suspension remained in the cell culture flask. Subsequently,
the cell culture flask was replenished with fresh DMEM + 10 % FCS or GMEM + 5 % NCS
up to a total volume of 15-20 ml/ flask and cells were incubated at 37°C/ 5 % CO,. The
remaining cell suspension was either discarded or transferred to a 50 ml tube (Sarstedt)

for further experimental use.

For transfection and infection experiments, cells were prepared in either 6- or 12-well
plates (Corning). In order to obtain the correct cell density on the next day, the volume

of the cell suspension needed was calculated using the equation below:

new surface area (cm?) |

volume total cell suspension (ml)* =cell suspension volume for seeding

old surface area (cm?)  split factor

A cell confluence of 50 % on the following day was used for minigenome assays (BSR-
T7/5 cells), exonuclease activity assays (HEK293T cells) and overexpression experiments
(Vero76 cells). In contrast, for indirect immunofluorescence assays, Huh7 cells were
seeded for a cell confluence of 30-40 % on the following day. Mixed BSR-T7/5 and
Vero76 co-cultures for virus rescue and Vero76 cells for virus infection experiments
were seeded for 70 % confluency the next day.

The required volume of cell suspension, prepared as described above, was added to the
corresponding volume of medium, either DMEM + 10 % FCS (for HEK293T and Vero76
cells) or GMEM + 5 % NCS (for BSR-T7/5 and Huh7 cells). For plating, 1 ml/ well (12-well
plates, Corning) or 2 ml/well (6-well plates, Corning) were dispensed and the plates
were agitated to distribute the cells evenly. Afterwards, the culture plates with cells

were incubated at 37°C/5 % CO> until the time of transfection or infection.

5 ATV: 8.5 g/ | NaCl (Roth); 0.4 g/ | KCI (Roth); 1 g/ | dextrose; 0.58 g/ | NaHCO3 (Roth); 0.5 g/ | trypsin
1:250; 0.2 g/ | EDTA; pH 7.2
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In general, for the introduction of plasmids into eukaryotic cells, the DNA transfection
reagent Transit-LT1 (Mirus) was used. The only exception was the transfection of Huh7
cells for immunofluorescence assays (Section 2.2.6), where polyethylenimine (PEI,
Sigma) was used. For transfections with Transit-LT1 (Mirus) in a 6-well plate (Corning),
plasmid DNA was diluted in 100 pl optimized Eagle's Minimum Essential Medium
(OptiMEM, Thermo Fisher) per well, mixed and centrifuged briefly. The solution was
subsequently mixed with 3 pl Transit-LT1 (Mirus)/ 1 ug DNA and the mixture was again
briefly vortexed and centrifuged. Alternatively, for transfections in a 12-well plate,
plasmid DNA was diluted in 50 ul OptiMEM (Thermo Fisher) and briefly vortexed and
centrifuged followed by addition of 3 pl/ 1 ug DNA Transit-LT1 (Mirus). Subsequently,
for both plate-formats the transfection preparations were incubated for 15 min at RT.
During this time, the medium on the cells was either exchanged against medium with a
lower serum content (i.e. DMEM + 5 % FCS) or, for BSR-T7/5 and Huh7, the medium was
exchanged with fresh medium (i.e. GMEM + 5 % NCS). Following the incubation, 100 pl
(6-well plate; Corning) or 50 pl (12-well plate; Corning) of the transfection mixture was
added to the wells in a dropwise fashion and the plates were rocked before being
incubated at 37°C/ 5 % CO,. On the following day, the medium was again replaced with
fresh DMEM +5 % FCS or GMEM + 5 % NCS to reduce the toxic effects of the transfection

reagent.

For transfection with PEI (Sigma) in a 12-well plate format, first the amount the PEI:DNA
mixture was prepared. For this, 0.8 pg of DNA was diluted in 100 pul of OptiMEM (Thermo
Fisher) and 0.8 pl of PEI (1 pg/ ul) (Sigma) was added. The mixture was immediately
vortexed and briefly centrifuged followed by incubation at RT for 15 min. While the
transfection solutions where incubating the medium on the cells was replaced with
250 ul/ well of fresh GMEM + 5 % NCS. Upon completion of the incubation, 100 pl of the
transfection mixture was added dropwise to the cells and incubated for 4 h at 37°C/ 5 %
CO;. Once the incubation period was over, the medium was completely removed and

replaced with 500 pl of fresh GMEM + 5 % NCS.
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2.2.2 Preparation of Cell Lysates for Western Blot Analysis

For harvesting samples to analyze protein expression by Western blot (Sections 2.2.4
and 2.2.5), transfected cells were collected in 1x phosphate buffered saline ® (PBS) by
scraping from the culture plate surface. Subsequently, the samples were placed on ice
and centrifuged at 10,000xg for 5 min at 4°C. The resulting cell pellet was resuspended
in 1 ml of PBS and 4x sodium dodecyl sulfate (SDS) gel loading buffer (GLB)” was added
to a final 1x concentration followed by a 5 min treatment at 95 °C. Alternatively, to
collect the samples for an exonuclease assay, 250 pl/ well of 1 % triton X-100 (Roth,
dissolved in dsH;0) was added to the cells, after which they were incubated for 10 min
at RT. Cell debris was then removed by centrifugation at 10,000xg for 3 min, and cell
lysates were either used directly for exonuclease assay (Section 2.2.7) or prepared for
Western blot analysis (Sections 2.2.4 and 2.2.5) by addition of an appropriate amount
of 4x SDS-GLB, as described above. Another exception was the harvest of infected cells
under BSL 4 conditions. Here, infected cells were first scraped into the medium before
being transferred to a 2 ml tube (Sarstedt) and then centrifuged at 4°C and 6000xg for
5 min. Following this, all subsequent steps were performed on ice. After washing the
pelleted cells with 800 ul 1x PBS and further centrifugation at 6000xg at 4°C for 5 min,
the PBS was discarded and 100 pl cytoplasmic extraction buffer (Thermo Fisher)
supplemented immediately before use with 1x protease inhibitor cocktail (Roche) and
1 mM phenylmethylsulfonyl fluoride (Roche) was added to the cells. Samples were then
lysed on ice for 45 min with brief vortexing at 10 min intervals, and the resulting lysates
were centrifuged at 10,000xg at 4°C for 10 min. The purified cell lysate was transferred
to a 2 ml tube (Sarstedt) and 33 pl of 4x SDS GLB was added. Afterwards samples were
incubated at 99°C for 10 min, after which they were taken from the BSL 4 laboratory
according to the established operating procedures. Samples were incubated again at
99°C for 10 min before being analyzed by Western blot (Sections 2.2.4 and 2.2.5).
Preparation of these samples under BSL 4 conditions was conducted by Dr. Lucie

Fénéant.

6 10x PBS: 80 g/ | NaCl (Roth); 2.0 g/ | KCI (Roth); 14.4 g/l Na;HPOa (Roth); 2.4 g/ | KH2PO4 (Roth); pH 7
7 4x gel loading buffer stock solution (10 ml): 2.5 ml 1 M Tris-HCI (pH 6.8); 1 g SDS; 0.8 ml 0.1 %
bromophenol blue; 4 ml 100 % glycerol; 2 ml 14.3 M 2-mercaptoethanol; adjust to 10 ml total with sdH20
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2.2.3 Sodium Dodecyl Sulfate Gel Electrophoresis
For SDS polyacrylamide gel electrophoresis (SDS-PAGE), gels were cast using the Mini-

PROTEAN (Biorad) plate system with a 0.1 mm spacer. The acrylamide gels were
prepared by overlaying 10 % acrylamide resolving gel with a 5 % acrylamide stacking gel
prepared according to Table 19. Once solidified, the gels were clamped into the Mini-
PROTEAN Tetra Cell (Bio-Rad) system and the chamber was filled with 1x running
buffer®. Subsequently, 10-15 pl/ sample or 3 pl of Page Ruler Prestained Protein Ladder
(Thermo Fisher) was added to the respective wells. Electrophoresis was performed at a
voltage of 100-120 V, and migration of the pre-stained protein marker bands was used
to estimate sufficient separation according to the expected molecular weight of the

respective proteins of interest.

Table 19. Components for preparation of acrylamide gels

Stacking gel Resolving gel
Component Source (5% acrylgriide) (10 % acrylgriide)

40 % Acrylamide/ Bis Solution, 37.5:1 Biorad 187.5 ul 1.5 ml

20 % SDS Sigma - 30 ul

2 M Tris (pH 8.8) Invitrogen - 1.1 ml

1 M Tris (pH 6.8) 187.5 ul -

10 % APS Roth 6.25 pl 22.5 ul
TEMED Sigma 2.5 ul 4.5 ul
sdH20 - 1.125 ml 3.4 ml

2.2.4 Western Blotting
For antibody-based detection of proteins separated by SDS-PAGE, the proteins were

transferred to a polyvinylidene fluoride (PVDF) membrane (Sigma) by semi-dry Western
blotting. This was done by first treating the PVDF membrane with methanol (Roth) for
15 s before incubating it in 1x transfer buffer®. To transfer protein samples obtained
from infected cells (i.e. for detection of cleaved caspases), a final concentration of 2 %
methanol was added to the transfer buffer. Before stacking the resolving gel and extra
thick filter papers (Thermo Fisher) were equilibrated in 1x transfer buffer as well. Finally,
the components were assembled as follows in the semidry transfer unit (Biostep): plate
electrode (anode) — filter paper — PVDF membrane — polyacrylamide gel — filter paper —
plate electrode (cathode). For the protein transfer, a current of 50 mA/ gel was applied

for 90 min. Afterwards, the membrane was incubated in 10 % skim milk dissolved in 1x

8 10x running buffer stock solution: 30.2 g/l Tris (Sigma); 144 g/| glycine (Roth); 10 g/I SDS (Roth); pH 8.3
9 10x transfer buffer stock solution: 30.2 g/l Tris (Sigma); 144 g/I glycine (Roth)
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Tris-buffered saline with 0.1 % Tween20 (TBS-T)!° for 1 h at RT. This was followed by
three washing steps with TBS-T, after which the membrane was incubated with the
primary antibody diluted as required (Tab 20) in 1 % skim milk/ TBS-T at 4°C overnight.
On the next day, the membranes were washed three times with TBS-T and incubated
with the secondary antibody (Tab 20) diluted in 1 % skim milk/ TBS-T for 1 h at RT. After
incubation the blots were washed again three times with TBS-T and one time in 1x PBS.
Finally, the membranes were incubated with the Clarity Western ECL Substrate (Bio-
Rad) for 5 min before being placed in an X-ray cassette. Blots were exposed to x-ray films
(Fuji Super RX-N 13x18, Fujifilm) and development of the films was performed in an

automated developer Typon SX-2 Imager.

Table 20. Primary and secondary antibodies for Western blot analysis

Primary Antibody Cat. No. Species Conjugation Dilution Source

o FLAG #F1804 Mouse - 1:1000 Sigma

o JUNV NP 2 - Guinea Pig - 1:1000 In-house

o Caspase 3 #9662 Rabbit lllggg/ Cell Signaling Technology

o Caspase 8 #9746 Mouse - 1:1000 Cell Signaling Technology

o Caspase 9 #9508 Mouse - 1:1000 Cell Signaling Technology

a Vinculin #25336 Mouse - 1:2000 Santa Cruz Biotechnology
Secondary Antibody Cat. No. Species Conjugation Dilution Source

o Mouse #7076 Horse HRP 1:2000 Cell Signaling Technology

o Rabbit #7074 Goat HRP 1:2000 Cell Signaling Technology

o Guinea Pig #087875 Rabbit HRP 1:5000 Dianova

2.2.5 Indirect Immunofluorescence Assay

To investigate the subcellular distribution of JUNV NP isoforms, Huh7 cells were seeded
on 15 mm glass coverslips (Carl Roth) and grown for 24 h to a confluence of 30-40 %.
Following transfection (Section 2.2.2), the cells were incubated for a total of 72 h. Upon
completion of incubation, the medium was removed and the cells were rinsed three
times with 1x PBS. Cells were fixed by addition of 4 % (w/v) paraformaldehyde (Roth)
dissolved in PBS and incubated for 20 min at RT. Samples were subsequently washed
three times with PBS for 5 min before being incubated with 10 % FCS + 0.1 % Triton X
100 (Roth) dissolved in PBS for 1 h at RT. Following that, cells were again washed three
times with PBS before incubation with a monoclonal mouse anti-FLAG antibody (Sigma-

Aldrich, F1804) diluted 1:1000 in PBS + 0.1 % Triton X 100 (Roth). For incubation,

10 10x TBS stock solution: 24 g/| Tris (Sigma); 88 g/I NaCl (Roth); pH 7.6; for 1x TBS-T the 10x TBS was
diluted and 0.1 % Tween 20 was added
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coverslips containing the fixed cells were placed on a 50 ul drop of antibody solution in
a humidified chamber for 1 h at RT. Subsequently, samples underwent three further
washing steps with 1x PBS for 5 min each, followed by a 1 h incubation at RT with an
anti-mouse Alexa Fluor 488 conjugated secondary antibody (Thermo Fisher) diluted
1:1000 in 0.1 % Triton/ PBS. This was also performed inverted in a humidified chamber
with 50 pl of antibody solution. After a last single washing step in dsH;0, excess liquid
was removed and the coverslips were mounted on a drop of ProLong Diamond antifade
mounting solution containing 4’,6-diamidino-2-phenylindole (DAPI) (Fisher Scientific) on

a microscope slide and left to dry overnight at RT in the dark.

2.2.6 Exonuclease Assay

For the exonuclease activity assay, HEK293T cells were seeded in 6-well plate for 70 %
confluence on the following day. Confluent cells were transfected with 500 ng of
plasmid encoding the different C-terminal FLAG-tagged JUNV NP isoforms as well as
JUNV NPwt, TCRV NPwr, and TCRV NP(E388A) (Section 2.2.2). After 72 h of incubation
cell lysates were harvested (Section 2.2.3). To prepare the reaction solution for the
exonuclease assay the relevant components were added on ice in the order indicated in
Table 21, and the reaction was started with the final addition of the low molecular
weight double-stranded RNA substrate (Poly(l:C), Invivogen) to the mixture. Following
incubation at 37°C for 24 h, the reaction was terminated by the addition of 50 pl of
cooled perchloric acid!! to each reaction after which samples were placed on ice for
15 min. Afterwards, the samples were centrifuged at 20,000xg for 15 min at 4°C. The
absorbance (Azsonm) of the supernatants was measured in triplicates using the P300

NanoPhotometer (Implen).

Triplicate values were collected for all absorbance measurements, and subtracted from
the respective 0 h values. Afterwards, the technical replicates were combined and the
corresponding values were subtracted from the background control (an empty pCAGGS
vector) to obtain a net Aeo value. The averages of the calculated net A260 values were
presented as percentage activity relative to the JUNV NP positive control. Statistical

significances of differences in the obtained values were evaluated by a one-way ANOVA

11 perchloric acid: 1.2 M perchloric acid with 20 mM lanthanum
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combined with a Dunnett's post-hoc test (comparison with the negative control TCRV

NP(D388A) NFLAG).

Table 21. Reaction set up for exonuclease activity assays

Assay Components Source Volume
Cell lysate - 15
10x Tris-manganese buffer!? (adapted from Jiang et al, 2013 [173]) | 30 ul
DEPC-treated water Ambion 225 ul
Low molecular weight poly I:C (3.33 pg/ ul) Invitrogen 30 ul
Total volume 300 pl

2.2.7 Minigenome Assay

To analyze the potential effects of NP isoform generation on various aspects of the viral
RNA synthesis process, minigenome assays, which model viral RNA synthesis, were used
(Fig 13). First, NPwr with and without a C-terminal FLAG tag was tested for minigenome
activity using increasing amount of transfected plasmid to select the appropriate
amount of NP CFLAG for follow-up experiments. Subsequently, minigenome assays were
performed expressing NP isoforms either instead of NPwr or together with NPwr, to
examine their functionality and/or regulatory potential for viral RNA synthesis. To
further test the effects of NP isoforms on Z mediated RNA synthesis termination, the
inhibitory effect of different amounts of Z was first tested in the minigenome assay to
select Z plasmid DNA amounts for use in further minigenome assays. For the follow-up
experiments, NP isoforms were co-expressed together with both NPwrand Z, to examine

their influence on the termination of RNA synthesis by Z.

The minigenome assays were based on a VRNA analogue of the JUNV S segment in which
the viral glycoprotein ORF was eliminated and the nucleoprotein ORF was substituted
by a reporter gene expressing the nanoluc luciferase (nanoLuc) [337]. For all
minigenome assays, BSR-T7/5 cells [338] were seeded into a 12-well plate and
transfected at 50 % confluence on the following day. For testing NP CFLAG functionality
in the minigenome assay, 1850 ng of total plasmid DNA (i.e. minigenome (250 ng),
pCAGGS-T7 RNA polymerase (250 ng), pCAGGS-Firefly luciferase (transfection control;
100 ng), pCAGGS-JUNV L (1 pg), and 1-250 ng of pCAGGS-NP or pCAGGS-NP_CFLAG)
were transfected (Section 2.2.2). For subsequent minigenome assays with additional

expression of NP isoforms, 1850 ng of total plasmid DNA (i.e. minigenome (250 ng),

12 Tris-manganese buffer: 25 mM Tris-HCl (pH 7.5), 1 mM MnCl, 10 mM NaCl, 15 mM KClI
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pCAGGS-T7 RNA polymerase (250 ng), pCAGGS-Firefly luciferase (transfection control:
100 ng), pCAGGS-JUNV L (1 ug), pCAGGS-JUNV NP (125 ng) and either 125 ng of pCAGGS
encoding each of the NP isoforms when co-expressed with full-length JUNV NP or 250 ng
of plasmid DNA for each JUNV NP isoform if expressed in place of full-length JUNV NP)
were transfected, as described above in Section 2.2.2. To determine appropriate
inhibitory concentrations of Z in the minigenome assay, 1175 ng of total plasmid DNA
(i.e. minigenome (125 ng), pCAGGS-T7 RNA polymerase (125 ng), pCAGGS-Firefly
luciferase (transfection control/ 50 ng), pCAGGS-JUNV L (500 ng), pCAGGS-JUNV NP
(125 ng), and 1-250 ng of pCAGGS-Z) were transfected (Section 2.2.2). In order to
perform the minigenome assay with additional co-expression of JUNV Z, a total amount
of 1053 ng of plasmid DNA (i.e. minigenome (125 ng), pCAGGS-T7 RNA polymerase
(125 ng), pCAGGS-Firefly luciferase (transfection control/ 50 ng), pCAGGS-JUNV L
(500 ng), pCAGGS-JUNV NP (125 ng), pCAGGS encoding individual NP isoforms (125 ng),
and 1 ngor 2.5 ng of pCAGGS-JUNV Z) was prepared and transfected (Section 2.2.2). For
all minigenome assay preparations, the amount of total plasmid DNA transfected was

standardized with pCAGGS-empty vector DNA, if necessary.

Cell culture plates were centrifuged at 500xg for 5 min after application of transfection
solution and then incubated at 37°C and 5 % CO; for 48 h. To harvest the samples, the
medium was then removed and the cells were incubated with 200 ul/ well of 1 % Titon
X-100/ H,0 (Roth) for 5 min at RT with pipetting up and down slowly to avoid bubbles.
Harvested cell lysates were centrifuged at 10000xg for 3 min to remove cell debris and
subsequently stored at -20°C. To measure reporter activity, 40 ul of each cell lysate
sample was mixed with either 40 pul of Renilla Glow Juice (PJK) or Beetle Juice (PJK) in a
black 96-well plate (Greiner Bio One) and measured using the GloMax Discover

Multimode Microplate Reader (Promega).

The measured luminescence data were first logarithmized, followed by normalization of
nanoluciferase activity values with firefly luciferase values (included as transfection
controls in all samples). Averages plus/minus standard deviations were calculated for
the replicates of each sample. For minigenome assays with co-expression of Z, the
normalized luciferase values were subsequently standardized to + NPwr without

addition of Z. Minigenome assays with NP isoforms expressed in place of NPwr were
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tested for significance using a one-way ANOVA with Dunnett’s post-hoc test relative to
the respective negative control (- NPwr) while significance for minigenome assays with
NP isoforms co-expressed together with NPwr were tested using a one-way ANOVA with
Dunnett’s post-hoc test, but relative to the respective positive control (+ NPwr). In
addition, the significance of the minigenome assays with expression of increasing
amounts of Z were assessed with a one-way ANOVA in combination with a Dunnett's
post-hoc test comparing each sample to the + NPwr without Z control. Furthermore, for
the minigenome assays containing NP isoforms and Z co-expression, the significances
were compared using a one-way ANOVA in combination with a Dunnett's post-hoc test
in relation to the + JUNV NPwt/ + Z control. In contrast, for minigenome assays that
contained only full-length NP with and without CFLAG statistical analysis was performed
using a two-way ANOVA in combination with a Sidak post-hoc test (selected pairwise

comparisons).

Figure 13. Schematic representation
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2.3 Virological Methods

2.3.1 Generation of Recombinant JUNVs

For the generation of rJUNVs containing various mutations in the NP coding sequence

affecting either the identified alternative translation sites (M80 and M100) or the
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caspase cleavage sites (i.e. D160/163 and D222) (Section 2.1.1) responsible for the
production of the two smallest NP isoforms, a full-length cloning system was used as
described in Figure 14. For this, BSR-T7/5 and Vero76 co-cultures were seeded in a 6-

well plate and transfected the next day at 50% confluence.

ANPa7kD Figure 14. Schematic representation
ANPs3kp ANPazkp ANPaokp ANPa0KD of the workflow for recombinant

JUNV generation. To produce

. . OR @ @ @ recombinant JUNV, plasmids
encoding T7 polymerase, JUNV S and

‘ @ @ L segments, polymerase L, and
. nucleoprotein NP were transfected.

' {:%‘fﬁ Since both vectors encoding the

respective genomic segments contain
id, " a T7 promoter, initial transcription by

' the T7 polymerase takes place, after
which L and NP mediate secondary
transcription and replication of these
viral genome copies. Once all viral
proteins (i.e. L, NP, GP-C and Z) have

cRNA mRNA 1 CRNA MRNA-1 been produced by translation of the

coe corresponding viral mRNAs assembly
AAA “ -|[|— [:>° -a . . . .

mR.NA2 L) MRNA-2 of infectious viral particles can take

place. (Modified with permission
from Dr. Allison Groseth [7])

[ @replication (@) transcription ©assemb\v&hudding]

First the medium  was
exchanged against fresh GMEM supplemented with 5 % NCS. For the transfection the
previously mixed plasmid DNA (i.e. polymerase L (1 pg), nucleoprotein NP (250 ng), RNA
polymerase T7 (250 ng), JUNV S segment (1 pg) and JUNV L segment (1 ug)) was
combined with 100 pl OptiMEM (Thermo Fisher) and 5 pl Transit-LT1 (Mirus) per 1 ug
plasmid DNA (Section 2.2.2). The transfected cells were incubated at 37°C/ 5 % CO- for
24 h, and the medium was replaced with GMEM supplemented with 2 % NCS.
Subsequently cells were then incubated for another 4 to 5 days at 37°C/ 5 % CO,. After
6 days post-transfection the supernatants (passage 0; p0) were harvested and cleared
from cell debris by centrifugation at 1000xg for 10 min. The resulting supernatants were
used to infect VeroE6 cells with 80 % confluency seeded the previous day in a 6-well
plate. After removing the medium from the cells, 1 ml of the previously harvested p0
supernatant was applied to the cells, which were then incubated for 1 hat37°C/ 5 % CO;
before being replaced with fresh DMEM + 2 % FCS. After 14 days post-infection, the
supernatant was harvested and cleared of cell debris by centrifugation at 1000xg for

10 min. The harvested and cleared p1 virus stocks were used to further infect VeroE6
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cells in order to generate working stocks (p2). For this, VeroE6 cells were seeded in T75
cell culture flasks (Corning) for a confluence of 80-90 % on the next day. Medium was
removed from the cells and 5 ml of virus suspension (1 ml p1 virus stock + 4 ml serum-
free DMEM) was added to the cells, which were incubated for 1 h. Upon completion of
the incubation period, the inoculum was discarded, and 20 ml of fresh DMEM containing
2 % FCS was added to the cells followed by incubation at 37°C and 5 % CO, for 7 days.
Afterwards the resulting supernatants were cleared of cellular debris by centrifugation
at 3000xg for 15 min. Afterwards FCS was added to a final concentration of 10 % and
prepared stocks were aliquoted in 1 ml aliquots and subsequently stored in liquid
nitrogen. The titers of these aliquoted p2 working stocks were determined by plaque
assay, as described below (Section 2.3.2) before being used in infection experiments,
also as described below (Sections 2.3.3 and 2.3.4). In addition, RNA samples from the p2
working stocks of all the rIUNVs were prepared in AVL lysis buffer (QIAmp viral RNA mini
kit, Qiagen) and Ethanol (as described above in section 2.1.2) before being taken from
containment in accordance with the BSL 4 operating procedures of the Friedrich-
Loeffler-Institut. Virus rescues and the preparation of RNA were performed under BSL 4

conditions by Dr. Lucie Fénéant.

2.3.2 \Virus Titration by Plague Assay

Infectious titers for the different rJUNVs were determined by plaque assay. For this
Vero76 cells were seeded in a 12-well plate (Corning) 24 h prior to use to obtain 80 %
confluency at the time of infection. The following day, the supernatant was removed
followed by infection with 900 pl/ well of a P2 dilution series from 10 to 10 prepared
in serum-free DMEM medium. After a 1 h incubation, the inoculum was removed and
the infected cells were overlaid with 2 ml/ well of a 1:1 mix of 1.8 % agarose (Lonza) and
2X MEM?*3 supplemented with 4 % FCS. After the overlays had solidified, the plates were
incubated at 37°C/ 5 % CO; for 5-7 days. Afterwards, the cells were stained by adding
1 ml of 0.1 % crystal violet/ 10 % formalin solution# and incubating them overnight at

RT. The next day, excess crystal violet and the agarose overlays were removed and the

13 MEM: 9,3 g/l 2x Eagle’s minimal essential medium with Earle’s salt; 4.5 g/l glucose; 0,6 g/| glutamine
and non-essential amino acids (no phenol red)

14 Crystal violet solution (1 1): 270 ml of 37%(w/v) formaldehyde (Roth); 1 g crystal violet (Roth); 730 ml
sdH20
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plaques counted. Plaque assays were performed under BSL 4 conditions by Dr. Lucie

Féneant.

2.3.3 Comparison of Recombinant JUNVs Viral Replication Kinetics

In order to evaluate the growth kinetics of the different r’JUNVs produced, VeroE6 cells
were seeded in DMEM + 10 % FCS in a 12-well plate (Corning) so that a confluence of
80-90 % was reached on the following day. After removal of the medium, confluent cells
were infected the next day with a volume of 1 ml at a multiplicity of infection (MOI) of
0.005 with each virus. Where necessary, virus stocks were diluted in serum-free DMEM
to obtain the desired titer. Subsequently the cells were incubated for 1 h at 37°C/ 5%
CO; after which the inoculum was removed and fresh DMEM supplemented with 2 %
FCS was added. Cells were incubated at 37°C/ 5 % CO; and 100 ul of the supernatant
was collected at days 0, 1, 2, 3, 4 and 7 post-infection. Harvested samples were analyzed
by plaque assay as described above in section 2.3.2. Infections with rJUNVs for growth

kinetics were performed under BSL 4 conditions by Dr. Lucie Féneant.

2.3.4 Infection Procedure for Analyzes of Caspase Activation by rJUNVs

To study caspase activation upon infection with rJUNV versions Vero76 cells were
seeded in DMEM + 10 % FCS in 12-well plates and incubated for 24 h at 37°C/ 5 % CO;
to obtain 70 % confluency on the following day. To infect the cells, the medium was
removed and replaced with 500 pl of virus suspension diluted to produce an MOI of
0.01. For the infection, cells were incubated for 1 h at 37°C/ 5 % CO,. Subsequently, the
inoculum was removed and 1 ml of DMEM + 2 % FCS was added before incubating the
cells at 37°C/ 5 % CO, for a period of 5 days. Afterwards samples were harvested for
analysis by SDS-PAGE as described in section 2.2.3 and removed from containment in
accordance with BSL 4 operating procedure of the Friedrich Loeffler Institut. Infections

of cells for these experiments were performed by Dr. Lucie Fénéant.
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3.  Results
3.1 Identifying the Mechanism Responsible for NPs3p Generation

3.1.1 Analysis of Putative Caspase Cleavage Sites

Previous results by Wolff et al. [140] showed that the two smallest NP isoforms, NPa7xp
and NPaoko, are formed by caspase cleavage of the two motifs 160DVKD163 and a
219QEHD222, respectively, but the mechanism by which the NPszip isoform is produced
remained unknown. However, treatment with the broad-spectrum caspase inhibitor Z-
VAD-FMK also decreased production of NPs3ip [140], leading to the assumption that it
may also be a caspase cleavage product. Since highly favored caspase cleavage motifs
were previously excluded as potential origin for NPs3kpo by Wolff et al [140], less favored
putative caspase cleavage sites located within the target region that could produce an
NP isoform of the size of NPs3xp were selected for analysis. Therefore, all aspartate
residues (D) within a 120 amino acid sequence of NP (from D40 to D160) were chosen,
leading to the identification of additional putative caspase recognition motifs (i.e.

GEEDG63, KLRD69, KEVD75, KVGD93, and LGRD97) (Fig 15A).

A Caspase Cleavage Expected 1 564
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P, [Py [P, [P, & [P, [kD]
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KILIRID™|L| 55kD MAHSKEVPSFRWTQSLRRGLSQFTQTVKSDVLKDAKLIADSIDFN
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¢ vIGDZ|L| s2kD QVAQVQRALRKAKRGEEDLNKLRDLNKEVDRLMSMKSVQRNTV
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_LIGRID |E FKVGDLGRDELMELASDLEKLKNKIRRAETGSQGVYMGNLSQSQ
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Figure 15. Mutational analysis of putative caspase cleavage sites in JUNV NP. (A) Schematic showing
putative caspase cleavage sites and their location within the JUNV NP sequence. The previously
identified caspase cleavage sites responsible for production of NP47o (blue) as well as two further putative
recognition motifs already excluded [140] (yellow) are indicated. Remaining potential caspase cleavage
sites analyzed as part of this study are shown in red. In addition, the amino acid context of each of the
aspartate residues studied (D) (left panel) together with their position within the amino acid sequence of
JUNV NP is illustrated (right panel). (B) Western blot analysis of NP53kD generation after elimination of
putative caspase cleavage sites in NP. Vero76 cells were transfected with constructs expressing either
JUNV NP wild-type (WT) or mutated versions containing substitutions of aspartate (D) to asparagine (N)
at the indicated positions. All expression constructs contained a C-terminal FLAG epitope tag. Lysates of
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transfected cells were collected 96 h post-transfection and analyzed by Western blot with an anti-FLAG
antibody. The expected positions of the full-length (NPssko) and NPsswo isoforms are indicated by
arrowheads.

To then test whether any of these sites were relevant for the generation of NPs3kp, the
C-terminal P1 aspartate (D) of each motif was substituted against an asparagine (N) and
generation of NPs3ip by the respective constructs was analyzed by Western blot.
Surprisingly, all constructs tested (i.e. D63N, D69N, D75N, D93N and D97N) still showed
not only expression of the full-length JUNV NP (NPesko) but also of NPss3kp (Fig 15B),

making caspase cleavage unlikely to be responsible for the generation of NPs3ip.

3.1.2 Kinetics of JUNV NP Isoform Accumulation

In order to gain further insight into the kinetics of synthesis of the different NP isoforms
and the temporal relationship between them, their accumulation over time was also
examined. Following transfection of a construct encoding JUNV NP wild-type,
expression of full-length JUNV NPwr became visible as early as 12 post-transfection
(depending on exposure time), and continued to accumulate over time, i.e. until 30-48 h

post-transfection (Fig 16).

[kD] S O L £ S 88 [kD]
) SEYITF o8 &P
- ANPgp 724 ANPggp
55 — 55 —
ANPsyp ANPsyp
43 — ANP,0 43 — ANPy0
34 — ANPg0 34 — NP0
130 — W e - -...{ Vinculin 130 —{#8 s s e = 9 "M Vinculin

3min exposure 8min exposure

Figure 16. Accumulation of different JUNV NP isoforms over time. Vero76 cells were transfected with a
construct expressing wild-type JUNV NP (NPwr) with a C-terminal FLAG tag. Cell lysates were harvested
every 6 h for two days and subjected to Western blotting with an anti-FLAG antibody. Vinculin was used
as a loading control. Positions of the full-length wild-type NP (NPssko) as well as the 53 kD, 47 kD and 40 kD
isoforms are marked by arrowheads. The presented images are of the same blot with different exposure
times, as indicated.

In contrast, NPs3kp was observed at a similar exposure only after 18 h, with its levels
continuing to accumulate over the course of the experiment. In contrast, for the two
smaller caspase-generated isoforms (i.e. NPa7p and NPaokp), production was not
detectable until 30 h and 24 h post-transfection, respectively. Further, both NP4 and
NPsokp showed little change in their expression levels over time after 30 h post-
transfection (Fig 16). Among the three shorter NP isoforms, NPs3wp showed by far the
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strongest accumulation throughout the 48 h time frame measured. In comparison, the
smaller caspase cleavage products also displayed much lower protein levels overall, with
NP47kp being consistently detectable only as a relatively weak double band. In particular,
the parallel appearance of NP47p and NPaokp Was consistent with the fact that both are
known to be the products of caspase-mediated cleavage events in response to apoptosis
induction during virus infection. In contrast, NPs3p was generated earlier and at much
higher levels, and accumulated over time in a way that the two smaller JUNV NP
isoforms (NPa7xp and NPaokp) did not. Together with the results of the mutagenesis
experiments mentioned above, it appears to indicate that NPsskp is generated by a

caspase-independent mechanism.

3.1.3 Mapping of the Regions Critical for NPs3xp Generation

Next, as an agnostic approach to identify the mechanism responsible for the synthesis
of NPs3kp, alanine scanning mutagenesis was performed. Using such an approach, it was
possible to target not only additional protease cleavage motifs within the target
sequence, but also proteolysis-independent elements, such as alternative translation
sites, that might also play a role in the systhesis of NPs3kp. Again, based on molecular
weight predictions, the region between D30 and D160 was defined as the probable
location for any sequence elements driving generation of NPs3kp. Initially, this sequence
was divided into blocks of 20 amino acids (Blocks 1-6) and one block of 10 amino acids
(Block 7) and each of these was substituted against the same number of alanine (A)

residues (Fig 17A).
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Figure 17. Alanine scanning mutagenesis of amino acids 30-159 of JUNV NP. (A) Schematic
representation of the segmentation within the previously defined NP sequence into regions for
analysis. The sequence of NP from amino acid 30 to 159 was subdivided into six blocks of 20 amino acids
(i.e. Block 1 (red), Block 2 (green), Block 3 (turquoise), Block 4 (purple), Block 5 (orange), and Block 6
(pink)) and one block of 10 amino acids (i.e. Block 7 (yellow)). Each of these regions was substituted
against an equal number of alanine (A) residues. (B) Western blot analysis of NPs3«p production following
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alanine scanning mutation of 20 amino acid regions in JUNV NP. Vero76 cells were transfected with
constructs for either wild-type JUNV NP (WT) or JUNV NP containing the alanine (A) substitutions
described in section A. All constructs contained a C-terminal FLAG tag. After 96 h incubation, samples
were collected and expression of NP was analyzed by Western blotting using an anti-FLAG antibody.
Positions of the full-length protein (NPesko) as well as the 53 kD (NPsskp) isoform are marked by
arrowheads.

Following transfection, wild-type JUNV NP (WT) showed bands corresponding to both
full-length NPwt and NPs3ip, as expected. A similar pair of bands were also observed for
Block 1 (A30-49), Block 2 (A50-69) and Block 4 (A90-109), Block 5 (A110-129), Block 6
(A130-A49), and Block 7 (A150-159), although there were some differences in the 53 kD
band intensity (Fig 17B). In contrast, for Block 3 (A70-89), the 53 kD band was no longer
detectable, although a very faint band of a slightly lower weight was then observed
instead (i.e. at ~52 kD). Taken together, these data strongly suggest that the sequences
responsible for generating NPsskxp are mainly restricted to the twenty amino acids in

Block 3.

To more precisely identify the responsible sequences within Block 3, this region (i.e.
amino acids L70 to F89) was further divided into three overlapping blocks of ten amino
acid (Blocks A, D and E) and four non-overlapping blocks of five amino acids (Blocks B,

C, Fand G) (Fig 18A).
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Figure 18. Alanine scanning of amino acids 70-89 of JUNV NP. (A) Schematic of the further subdivision
of Block 3 into smaller regions for analysis. To more precisely identify the amino acids critical for NPsskp
production, Block 3 was subdivided into three overlapping blocks of 10 amino acids (i.e. Bock A (red),
block D (green) and block E (blue)) and four non-overlapping blocks of five amino acids each (i.e. Block B
(gray), Block C (orange), Block F (purple), Block G (pink)). The amino acids in both the 10 amino acid and
5 amino acid blocks were substituted against a corresponding number of alanine (A) residues. (B) Western
blot analysis of NPsskp production following alanine scanning mutation of 10 and 5 amino acid regions
of JUNV NP. Vero76 cells were transfected with plasmids encoding either wild-type JUNV NP (WT) or
JUNV NP containing the alanine (A) substitutions as indicated in section A. All constructs used contained
a C-terminal FLAG tag. After 96 h of incubation, samples were harvested and subjected to Western blot
analysis to analyze the expression NP using an anti-FLAG antibody. Positions of the full-length protein
(NPeskp) as well as the 53 kD (NPszkp) isoform are marked by arrowheads.

Lysates from cells transfected with any of these constructs showed a clear band of 65 kD

corresponding to the full-length JUNV NP (Fig 18B). Further, alanine (A) substitutions of
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10 and 5 residues affecting the sequence between L70 and S79 (i.e. Block A (A70-79),
Block B (A70-74), Block C (A75-79)) or R85 to F89 (i.e. Block G (A85-89)) still showed
production of NPs3kp. In contrast, substitutions of amino acids in the stretch from M80
to Q84 (i.e. Block D (A75-84), Block E (A80-89) or Block F (A80-84)) resulted in loss of the
53 kD band, although again it was replaced by a faint band at ~52 kD. This was
particularly evident in the construct in which only amino acids A80-84 (i.e. Block F) were
substituted. These results imply that the region from M80 to Q84 plays a critical role in
controlling NPs3kp production, although the upstream and downstream regions (i.e. D75-

S79 and R81-F89) also appear to contribute to some extent.

3.1.4 Characterization of M80 as the Main Alternative Translation Site for NPssio

A closer examination of the region of NP extending from L70 to F89 and associated with
NPs3kp production revealed the presence of two in-frame methionine residues within
this region (i.e. M78 and M80), each of which could serve as alternative translation
initiation sites (i.e. 232AUG?34 (M78) and 238AUG?*° (M80), Fig 19A). In addition, another
methionine was identified downstream from M80, at position M100. Potentially, M100
could serve as a start site for the production of an ~52 kD NP isoform, which was
observed after elimination of M78 and M80 (Fig 19A). Therefore, in order to establish
the role of these downstream methionine residues in the generation of NPs3ip, point
mutants of JUNV NP were generated with a single amino acid substitution at each of

M78, M80, and M100.

Interestingly, while expression of NP(M78A), NP(M80A), and NP(M100A) could be seen
in the Vero76 cell line routinely used for protein analysis (Fig 19B, left panel and Fig 19C),
expression of NP(M80A) was not detected in the BSR-T7/5 cell line (Fig 19B, right panel),
which is used for minigenome assays. Since such minigenome assays were necessary to
evaluate the function of these NP mutants at later stages of the work (Section 3.2), this
mean that the choice of substitution for the M80 point mutation needed to be analyzed
in more detail. Both attempts to replace M80 (162.9 A) against amino acids of a smaller
size (i.e. alanine (88.6 A) and glycine (60.1 A)) resulted in a protein that was no longer
expressed in BSR-T7/5 cells (Fig 19B, right panel). Therefore, aliphatic amino acids with
a similar volume i.e. valine (140 A), isoleucine (166.7 A) and leucine (166.7 A) were also

used. Such point-mutated NP versions containing aliphatic amino acids (i.e. V, |, and L)
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were expressed in both Vero76 and BSR-T7/5, with only the band for the full-length
NPwr detectable in both cell lines (Fig 19B). Interestingly, however, NPs3p was only
detectable for M80 mutants in Vero76 cells, but not BSR-T7/5 cells, suggesting there
may also be a cell line- or species-specific aspect to the regulation of NPs3ip production
(Fig 19B). Nonetheless, based on these results, leucine (L) was used as a substitute for
M80 in subsequent experiments because it has similar hydrophobicity to methionine
(M) as well as a similar backbone structure [339, 340]. In addition, several combinations
of double and triple substitutions of the selected methionine residues (i.e. M78, M80

and M100) were generated.

Following transfection of constructs encoding these single, double or triple mutants, a
band corresponding to full-length NPwr could be detected for all samples (Fig 19C).
Another distinct band of 53 kD was detectable for wild-type NP and the single point
mutants M78A and M100A. However, the point mutation of M80L lead to only a very
weak double band of 53 kD/52 kD in size, suggesting that it plays the primary role in
NPs3kp  generation. Consistent with this, the double point mutation versions
M78A/M100A also still produced NPs3kp, while the double substitution M80L/M100A led
to only a very weak 53 kD band (Fig 19C). Furthermore, a double substitution of M78A
and MB80L resulted in complete loss of the 53 kD band and the emergence of a
prominent band for a 52 kD isoform of JUNV NP, which is not normally detected in NP

wild-type expressing samples (Fig 19C).
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not show any protein expression in the BSR-T7/5 cell line (right panel), other amino acids substitutions of
methionine were also tested (i.e., valine (V), leucine (L), isoleucine (I), and glycine (G)). Expression of each
of these constructs was examined in both Vero76 cells (left panel) and BSR-T7/5 cells (right panel)
following transfection. All constructs contained a C-terminal FLAG tag. Samples were analyzed 96 h post-
transfection by Western blotting with an anti-FLAG antibody. The positions of the full-length (65 kD) and
53 kD isoforms are indicated by arrows. Vinculin served as a loading control. (C) Analysis of NPssko
expression after point mutation of M78, M80 and M100. Vero76 cells were transfected with constructs
encoding for single, double or triple substitutions of M78A, M80L and M100A. All constructs contained a
C-terminal FLAG tag. Subsequent analysis of cell lysates by Western blot was performed using an anti-
FLAG antibody. Positions of the full-length protein (65 kD) as well as the 53/52 kD isoforms are marked
by arrowheads.

The resulting data suggest that only a small amount of NPs3p can be made from M78,
but that these upstream sites (i.e. M78 and M80) compete with the additional
downstream M100 translation initiation site. Elimination of M78, M80, and M100
resulted in no detectable signals for either a 53 kD or 52 kD band (Fig 19C), indicating
that M100 indeed serves as the translational initiation site for the production of the
52 kD isoform of NP observed in the absence of M78 and especially M80. Taken
together, these data show that M80 serves as the major initiation site for NPs3kp, with
M78 making only a minor contribution. Although M100 can act as a start site for an even
smaller NP isoform of 52 kD, translational initiation at M100 is suppressed under wild-
type conditions due to the upstream positioning of M80, resulting in the production of
NPs3p only. Surprisingly, point mutation of M78 + M80 + M100 also resulted in a
decrease in the production of NPa7kp (40 % decrease of band intensity) and NPaokp (70 %
decrease of band intensity), suggesting that their generation is dependent on the

availability of NPs3kp/NPsakp.

@V Figure 20. Expression of the

§ NPa7o and NPaoko variants after

§ point mutation of the AUG

o$’ codons controlling expression
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34 ANPygio 3 NPwr  EE NP(M78/100AsMSOL) performed using an anti-FLAG

antibody. Positions of the full-
length protein (65 kD) as well as the 53/52 kD, 47 kD and 40 kD isoforms are marked by arrowheads. The
image shown is a composite image of two lanes from the same blot. Pixel intensities for the NP47p and
NPaoko bands were quantified based on two independent experiments and normalized to the expression
of full-length NPesko using GelAnalyzer2010 (version 19).
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In an effort to better understand the apparent selection between these possible
alternative start sites, the Kozak context surrounding each of the identified methionine
residues was examined (Fig 21). The initial AUG™RT codon of JUNV NP fulfills the
preference of a purine (i.e. G or A) at position -3 and a guanosine at position +4. In
contrast, the in-frame methionine residues M78 (232AUG?3*), M80 (?33AUG?*°) and M100
(**®8AUG3) do not show the favored purine residue at position -3, while M80 and M100
both have a purine at position +4 (Fig 21). As such, codons M80 and M100 at least
partially adhere to the preferred Kozak context for efficient ATG selection. Since the
AUG codon of M78 was not flanked by favorable nucleotides at any of these positions,
this may explain the bypass of M78 by the scanning 43S PIC, leading to the initiation of
translation at M80. In addition, translation of the 52 kD variant at M100 may also be
explained by the Kozak context, which is of similar strength as found for M80 (Fig 21).
Overall, the composition of the Kozak context is comparable for M78, M80, and M100
in the JUNV NP sequence, suggesting that important translation initiation factors and/or

secondary structures within the NP mRNA play a major role in their use.
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Figure 21. Kozak context analysis for different alternate in-frame methionine residues in JUNV NP and
TCRV NP. The nucleotides surrounding the previously identified methionine residues (i.e. M78 (22AUG?34),
M80 (2*8AUG?*%), and M100 (**®AUG3%)) present in the ORF of JUNV (strain Rumero) (GenBank accession:
JN801476.1) are shown in relation to the Kozak context for efficient translation initiation. In addition, this
analysis was also performed for the closely related, but low pathogenic NW arenavirus TCRV (strain TRVL-
11573) (GenBank accession: MT081316.1), which does not produce an equivalent to NPs3kp. An optimal
Kozak context was defined to contain a G or A (R) at position -3 (gray) and a guanine at position +4 (red).

The NP sequence of the phylogenetically closely related TCRV contains in-frame
methionine residues with identical Kozak contexts as described for M78, M80, and
M100, although TCRV does not appear to produce an NPs3p isoform. Another
methionine (**AUG?%) is located upstream of M78 at position 72 in the TCRV NP
sequence (Fig 21). Such M72 codon is located in an optimal Kozak context with the
required translational purine signals, implying that the downstream methionine
residues are likely not used for translational initiation, similar to what is observed for

M100 in the JUNV NP sequence (Fig 21). However, since the Kozak context of M1 at
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TCRV NP can already be considered optimal, it is unlikely that any of the downstream

methionine codon is used as alternative translation initiation site.

Taken together, NPs3kp was shown to be the product of alternative translation initiation
at the M80 codon within the sequence of JUNV NP. The production of NPs3kp at JUNV
NP seems to be determined by the Kozak context around the M80 codon, as M78 is
bypassed. Furthermore, the position within the sequence of NP also defines M80 as the
main initiation site, so that the M100 codon can only be used after elimination of the

M80 codon.

3.2 Characterization of the Biological Function of Truncated JUNV NP
Isoforms in the Virus Replication Cycle

Having identified the N-termini for all three naturally occurring C-terminally truncated
isoforms of NP, i.e. NPs3kp, NPa7kp and NPaokp, the next step was to systematically address
their role in the biology of JUNV. For this purpose, expression constructs for truncated
versions of NP starting with M80 (NPsskp), M164 (NPazkp), and M223 (NPaokp) were
created (Fig 22), imitating the wild type NP isoforms.

L 264 Figure 22. Schematic representation of the NP
NPésio N—{ H ‘FLAG}C

isoforms used for functional characterization.

For the functional analysis of the individual JUNV

20 564 NP isoforms, pCAGGS expression plasmids were

NP3 - m c generated that encoded either a C-terminally

M100A FLAG tagged full-length wild-type version of JUNV

NP (NPeskp), NPs3kp (consisting of residues 80 to

>4 564, with an M100A point mutation), NPaszo

m ¢ (consisting of residues 163 to 564, containing a

D222N D222N point mutation), or NPasop (consisting

223 564 residues 222 to 564). Expression of the NP47p and

NP 4000 N_C NPsoko constructs produced only the two NP

isoforms formed by caspase cleavage, whereas

the NPs3kp construct still contains the caspase cleavage sites required for the formation of NP47p and

NPaoko. Marked with an asterisk (*) are the inserted point mutations to eliminate the second alternative
translation site M100 and the second caspase cleavage site 219QEHD222 in the NP47kp construct.

164

3.2.1 Impact of Truncated JUNV NP Isoforms on Viral RNA Synthesis
Given that the primary function of NP is to bind the viral RNA, and thereby facilitate viral

transcription and replication, the individual NP isoforms were initially characterized for
their impact on viral RNA synthesis using a minigenome assay. To first exclude an
influence of the C-terminal FLAG tag used to detect expression of the different NP
isoforms, minigenome activity was compared following transfection of increasing

amounts of vector containing either an untagged wild-type JUNV NP or a C-terminally
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tagged version of wild-type NP (in addition to the other required assay components).
Transfection of pCAGGS encoding either FLAG-tagged or untagged NP wild-type induced
a strong increase in reporter activity over a negative control with empty pCAGGS (Fig
23A), and values were similar among all amounts of transfected plasmid tested. In
particular, the transfection of either FLAG-tagged or untagged NP encoding plasmid at
concentrations above 20 ng resulted in maximal levels of reporter activity, with no
further increase in reporter activity (Fig 23A). At the same time, Western blots for

protein expression showed a steady increase in protein levels for both the tagged and
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Figure 23. Analysis of the impact of C-terminal tagging of JUNV NP on its activity in a minigenome assay.
(A) Quantification of minigenome activity. A minigenome assay was performed in BSR-T7/5 cells using
increasing amounts of either a C-terminally FLAG-tagged (CFLAG) or an untagged version of JUNV NP,
together with the other components necessary for viral RNA synthesis (i.e. JUNV L and T7 polymerase, a
NanoLuc luciferase-encoding minigenome). Reporter activity was measured 72 h post-transfection.
Omitting NP served as a negative control (- NPwr). Means and standard deviations reflect the data from
at least four independent experiments. Statistical analyses are based on two-way ANOVA combined with
a Siddk post-hoc test, with comparisons for NP and NP CFLAG for each amount (n.s.: not significant). (B)
Western blot analysis of NP expression levels. Levels of JUNV NP or JUNV NP CFLAG in samples from the
minigenome assays in (A) were analyzed by Western blot using a guinea pig anti-JUNV NP antibody.
Vinculin was used as a loading control.

untagged NP as more plasmid DNA was transfected, including in the range of 20 - 250 ng
(Fig 23B). This suggested that NP availability is a limiting factor only when very low
amounts of plasmid are transfected, and thus differences in expression between the
constructs are not affecting the reporter activity observed in the minigenome assays

performed. Taken together, these data confirm that the C-terminal FLAG tag does not
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significantly affect NP function in minigenome replication and transcription. It is
therefore not expected that the reporter activity in subsequent minigenome assays
performed with a standard amount (250 ng) of transfected JUNV NP CFLAG or their
mutants will be impaired by the FLAG tag.

Based on these data, the next step in functionally characterizing the various truncated
NP isoforms was to test whether they could mediate viral RNA synthesis alone when
transfected instead of the full-length NP, and/or whether they were capable of exerting
a dominant-negative effect on wild-type NP and thereby regulate viral RNA synthesis. In
contrast to JUNV NP wild-type, transfection of expression constructs encoding truncated
versions of JUNV NP corresponding to NPsskp, NP47ko and NPaokp (in combination with
the other minimal requirement for a minigenome assay) led to no detectable increase

in minigenome activity (Fig 24A). Rather, the measured values for NPs3kp (2.1x10% RLUS),
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Figure 24. Analysis of truncated NP isoforms' ability to participate in viral RNA synthesis. (A)
Comparison of viral RNA synthesis mediated by full-length NP and truncated NP isoforms. A JUNV
minigenome assay was performed by transfecting the indicated JUNV NP constructs, in combination the
other plasmids required (i.e. encoding JUNV L, T7 polymerase and a NanoLuc luciferase-encoding
minigenome) into BSR-T7/5 cells. After 72 h, lysates were collected and viral replication and transcription
were quantified based on measurement of NanoLuc luciferase reporter activity, with measured values
normalized to Renilla luciferase (transfection control). Omitting NP served as negative control (- NPwr).
Means and standard deviation for each sample are shown based on the results of five independent
experiments. Statistical analyses were based on a one-way ANOVA combined with a Dunnett’s post-hoc
test, comparing each sample with the negative control (- NPwr) (n.s.: not significant; ****: p>0.0001) (B)
Effect of NP isoform expression on viral RNA synthesis mediated by full-length NP. JUNV minigenome
assays were performed as described in (A) with the exception that full-length NPwr was expressed in
addition to each of the three NP isoforms, as indicated. Omitting NP served as negative control (- NPwr).
Means and standard deviations are based on the data from at least three independent experiments.
Statistical analyses were based on a one-way ANOVA combined with a Dunnett’s post-hoc test, with each
sample compared to the NPwr control (n.s.: not significant; ****: p>0.0001).
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NP47kp (2.0x10% RLUs) and NP4okp (1.5x10% RLUs) were on the level of the negative control
(- NPwt; 1.3x10*RLUs), while transfection of the same amount of the NPwr expressing
construct led to an increase in reporter activity to 4.0x10® RLUs (Fig 24A). Further, when
wild-type NP was co-transfected together with the various truncated NP isoforms, no
difference in minigenome activity was observed compared to transfection of NPwr alone
(Fig 24B). The mean reporter activity for the positive control NPwr was 4.2x10° RLUs,
while values for NPwr + NPs3kp, NPwt + NPa7ko and NPwr + NPsokp were 4.0x10° RLUs,
5.1x10° RLUs, and 4.1x10° RLUs, respectively. Taken together, these findings exclude
both a direct role of the truncated JUNV isoforms in mediating viral RNA synthesis, as
well as any regulatory effects on the ability of full-length NP to facilitate viral RNA

synthesis.

3.2.2 Effect of Truncated JUNV NP Isoforms on Z-mediated Inhibition of Viral RNA
Synthesis

Since the previous experiment ruled out direct involvement of the truncated NP
isoforms in viral RNA synthesis, the next step was to investigate whether they could play
a role in regulating the inhibition of viral RNA synthesis by the viral matrix protein (2),
with which NP interacts through its C-terminal domain. First, the inhibitory effect of
increasing amounts of Z on viral RNA synthesis in the JUNV minigenome assay was
determined to establish suitable amounts of Z for use in follow up experiments involving
additional NP isoform expression. For this, different amounts of a plasmid expressing
JUNV Z were co-transfected together with the other minigenome components (i.e. NP,
L and the T7 polymerase). As a result, the measured reporter activity decreased up to

52-fold compared to the positive control without Z co-expression (-Z/+NPWT) (Fig 25).
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values for each sample were normalized to measured Renilla luciferase (transfection control) reporter
values. All measured NanoLuc luciferase reporter values were normalized to the +NPwr control without Z.
Means and standard deviations shown represent three independent experiments. Statistical analyses are
based on one-way ANOVA combined with a Dunnett’s post-hoc test, with each sample compared to the
+NPwr without Z control (***: p>0.001; **: p<0.01; *: p<0.1).

Indeed, transfection of as little as 1 ng of the JUNV Z encoding plasmid already strongly
decreased reporter activity, and this effect increased up to 25-50 ng, after which the
measured reporter gene activity reached background levels similar to the negative

control (- NP) (Fig 25).

Based on these data, transfection of 1 ng or 2.5 ng of Z encoding plasmid was chosen
for subsequent experiments, in order to provide a modest level of inhibition that might
be susceptible to modulation by the various truncated NP isoforms. However, co-
expression of the different truncated NP isoforms did not result in any change in
minigenome activity regardless of whether 1 ng or 2.5 ng of Z encoding plasmid was
transfected in combination with the other minigenome components (Fig 26).
Specifically, when 1 ng of Z encoding plasmid was transfected, NPwr, NPwr + NPs3xp,
NPwt + NP47p and NPwt + NPaoko all showed an approximately 3.2-fold reduction of
reporter activity compared to the control lacking Z, while co-expression of 2.5 ng of Z

encoding plasmid resulted in a 13.6-fold decrease in minigenome activity in all samples,
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Figure 26. Characterization of shortened JUNV NP isoforms' effects on Z-mediated viral RNA synthesis
inhibition. Different amounts of JUNV Z encoding plasmid (i.e. 1 ng and 2.5 ng) were co-transfected, as
indicated, in combination with plasmids expressing JUNV NPwr or truncated NP isoform constructs (i.e.
NPs3kp, NPa7kp and NPaokp) along with other necessary components for a minigenome assay (i.e. plasmids
for JUNV L, T7 polymerase and a NanolLuc luciferase-encoding minigenome) in BSR-T7/5 cells. Reporter
activity was measured in cell lysates 72 h post-transfection. Omitting NP served as negative control
(- NPwr). Measured NanoLuc luciferase activity values were normalized to Renilla luciferase (transfection
control) values. Means and standard deviations reflect the data from at least three (+ 1 ng of Z) or five
(+ 2.5ng Z) independent experiments. Statistical analyses were based on a one-way ANOVA combined

70



Results

with a Dunnett’s post-hoc test, with each sample compared to the respective + JUNV NPwr/+ Z control
(n.s.: not significant).

regardless of which form of NP was transfected (Fig 26). The inhibition of viral RNA
synthesis observed in this experiment after co-expression of 1 ng or 2.5ng Z was
comparable to the values observed in the previous experiment using increasing amounts
of a JUNV Z (Fig 25). As such, these data suggest that truncated NP isoforms do not exert

a regulatory effect on Z mediated inhibition of viral RNA synthesis.

3.2.3 Characterization of the 3'-5' Exonuclease Activity of NP Isoforms

In addition to its functions in viral RNA synthesis, the NPs of many mammarenaviruses
have been shown to possess exonuclease activity that appears to play a role in IFN
antagonism. Since the domain responsible for this activity is located in the C-terminal
domain of NP and thus conserved in the truncated NP isoforms, it was next examined
whether JUNV NP and/or its truncated isoforms exhibit exonuclease activity. To this end,
previously established assay conditions were used for the non-radioactive
determination of arenaviral NP exonuclease activity based on changes in absorbance
(A260) resulting from the release of free nucleotides during digestion of polyl:C [341].
Bovine viral diarrhea virus (BVDV) glycoprotein E™, a known endonuclease [342] , was
used as assay control. Although the preferred substrate for E™ is ssSRNA rather than
dsRNA, anincrease in net Ao (i.e. after subtraction of background levels of degradation
in samples incubated with empty pCAGGS transfected cell lysates) was nevertheless
observed relative to baseline at 0 h. Specifically, increases of 3.6 and 1.6 Axso units were

observed after 24 h or 48 h, respectively (Fig 27).

7 Figure 27. Degradation of
dsRNA by arenavirus

nucleoproteins in an
RNase activity assay.
HEK293T  cells  were
transfected with plasmids
encoding either the BVDV
E™  glycoprotein or
tagged and untagged

versions of JUNV and

BVDV cp296 Erns  TCRV NP TCRVNPCFLAG ~ JUNVNP  JUNVNPCFLAG  TCRV NP, as indicated.

After 72 h the cells were

harvested and the lysates

were incubated with a dsRNA substrate (polyl:C) for either 24 or 48 h. RNase activity was calculated

normalizing the absorbance at optical density of 260 nm for each sample, relative to both the values of

the same sample at 0 h and the values in mock cell lysates. Means and standard deviations shown
represent two independent experiments.
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Similarly, incubation of either wild-type JUNV NP or TCRV NP expressing lysates with
polyl:C also resulted in free nucleotide release, with net increases of 2.7 Azeo units,
respectively, after 24 h (Fig 27). Importantly, values obtained using lysates containing
FLAG-tagged versions of either JUNV NP or TCRV NP showed an increase of 2.8 and
3.5 A0 units after 24 h of incubation, respectively, which is similar to the values
obtained using the untagged versions. Based on these data it could be confirmed that
both wild-type TCRV and JUNV NP exhibit exonuclease activity on a dsRNA template and
that the C-terminal FLAG tag does not influence this activity. These tagged constructs
form a suitable basis for further analysis of the RNase activity of different truncated

JUNV NP isoforms.

A robust exonuclease activity was found for both JUNV NPwr and TCRV NPwr after 24 h
incubation, with TCRV NP again showing a slightly higher activity (106 % enzymatic
activity relative to JUNV NPwr; Fig 28A). Further, a TCRV NP mutant containing an E388A
substitution that perturbs the exonuclease catalytic site [341] was added as an
additional negative control (i.e. in addition to the empty pCAGGS transfected cell lysates
used for calculation of net Azeo values). As expected, lysates expressing this protein
showed little or no exonuclease activity after 24 h of incubation with polyl:C (Fig 28A).
Interestingly, the JUNV NP isoforms differed markedly in their exonuclease efficiency.
Both NPss3kp and NPa7ko showed greatly reduced activity, with levels being only 13 % and
17 % of those measured with JUNV NPwr, respectively (Fig 28A). In contrast, the smallest
NP isoform NPasoko had a catalytic activity of 95 % relative to JUNV NPwr (Fig 28B). This
was despite the fact that, while the protein levels for all other NP isoforms were

comparable, NP4okp was only weakly expressed (Fig 28B).
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Figure 28. Evaluation of exonuclease activity of truncated JUNV nucleoprotein isoforms. (A)
Degradation of dsRNA in an RNase activity assay. HEK 293T cells were transfected with plasmids
encoding for FLAG tagged version of TCRV NPwr, a catalytically inactive TCRV NP (E388A) mutant, JUNV
NPwr or one of the truncated JUNV NP isoforms (i.e. NPsakp, NPa7o or NPaoko), as indicated. Cell lysates
were harvested 24 h post-transfection and incubated with polyl:C dsRNA for 24 h. RNase activity was
quantified based on absorbance at 260 nm (Aze0nm) With subsequent subtraction of measured values from
empty-pCAGGS control and 0 h values and standardized to JUNV NPwr. Values are shown as means and
standard deviations from four independent experiments. Statistical differences to the negative control
(i.e. TCRV NP (E388A) were determined by ordinary one-way ANOVA with Dunnett’s multiple comparison
test (***: p>0.001; **: p<0.01; n.s.: not significant). (B) Western blot analysis of nucleoprotein
expression levels. Lysates of cells transfected with TCRV or JUNV NP, or their mutants, were collected
24 h post-transfection and analyzed by Western blot with an anti-FLAG antibody. Vinculin served as a
loading control. The positions of the full-length NPessko (WT) and NPs3kp, NP4zko and NPaokp isoforms are
indicated by arrowheads. For better data presentation, the digitized x-ray film image was intersected
between the NPs3kp and NP47ko samples of the same blot (indicated by a black line).

3.2.4 Analysis of the Subcellular Localization of Truncated JUNV NP Isoforms

Protein function in the cell is also influenced by its access to different cellular
compartments. Therefore, the impact of the truncations on subcellular localization was
tested. This was particularly important since the coiled-coil motifs, which are important
for NP oligomerization are located within the first 120 amino acids [80] which are absent
in the truncated NP isoforms. As expected, after 48 h transfected JUNV NPwr showed a
typical subcellular localization into small cytoplasmic puncta (i.e. inclusion bodies).
However, unlike wild-type NP, none of the truncated isoforms showed such a specific
localization, but rather were diffusely distributed throughout the cytoplasm (Fig 29). In
addition, NP4okp also showed accumulation in the nucleus. This indeed confirms that the
different NP isoforms show differences in localization that could affect their function,
and in particular are consistent with the results of the minigenome assays showing a
loss of activity of truncated NP isoforms in viral RNA synthesis, which takes place in

inclusion bodies and requires NP oligomerization.

DAPI Nucleoprotein Merge
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Figure 29. Subcellular localization of JUNV NP isoforms. Huh7 cells were transfected with C-terminally
FLAG-tagged constructs expressing JUNV NPwr or one of the truncated NP isoforms, i.e. NPs3kp, NP47kp or
NPaokp. After 48 h, cells were fixed and stained with an anti-FLAG antibody to visualize the distribution of
NP (green). DAPI (blue) was used as a nuclear counterstain. The scale bars indicate a distance of 10 um.

3.3 Investigation of the Effects of JUNV NP Isoform Generation on the
Regulation of Apoptosis in Infected Cells

3.3.1 Generation of Recombinant JUNV Mutants

Previous reports showed that elimination of the caspase cleavage motifs in NP
responsible for the generation of NP4z and NPsoko reduces its anti-apoptotic effects in
cells treated with the apoptosis-inducing drug Camptothecin [140]. However,
information regarding the biological effects of NP isoform generation on apoptosis
regulation by NP in a viral context was lacking. Based on the results obtained in the
previous sections, attempts were made to generate recombinant JUNVs (rJUNVs)
deficient for each of the truncated NP isoforms either alone or in combination in order

to examine their relevance for the control of apoptosis induction in JUNV infected cells.
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First, full-length NP expression plasmids were generated encoding mutations abolishing
the alternative translation initiation sites (i.e. M80 or M80+M100) or the caspase
cleavage sites (i.e. D160/163, D222 or D160/163+D222) (Fig 30A). The functionality of
the mutagenic NP versions for viral RNA synthesis was first tested in a minigenome

assay. All NP mutants showed the same levels of reporter activity level compared to the
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Figure 30. Functionality of full-length JUNV NPs containing point mutations associated with alternate
translation initiation and/or caspase cleavage (A) Schematic representation of the JUNV NP constructs
generated. Depicted in light blue are the mutated full-length versions of the NP. Marked with a star (*)
are the inserted point mutations to eliminate the alterative translation sites M80 and M100 and the
caspase cleavage sites D160/163 and D222 within the NP sequence. (B) Functionality of mutated full-
length NP versions in a minigenome assay. BSR-T7/5 cells were transfected with plasmids encoding the
minigenome components necessary for viral RNA synthesis (i.e. JUNV L and T7 polymerase, a Nanoluc
luciferase-encoding minigenome) as well as C-terminally tagged NPwr mutant versions of NP, as described
in (A). Reporter activity was measured 72 h post-transfection and the resulting NanoLuc luciferase values
were normalized to Renilla luciferase values (transfection control). Omitting NPesko served as negative
control (- NPwr). Means and standard deviation from three independent experiments are shown.

NPwr positive control (i.e. approximately 2.0x10° RLUs), indicating that they remained
fully functional in viral replication and transcription (Fig 30B). In order to generate the
corresponding rJUNVs, the same point mutations were introduced into a full-length
plasmid encoding the S segment for use in recombinant virus rescue. With the exception
of the rJUNV NP (M80L+M100A+D160/163/222N) mutant, all other rJUNVs could be
successfully rescued. Full genome sequencing of the recombinant viruses confirmed the
presence of the expected mutations (Fig 31A) as well as the correctness of the rest of
their sequence (Appendix 8.1). Next, to further characterize the generated rJUNVs,
replication kinetics were performed in IFN-I deficient Vero cells (Fig 31B). The rJUNVwr
showed peak viral titers at day 4 (1.7x10° pfu/ml), after which they decreased slightly
by day 7 (1.9x10* pfu/ml) (Fig 31B). The rJUNV NP(D222N) mutant showed very similar

growth kinetics to rJUNVwr, with peak viral titers at day 4 that were only a little lower
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(i.e. 8.9x10% pfu/ml) than for wild-type. In comparison, all other mutant rJUNVs showed
delay growth, reaching maximal titers only after 7 days. However, despite this delay, the
peak titers achieved were comparable among all the viruses, i.e. 2.0x10* pfu/ml (rJUNV
NP(M80L)), 1.9x10*pfu/ml (rJUNV NP(M80L+M100A)), 9.5x10% pfu/ml (rJUNV
NP(D160/163)), 2.2x10% pfu/ml (rJUNV NP(D160/163/222N)) (Fig 31B). Overall, with the
possible exception of D222N, each of the introduced point mutations seems to
contribute to a slight attenuation of JUNV, suggesting the relevance of both alternate
translation and caspase cleavage of NP for virus infection independent of NPs role in

viral RNA synthesis.
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Figure 31. Generation of rJUNVs containing mutations in the alternative translation and caspase
cleavage sites. (A) Sanger sequencing of rJUNVs. Viral RNA was extracted from supernatants of Vero76
cells infected with each of rJUNVs indicated. Each viral genome segment was amplified by RT-PCR in
overlapping fragments of around 800 bp using segment/gene specific primers. Blue boxes indicate the
mutations introduced into the NP ORF. (B) Viral replication kinetics. Vero76 cells were infected at an
MOI of 0.005 with each of the indicated viruses and supernatants were collected daily for 4 days and then
again after 7 days. Titers were determined based on plaque assay. The data shown are the means and
standard deviations of three independent experiments. Statistical analyses are based on a two-way
ANOVA combined with a Dunnett’s post-hoc test, with comparisons of rJUNV version with wild-type
rJUNV for each time point (****: p>0.0001; ***: p>0.001; **: p<0.01; *: p>0.1).

3.3.2 Analysis on the Relevance of NP Isoform Generation for the Regulation of
Apoptosis

To investigate the importance of each NP isoform for the suppression of apoptosis
induction during JUNV infection in cells, an infection experiment was performed using
each of the rJUNVs generated before. Resulting cell lysates were analyzed by Western
blot for caspase activation. TCRV served as a positive control in these experiments, since
infection with this virus is known to induce intrinsic apoptosis [255, 257, 343], while
JUNV does not [140]. Indeed, after infection of Vero76 cells with TCRV, cleavage of both
initiator caspase 9 and executor caspase 3 was observed (Fig 32). Also, as expected, the
cells infected with rJUNVwr showed little or no evidence of caspase 9 or 3 activation in
response to infection. However, elimination of either M80 or both M80 and M100 led

to a clear activation of both caspase 9 and caspase 3 (Fig 32). The same was observed
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rJUNV alone. Interestingly, however,

infection with rJUNV NP(D160/163/222N), in which both caspase cleavage motifs are

mutated, did not seem to have the same effect. Rather, after infection with this rJUNV
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mutant, only a modest activation of caspase 9 and little, if any, activation of caspase 3
(Fig 32) was detectable. This is despite the fact that all rJUNV versions had similar
replication kinetics (Fig 31B) as well as the NP of all rJUNV variants used in this
experiment had equal expression levels (Fig 32, first row). Furthermore, infection with
TCRV showed relatively stronger caspase activation compared to wild-type rJUNV and
the rJUNV versions, suggesting that that other differences might also contribute to the
low level of caspase activation during JUNV infection. Although this finding requires
further evaluation, it becomes clear from these results that mutation of the either the
alternative translation initiation sites or the caspase cleavage sites in NP impairs the
virus’ ability to inhibit caspase activation, and consequently apoptosis during JUNV

infection.

3.4 Comparison of NP Isoform Generation by Different Arenaviruses
Finally, given the observed importance of the formation of a truncated NP isoform in
the biology of JUNV, it was of interest to investigate the formation of analogous NP
isoforms in various arenaviruses. For this, C-terminally FLAG-tagged NP expression
plasmids were generated not only for JUNV (strain Romero) and TCRV (strain TRVL-
11573), which were used in earlier experiments, but also the NW arenaviruses Machupo
virus (MACV; strain Carvallo), Sabia virus (SABV; strain SPH114202), and Guanarito virus
(GTOV; strain VINH-95551), as well as the OW arenaviruses LASV (strain Josiah), Lujo
virus (LUJV), Mobala virus (MOBV; strain ACAR 3080), and LCMV (strains Armstrong
(Arm) and WE).

Among the NW species, the highly pathogenic MACV, GTOV and SABV all produced C-
terminal NP isoforms similar to those described for the JUNV NP with molecular weights
of around 53 kD, 47 kD and 40 kD, respectively (Fig 33, lanes 2 + 4 and 5). However, the
band corresponding 53 kD was much less pronounced in MACV than in JUNV, GTOV or
SABV NP. Nonetheless, a 47 kD band was clearly visible in both MACV and SABV NP
expressing cells, whereas it showed only a weaker signal in GTOV NP. In contrast, the
40 kD band was weak in MACV and SABV NP, while it was pronounced GTOV NP sample.
As such, it appears that there are some differences in the formation of protein isoforms
between each of the highly pathogenic NW arenavirus species, although the results

suggest a similar mechanism for protein isoform formation as that observed for JUNV.
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In contrast, the low pathogenic NW species TCRV showed no detectable NP variants of
comparable size to those of JUNV, consistent with previous reports [140, 255].
Interestingly, however, cell lysates containing TCRV NP had a pronounced protein
isoform with a molecular weight of approximately 20-25 kD, which has not been
previously reported (Fig 33, lane 3). Overall, these results support that the pathogenesis
of high and low pathogenic NW species may, at least in part, be influenced by their
ability to produce conserved truncated NP isoforms. In contrast, the OW viruses
examined showed higher levels of truncated NP isoforms, as well as a greater variety of
isoforms, compared to the NW virsues. In particular, MOBV NP seems to produce a
wider range of protein isoforms with different molecular weights compared to the other
OW arenaviruses examined (i.e. LUJV, LASV and LCMV). However, bands with a high
molecular weight of about 50-60 kD are observed for the OW arenaviruses, including
both the highly pathogenic LASV and LUJV, as well as the low pathogenic LCMV and
MOBV (Fig 33, lane 1 + 3-5). Further, with the possible exception of LUJV, all the OW
viruses also show a prominant NP isoform of approximately 25 kD (Fig 33, lane 2-5),
similar to that seen for TCRV. Overall, these results showed that OW arenaviruses
produce more NP isoforms of unknown origin in larger amounts than the NW
arenaviruses. Similar NP patterns were observed for the highly pathogenic NW
arenaviruses, but there was no comparability among the observed NP isoform patterns

in OW and NW highly pathogenic viruses.

Figure 33. Generation of
truncated nucleoprotein
isoforms among different
arenaviruses. Vero76 cells
were transfected with
plasmids encoding for the C-
terminal FLAG-tagged
nucleoproteins of various OW
and NW arenaviruses, as
indicated. At 96h post-
transfection, samples were
harvested and analyzed via
Western blotting using an
anti-FLAG antibody. Vinculin

i was serving as a loading
Vinculin | S sess s s —H— D S — control.

New World Arenaviruses i Old World Arenaviruses
20 min exposure 7 min exposure
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4.  Discussion

A major challenge for viruses with small genomes is the need to acquire the necessary
protein complexity to survive despite the fact that they only carry a small number of
genes. While additional functional capabilities can be acquired by recruiting host cell
factors to participate in viral processes, viruses also exploit various transcriptional and
translational mechanisms as well as posttranslational modifications to expand their
repertoire of viral proteins. In particular, several sSNSVs including orthomyxoviruses, and
bunyaviruses of the Nairoviridae utilize activated caspases to generate N-terminally
truncated protein isoforms with altered properties that are necessary to support the
virus replication cycle [344-347]. Bunyaviruses in the Phenuiviridae and
Peribunyaviridae families generate smaller nonstructural proteins that contribute to
control of the host innate immune response, including apoptosis control [246, 249, 251].
Such isoforms and protein variants are generated by leaky ribosomal scanning, leading
either to translation of additional overlapping reading frames embedded in the main
reading ORF or to translation of truncated forms of the primary protein starting from
alternative in-frame AUGs. Overall, these observations suggest that production of
alternative proteins by both protease cleavage and leaky scanning may be common

mechanisms used by sNSVs to generate additional protein diversity.

Supporting this, several studies from the 1980s also suggested the production of
additional protein isoforms of NP for both OW and NW arenaviruses (i.e. LASV and
Pichindé virus) [348, 349]. However, it was not until 30 years later that some of the
isoforms formed from JUNV NP were shown to be products of caspase cleavage [140].
Furthermore, this study suggests that cleavage of the viral protein has biological
relevance and allows NP to act as a decoy to prevent cleavage of caspase 3 (and
consequently apoptosis) in response to treatment of cells with apoptosis-inducing
chemicals after transient overexpression [140]. However, information regarding the
mechanism responsible for production of the largest and most abundant JUNV NP
isoform, as well as a more detailed understanding of the biological role(s) of these NP

isoforms remained unknown.
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4.1 Identification of JUNV NPsskp as Product of Alternative Translation

While JUNV has been shown to generate three stable N-terminally truncated isoforms
of NP with molecular weights of 53 kD, 47 kD and 40 kD, respectively, only two were
shown to be generated by caspase cleavage at the recognition motifs 160DEVD163
(NP47kp) and 219QEHD222 (NPagkp) [140]. The third isoform, NPs3wp, was also initially
suspected to be the product of caspase cleavage due to changes in its expression after
treatment of transfected cells with a broad-spectrum caspase inhibitor (Z-VAD-FMK)

[140].

In the context of this work, based on the results of point mutation studies targeting all
putative caspase sites in the relevant region of the protein, this can be excluded (Fig
15B). Rather, it was shown that NPs3ip is the product of alternative translation from a
region of NP encoding three in-frame start codons that can direct translation from
positions M78, M80 and M100, respectively. Here, M80 (**8AUG?%°) was found to be
almost exclusively responsible for the generation of NPs3kp. Interestingly, in the absence
of M80, the downstream methionine M100 (?®AUG3%) can generate an additional
isoform of approximately 52 kD (Fig 19C). However, since the 52 kD NP isoform is not
observed in NP wild type transfected cells (Fig 16) or during viral infection [140], M80 is
described as the dominant alternative translational start site associated with the natural

NP ORF.

Despite the unexpected finding of functional translation initiation sites at such a long
distance (238 and 300 nt, respectively) downstream of the usual initiation site, this is
consistent with previous observations of long-distance translation initiation. For
instance, a study using chloramphenicol acetyltransferase mRNA in a primer extension
inhibition assay showed that increasing inter-AUG distance from 11 nt to 251 nt has no
effect on alternative translation initiation from a downstream AUG [350]. Further, these
long-range translational initiation events have been found in other viral mRNAs, such as
in rabies virus (276 nt), southern bean mosaic virus (500 nt) and peanut clump virus
(1000 nt) [351-353]. In general, larger distances between the initial AUGS™RT and
downstream in-frame AUG codons are evolutionarily conserved in many cases to ensure
preferential translation of the main coding frame in order to acquire a high amount of

full-length protein [354]. Such a strategy would appear to also make sense in the context
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of arenavirus NP, as high levels of the full-length protein are required to support viral

RNA synthesis [69, 107].

In addition to the length of the inter-AUG region (i.e. AUG ™RT to the alternative AUG),
the frequency of alternative translation is determined by diverse other factors that
govern the mechanisms controlling translation. In particular, interaction dynamics
within and geometry of the preinitiation complex, as well as the dynamics of protein-
nucleotide binding, including bond vibrations, and the biophysical properties of the
mRNA template modulate these alternative in-frame initiation events [355]. In
particular, the nucleotides flanking the AUG (i.e. the Kozak context) are known to play
an important role in enhancing start codon recognition and efficient translation
initiation in eukaryotic mRNAs [322, 356]. Based on an analysis of known functional
AUGs, the consensus nucleotide context predictive of efficient translation initiation was
experimentally determined to be (A/G)es-(U/C)-5-(A/C)-a-(A/G)-3-(A/C)-2-(G/A/C)-1-AUG-
G+4-Cs5[322, 323, 356, 357], with the most important nucleotides located at position -3
(R) and +4 guanine (G) [323, 358-360], although in rare cases, the G at position +4 can
also be substituted by an adenine. Deviation from this consensus motif can result in

AUGs becoming “leaky” and being bypassed by the scanning 43S PIC [361, 362].

Analysis of the sequences around the three alternate downstream AUGs identified in
JUNV NP suggests that nucleotide context also plays a key role in determining
translation site selection in the JUNV NP mRNA (Fig 34). Specifically, based on the results

of this work, the following model can be proposed regarding the alternative translation

M1 NP
65kD M80
NPs30 M100
M78 = »NPsp
1 230 235 240 205 300
...CﬁGCAUGC;i... ...(;UUAUGlJCCAUGI;\... ...(IZUGAUGCIEAG...
(-3) (+4) (0 (-3) (+4/-3) (+4) (-3) (+4)

Figure 34. Schematic representation AUGSs located in the N-terminus of the JUNV NP mRNA. Nucleotide
sequences flanking the M1 (black), M78 (orange), M80 (blue), and M100 (red) putative start sites in the
JUNV NP mRNA sequence are indicated. Critical positions of the Kozak context, i.e. -3 and +4, are marked
below the corresponding nucleotides using the same color scheme. Furthermore, the relative translation
frequencies for the corresponding translation start sites are shown as arrows. Translation of the full-
length NP occurs at M1 due to its strong Kozak context. Downstream M78 is bypassed because of missing
cis-acting translational signals, allowing translation to take place at M80. Hence, M80 is the predominant
downstream translation initiation site given its good Kozak context which leads to translation of NPsskp.
Only if M80 is removed, M100 can act as a translation initiation site, which appears to be very rare.
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of NPs3kp: Given the optimal but imperfect Kozak context of the M1 codon (GxxAUGG)
with purines at positions -3 and +4, it is very likely that a small fraction of the 43S PIC
will bypass the AUGS™RT codon. The next methionine codon encountered (?3?2AUG?3%) is
not surrounded by any strong cis-acting translation initiation signals (CxxAUGU) and
would therefore most likely also be bypassed. This allows the 43S PIC to encounter the
methionine codon (?38AUG?*Y), directing translation from M80, which is surrounded by
a pyrimidine at position -3 and a purine at position +4 (UxxAUGA) and, therefore, meets
the minimum requirement for translation initiation. Consequently, alternative
translation that generates NPs3kp occurs mainly here. A further downstream methionine
M100 (°8.AUG3%) can function as another possible alternative translation site for an
NPsaip variant (CxxAUGG), since it resides in a similar strong Kozak context as described
for M80 (Fig 19C). However, this is used to a much lesser extent compared to M80, and
is only observed in any abundance when M80 is mutated. Hence, selection of the M80
codon (?38AUG?*9) as the alternative translation initiation start site directing translation
of NPs3wp appears to be determined by a combination of the surrounding Kozak
consensus sequences and the relative positions of the downstream AUG codons in the
NP mRNA (Fig 34). Interestingly, despite the data of this study clearly showing that
NPsskp is the product of alternative translational initiation, it was still inhibited by
treatment with a broad-spectrum caspase inhibitor, Z-VAD-FMK [140]. One possible
explanation for this is that changes in protein synthesis rates, and particularly cap-
dependent translation, occur in response to a wide range of cellular stress triggers,
including hypoxia, starvation, viral infections or apoptosis [363-365]. Under such
conditions, alternative translation mechanisms such as ribosome shunting and leaky
scanning, are employed to maintain translation of key proteins [366] and apoptosis

induction might indeed also favor leaky scanning and thus translation of NPszp as well.

Furthermore, the downstream in-frame methionine residues identified in JUNV NP are
also highly conserved in the NP sequence of the low pathogenic TCRV, which is
phylogenetically closely related to JUNV, but does not produce N-terminally truncated
NP isoforms analogous to NPs3kp, NPa7kp or NPaowo (Fig 33, lanes 1 and 3). A possible
explanation for these differences in the production of truncated NP isoforms between
JUNV and TCRV might be based on their respective AUG™RT translation initiation

efficiencies. While both viruses have the in-frame methionine residues M78, M80, and
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M100 (Fig 21) in their sequence, the nucleotides surrounding the initial methionine
codon of TCRV NP (*AUG3) contains the optimal initiation signals at positions -3A and
+4G for efficient translation. Hence, it is expected that the 43S PIC very rarely bypasses
this initial methionine codon, thereby eliminating the opportunity for alternative

initiation at these other positions.

Leaky ribosomal scanning leading to the translation of additional protein variants, has
also been reported for several other sNSVs. Specifically, bunyaviruses such as Andes
virus and Puumala virus (Hantaviridae) as well as Bunyamwera virus (Peribunyaviridae)
utilize alternate translational initiation to generate additional proteins from out-of-
frame overlapping ORFs located at the 5' end of their respective N protein ORFs [243,
367-369] (Tab 22). In contrast, Rift Valley fever virus (RVFV) uses leaky ribosomal
scanning for translation of in-frame N-terminally truncated variants of its glycoprotein
precursor. While initiation of translation at the first AUG results in the synthesis of a

78 kD P78/NSm-G¢ polyprotein, which primarily gives rise to the 78 kD accessory protein

Table 22. Overview of additional protein isoforms produced by sNSVs by alternative translation and
proteolysis.

Alternative translation Alternative translation Proteolvsis
from out-of-frame AUGs from in-frame AUGs Y
PB1-N40 [329],
Orthomyxoviridae | PB1-F2 [329] PA-N155 [331],
PA-N182 [331]
Hantaviridae NSs [367, 369]
Peribunyaviridae NSs [370]
Phenuiviridae P14/NSm-Gn-Gc [371] NSm [371]
NP47kp [140]
Arenaviridae NP this stud
w0 | 2 NPaoko [140]

(consisting of an NSm-Gy coding sequence fusion), initiation of protein synthesis at a
second AUG start codon 115 nt downstream generates a smaller P14/NSm-Gn-Gc
polyprotein. Similar to the P78/NSm-GC polyprotein, the P14/NSm-Gn-Gc polyprotein
version is cleaved into the 14 kD NSm accessory protein and the two major envelope
glycoproteins Gy and Gc [372, 373]. Interestingly, similar to JUNV NP, when the
alternative AUG is eliminated, a second alternative in-frame AUG is used 38 nt
downstream of the 14 kD NSm-generating AUG, which restores NSm production with a
13 kD version being generated from a P13/NSm-Gn-G¢ polyprotein variant [371]. Since

both NSm versions have an anti-apoptotic function that is necessary for the viral
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replication cycle, it seems likely that the availability of redundant alternate start codons
directing translation of these alternative protein variants may serve to ensure their
continued production in the event of random mutations [249]. This is very similar to
what was observed for the usage of M100 as a translation initiation site after the
elimination of M80 in JUNV NP. Hence, the observations on translation of the truncated
isoforms in RVFV NSm support the notion that JUNV NP isoform production is

biologically relevant for the viral replication cycle.

Further examples of alternative AUG usage due to leaky ribosomal scanning have been
described for some IAVs. Here, the PB1 mRNA was shown to encode both an overlapping
ORF (leading to production of PB1-F2) [326, 374, 375] and an in-frame AUG leading to
translation of an N-terminally truncated form of PB1 (PB1-N40) [329]. A similar
observation has been made for the IAV PA mRNA, which also contain downstream in-
frame AUGs that are used to translate two N-terminally truncated isoforms, PA-N155
and PA-N182 [331]. While little is known about the functional roles of PA-N155, PA-
N182, and PB1-N40 in viral biology, PB1-F2 has been described as important in
regulating host immune responses such as IFN induction and/or NFkB activation [376-
378]. Together with the findings of this study, these observations show that leaky
ribosomal scanning for the translation of N-terminally truncated viral protein isoforms,
as well as posttranslational proteolytic cleavage are common strategies employed by
sNSV families to obtain additional protein diversity (Tab 22). These alternative proteins
isoforms frequently play an important role in virus biology, and in particular, often

contribute to regulation of the host response to infection.

4.2  Functional Characterization of JUNV NP Isoforms

As discussed above, alternative translation initiation from in-frame AUGs as well as
posttranslational cleavage by proteases, can give rise to N-terminally truncated protein
isoforms. Compared to their respective full-length proteins, such truncated proteins
may lose some functions, depending on the regions of the protein that are affected.
Further, they may show altered localization, which can affect their access to potential
interaction partners. Indeed, localization signals frequently reside in the N-terminus of

eukaryotic proteins [379, 380]. However, until now little was known about how N-
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terminal truncations in the different JUNV NP isoforms affects their function or

localization.

To address these questions, minigenome assays were used to examine the activity of
each of the truncated NP isoforms in functions known for full-length NP, including
regulation of RNA synthesis. The data obtained showed that none of the truncated NP
isoforms was able to induce RNA synthesis when expressed in place of full-length NP in

a minigenome assay (Fig 24A).

These observations are consistent with the fact that the coiled-coil oligomerization
motifs [80, 146, 150], which are critical for RNP formation during viral RNA synthesis,
are absent in the truncated NP isoform sequence. Such a GxsLxsLx7h coiled-coil motif
has been described for the N-terminal domain of NP in both NW arenavirus TCRV and
OW arenavirus LASV and consists of the highly conserved amino acids G92, L99, L106,
and 1113 [80, 82, 150, 153]. Since these amino acids are also conserved in JUNV NP, it
can be assumed that an equivalent coiled-coil motif is also present within the first 120
amino acids of this protein. However, some or all of these coiled-coil related amino acids
are deleted in the JUNV NP 53 kD, 47 kD and 40 kD isoforms. Furthermore, arginine-rich
RNA binding motifs previously described for LASV NP [82, 142, 146] (i.e. K253, R300,
Y308, R323, and R329 [146]) that are also conserved in JUNV NP sequence would be
expected to remain part of the truncated JUNV NP isoforms. Therefore, the complete
loss of function of NPss3kp, NPa7kp, and NPaokp in supporting viral RNA synthesis (Fig 22A)
is more consistent with the loss of oligomerization motifs in the truncated JUNV NP
isoforms, leaving the isoforms in a monomeric state, than with the loss of arginine-rich
regions directly involved in RNA binding. Furthermore, this might also explain the results
of the minigenome assay for co-expression of NP isoform + full-length NP where no
effect of NP isoforms on viral RNA synthesis was observed (Fig 24B). Loss of
oligomerization motifs rendered the NP isoforms unable to interact with other NP
monomers, which may explain the lack of any dominant negative effect on NPwr
function after co-expression of the 53 kD, 47 kD, and 40 kD isoforms in the minigenome

assay.

Transcription and replication of arenaviruses occurs in perinuclear inclusion bodies that

concentrate the viral components necessary for these processes [381-383]. Therefore,
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it is interesting to note that truncation of the N-terminal domain of JUNV NP in the
various isoforms not only abolished their activity in viral RNA synthesis, but also leads
to a change in their subcellular localization. Rather than being associated with inclusion
bodies, all of the truncated JUNV NP variants exhibit a uniform distribution throughout
the cytoplasm (Fig 29), suggesting that oligomerization and/or RNA binding are
necessary prerequisites for recruitment to inclusion bodies as previously observed in
infections with NW and OW species such as JUNV and TCRV and LCMV, respectively
[381-384]. Furthermore, the differential localization of NP isoforms might also explain
the lack of detectable regulatory effects in the minigenome assay (Fig 24B). Since the
isoforms are no longer specifically recruited to inclusion bodies, the majority of NP
isoforms are separated from the site of viral RNA synthesis. A similar change in
subcellular localization was described for the N-terminally truncated PB1-N40 protein
of IAV. Typically, PB1 in wild type is localized in the nucleus, where it is involved in viral
RNA synthesis; however, the N-terminally truncated PB1-N40 remains in the cytoplasm,
due to the loss of an important motif for dimerization with another polymerase subunit,

PA [329].

Surprisingly, NPaokp is also detectable in the nucleus (Fig 29). However, prediction tools
(i.e. NLStradamus, SeqNLS and NLSdb) failed to identify any nuclear localization signal in
JUNV NP, suggesting that this isoform most likely enters the nucleus by diffusion.
Indeed, with a molecular mass of only 40 kD, this isoform would be within an
experimentally determined range for shape dependent diffusion through the nuclear
pore complex [385, 386]. However, at this stage, no conclusions can be drawn about
possible functions of the NPasokp isoform in the nucleus. A more detailed investigation
requires a detailed mapping of possible interaction partners of the NP4okp variant using
a proteomic approach to obtain a description of host protein interactors that could
indicate possible biological functions. Although orthobunyaviruses replicate in the
cytoplasm, its NSs proteins produced by a +1 ORF on the N mRNA can also enter the
nucleus [387, 388]. For example, the NSs of RVFV and BUNV have been shown to induce
global host transcriptional silencing by disrupting the assembly of the eukaryotic RNA
polymerase |l preinitialization complex due to their translocation to the nucleus [387,
389-391]. It is therefore tempting to speculate that nuclear localization of NPokp may

also be involved in host translational silencing either on a global scale, or possibly more
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selectively. Furthermore, NP isoforms could also perform potential regulatory functions
in other cell organelles. For example, NPs from several arenaviruses have been found to
accumulate in mitochondria, raising the possibility that some of the identified truncated
JUNV NP isoforms may be involved in this [392]. If confirmed, the altered localization of
NP isoforms of JUNV could indicate an additional regulatory mechanism by which the

induction of the apoptosis pathway could be regulated.

Unlike the N-terminal domain of NP, the C-terminal domain of JUNV NP remains intact
in the NPs3kp, NP47kp and NPaokp isoforms. This region contains important motifs involved
in the interaction of NP with other viral proteins (i.e. Z and L), and in the case of Z, this
interaction is mediated via a conserved zinc finger motif [80, 121, 143, 393]. Despite
their interaction, the present data suggest that full-length NP does not compete with Z
for binding to L and subsequent inhibition of viral RNA synthesis. However, it was
unclear whether cytoplasmic interaction of Z with truncated NP isoforms, which also
maintain the motifs required for NP-Z interaction, might impair its localization to
inclusion bodies and thus its interaction with L. However, in minigenome assays
performed as part of this work, it has been observed that Z-mediated inhibition of viral
transcription and replication [124, 126] was not affected when NP isoforms were
present (Fig 26). Together, this supports the conclusion that there is no trans-regulatory

interaction between Z and NP.

In addition to its role in viral RNA synthesis, the arenavirus NP is also involved in IFN
antagonism, with the relevant regions being located within the C-terminal domain [137,
144, 146]. In particular, a dsRNA-specific 3'-5' exonuclease domain has been found in
this region for both OW and NW arenavirus species, regardless of pathogenicity, making
them the only sNSV family besides the Coronaviridae with exonuclease activity [146,
164, 173, 174, 394]. However, unlike for coronaviruses, which primarily use their DEDDh
3'-5' exonuclease activity for proofreading, the arenavirus exonuclease appears to play
arole in cleavage of cytoplasmic viral dsRNA species that would otherwise activate RLRs

to induce the IFN-I response [164, 173].

As a part of this work, it was demonstrated that full-length JUNV NP also possesses
functional exonuclease activity and is capable of cleaving dsRNA species in an in vitro

exonuclease activity assay (Fig 28A, lane 2). While NPs3p and NPa7p showed a greatly
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reduced RNase activity, the smallest protein isoform NPsop displayed a robust
exonuclease activity with 95 % of the full-length NP efficiency (Fig 26A). Consistent with
the results for NPsokp, a truncated version of LASV NP lacking the complete N-terminal
domain (NPA340) was also reported to display dsRNA cleavage with an efficiency
comparable to that of the full-length protein [173]. Taken together, these results
indicate that truncated monomeric forms of arenavirus NP can maintain efficient
exonuclease function, suggesting that NPsow may prevent the accumulation of viral
dsRNA species in the cytoplasm because of cytoplasmic distribution (Fig 29). Currently,
it remains unclear why the NPs3kp and NP4z do not show a similar activity, to that of
NPa4okp; however, one possibility is that improper folding of these longer N-terminal
domain remnants could lead to steric hindrance and thus disturb the exonuclease
function. In general, other sNSV show similar strategies to prevent induction of the
innate immune response by producing additional immune evasive protein. However,
the emphasis of these strategies used by bunyaviruses and orthomyxoviruses seems to
be mainly on inhibition of protein components of the associated pathway and/or

expression of these proteins [333, 334, 369, 377, 387, 395-404].

While inhibition of the signaling pathway leading to IFN production represents an
important approach to evade innate immunity, and indeed JUNV NP and Z have both
been described to perform similar functions [137, 144, 173, 405-407], avoiding the
accumulation of cytoplasmic viral dsRNAs that can act as PAMPs is also important. In
particular, the formation of so called defective viral genomes (DVGs) as a byproduct of
viral RNA synthesis has been shown for several NSVs [408-413]. During infections with
the non-segmented NSV Sendai virus, such DVGs have been demonstrated to be
specifically localized in the cytoplasm, while the full-length genome is found in
perinuclear inclusion bodies that provide protection from recognition by cytoplasmic
pattern recognition receptors (PRRs) [414, 415]. Due to their cytoplasmic distribution,
DVGs can serve as effective targets for recognition by dsRNA specific RIG-I like receptors
such as RIG-I and MDAS5, leading to IFN induction [416-418]. Also among the
arenaviruses, infection with both LCMV and TCRV have been shown to produce high
amounts of DVGs [419]. Recent observations showed accumulation of dsRNAs in JUNV
infected cells [177], although these remain to be formally identified as DVGs. In this

regard, the generation of a cytoplasmic form of NP containing a catalytically active 3'-5'
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exonuclease motif, as shown in this work for NP4okp, could be a possible viral defense
strategy to avoid the accumulation of such dsRNA species in the cytoplasm. However,
innate recognition of cytoplasmic viral dsRNA species could only be delayed by NPaokp
during JUNV infection, since the dsRNA recognizing PRRs RIG-I and PKR have been
reported to be activated in JUNV infected cells, possibly leading to induction of IFN
production at a later stage of infection [256, 420, 421]. In contrast, in the same study,
no accumulation of dsRNA was observed in the cytoplasm of LASV infected cells; a
difference that appears to be related to the activity of the LASV NP exonuclease [177].
However, when expressed alone and examined in an RNase assay, the NPs of JUNV and
LASV showed no difference in catalytic activity in direct comparison [341]. Hence, it is
interesting that for OW arenaviruses such as LASV, this study has shown that truncated
NP isoforms (several of which probably still contain the exonuclease domain) account
for a much larger proportion of the total NP pool than for JUNV (Fig 33). Assuming that
one or more of the LASV NP isoforms contain a functional 3'-5 exonuclease domain
would imply that LASV could efficiently eliminate cytoplasmic viral dsRNA species and
thereby subvert IFN production. Importantly, in contrast to JUNV-infected cells, in which
the NPaop isoform is present only at low levels [140], the level of potentially
enzymatically active NP isoforms may be higher in LASV-infected cells, as suggested by
the results of the transfection experiments performed in this study (Fig 33). This would
explain the modest reduction in DVGs present in the cytoplasm during JUNV infection

as opposed to LASV infected cells.

The available data suggest that JUNV uses caspase cleavage to generate an NP isoform
that retains exonuclease activity, but exhibits cytoplasmic (as well as nuclear)
localization (i.e. NPaokp). Its generation allows for the cleavage of viral dsRNAs such as
DVGs and thereby helps to suppress the induction of RNA sensor proteins to delay and
reduce IFN production in response to infection. This hypothesis also appears to be
supported by the data on growth kinetics (Fig 31B). Regardless of its role in apoptosis
control, it was observed that elimination of the caspase cleavage site (D222N) that
generates NPaoko did not result in lower viral titers compared with the rJUNV wild-type
control (Fig 31B). Since growth kinetics were performed in IFN deficient Vero cells, the

absence of NP4okp did not affect the growth of this rJUNV variant under these conditions,
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strengthening the suggestion of a biological function of NPaop in regulating the IFN

response.

Overall, while these results of this study are the first example of an arenavirus
generating a biologically relevant protein isoform that serves a function within the viral
replication cycle, these data also indicate that this may in fact be a more common

phenomenon also found among other arenaviruses, which needs to be further explored.

4.3 Characterization of JUNV NP Isoform Functioning as Caspase Decoy

While the data from this study suggest a novel role of the NPaokp isoform in evasion from
the IFN response, both products of caspase cleavage (NPa7kp and NPaokp) were originally
suggested to play a role in resistance to apoptosis [140]. Specifically, substitution of the
critical aspartate residues (D) at position P1 of the cleavage recognition motifs
160DVKD163 and 219QEHD22; resulted in loss of their ability to inhibit caspase-3 activation
when overexpressed in cells treated with an apoptosis-inducing chemical compound
[140]. However, a lack of reverse genetics systems for JUNV coupled with a lack of
information regarding the mechanism underlying production of NPs3xp meant that the
role of caspase cleavage in regulating apoptosis during an actual JUNV infection could

not be examined.

To address this knowledge gap, recombinant JUNVs were produced that no longer
contained either the alternative translation sites for NPs3p or the caspase cleavage
motifs responsible for generating NP47xp and/or NPaokp (Fig 31A). Importantly, infection
with these rJUNV mutants confirmed that mutation of either the caspase cleavage sites
160DVKD163 or 219QEHD222 increases activation of both initiator caspase-9 and
executioner caspase-3 in response to infection (Fig 32), confirming the role of caspase
cleavage at these sites in suppression of apoptotic signaling during JUNV infection. This
supports recent data showing that, despite their ability to evade apoptotic cell death,
JUNV infected cells still show activation of important apoptotic signaling components,
like the transcription factor p53 and the pro-apoptotic BH3-only proteins Puma and, to
a lesser extent, Noxa [257]. Interestingly, mutation of the alternative translation site
responsible for NPs3ip formation (i.e. M80), either with or without additional removal of
the translation site leading to initiation at M100, also resulted in activation of caspase-
9 and -3 (Fig 32), suggesting a link between these two mechanisms of NP isoform
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formation. Specifically, this implies that the cytoplasmic monomeric NPs3xp may be the
main substrate for cleavage by activated caspases, rather than full-length NP. This could
be due to the fact that full-length NP is mainly localized in inclusion bodies (Fig 27),
which might restrict its accessibility to these activated caspases, and thus their ability to
serve as substrates for cleavage. A key role for NPs3p as the substrate for caspase
cleavage is also supported by the experiments of this study showing that following
elimination of M80 and M100 levels of NP7 and NPk were reduced (Fig 20). This is
consistent with the expression kinetics for the individual truncated NP isoforms, which
clearly showed that NPss3kp is made first, while NP47xp and NPaokp become visible only
much later (Fig 16). Taken together, this indicates that the production of a large amount
of truncated NP from M80 (or, if absent, M100) helps to control caspase activation by
ensuring a high quantity of available substrate for cleavage. Moreover, the results of
rJUNV infection suggest that the availability of only one of the two caspase cleavage
sites (i.e. 160DVKD163 Or 219QEHD222) is not sufficient to effectively prevent caspase
induction, although deletion of NP4okp appears to have a stronger effect (Fig 32). Insofar,
it would be interesting to investigate the effects of wild-type JUNV NP expression in
previously TCRV infected cells to compare whether production of JUNV NPs3kp, NPa7kp
and/or NPaokp is sufficient to control apoptosis in TCRV infection. Taken together, the
results of these experiments show that the production of both the NPs3kp as well as the
NP47xp and NPaokp isoforms is of great importance for the control of apoptosis during

JUNV infection.

Other sNSVs evolved similar strategies to disrupt the cell death pathway at various
stages, while also rely on alternative protein isoforms. Most similar is the process by
which the full-length nucleoprotein of CCHFV is cleaved by caspase-3 into a 30 kD
fragment, which appears to delay caspase-3 activation during the early phases of
infection [344, 345]. Caspases have also been shown to cleave the nucleoprotein and
M2 proteins of human IAV and influenza B viruses into smaller products [347, 422, 423].
However, no function for these influenza caspase-generated peptides has been
described so far, although point mutations of the two motifs caspase recognitions motifs
(i.e. DExxD and ExD) alter pathogenicity and viral replication, leading to attenuation
[422, 423]. In contrast, RVFV utilizes both the 14 kD and 13 kD forms of NSm (i.e. NSm

and NSm') to inhibit initiator caspase (i.e. caspase-8 and -9) activation [371] by an as yet
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incompletely described mechanism that involves its localization to the outer
mitochondrial membrane [249, 251]. Also, the accessory proteins NSs of the
orthobunyaviruses La Crosse Encephalitis Virus (LACV) and BUNV act as potent viral anti-
apoptotic factors [246, 424]. For BUNV NSs, it was experimentally shown that it prevents
the induction of IRF3-mediated apoptosis by interaction with the IRF3-dependent
promoter [246]. Paradoxically, however, the data from this study and from other sNSV
suggest that apoptosis must be subverted by cleaving very abundant viral proteins as
decoy substrates, while simultaneously using this cleavage as a strategy to generate
additional protein isoforms with altered function. For example, it has been found that
during the late stages of influenza A and B virus infection, the NP bound in the RNP is
cleaved by caspases, resulting in the loss of the nuclear localization signal, allowing RNPs

to migrate to the cytoplasm and then to sites of budding [237, 346, 347].

In addition to the role of proteolytic cleavage of viral proteins during the viral replication
cycle, control of caspase activation during apoptotic cell death has implications for the
pathogenesis of viral infections. Both highly pathogenic JUNV and low pathogenic TCRV
were demonstrated to induce apoptosis in the same way, although only JUNV was able
to suppress caspase-3 activation [140, 257]. However, NP isoform generation could not
be demonstrated for the NP of TCRV, in contrast to JUNV NP (Fig 33, lane 1 and 3),
highlighting the importance of NP isoform generation for viral pathogenicity.
Surprisingly, unlike for the naturally occurring virulent Romero strain of JUNV, upon
which this work was based, caspase-3 activation has been demonstrated during
infection with the JUNV vaccine strain Candid#l [256, 343, 425]. This difference
between JUNV and the Candid#1 strain is surprising, since the NP versions of both JUNV
and the Candid#1 strain show a high degree of sequence similarity. Remarkably, all
relevant sites for the generation of the N-terminally truncated NP isoforms shown for
JUNV are conserved in the Candid#1 strain. Moreover, the cis-acting translation signals
surrounding the respective start codons of full-length NP and NPs3ip are also conserved
between the JUNV Romero strain and Candid#1. Therefore, it seems likely that Candid#1
also produces NPszkp, NPa7ko, and NPaokp. Rather, the attenuation of Candid#1 has been
linked to the viral glycoprotein, where apparently reduced efficiency of GP-C processing
due to an F427] and T168A point mutation and subsequent accumulation of the

envelope protein in the ER triggers the response to unfolded proteins, leading to
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activation of caspase-3 [260, 425]. This suggests that this combinations of apoptotic
triggers, i.e. intrinsic cascade activation by Z combined with UPR activation by GP-C,
might be sufficient to overcome the anti-apoptotic capacity of NP to serve as a decoy
caspase substrate, and thus lead to the induction of apoptosis in Candid#1 infected cells
[257]. This hypothesis is supported by the results of this work, which show that a certain
amount of NPs3p and NPazp is required to suppress apoptosis efficiently. It would be
interesting to optimize the Kozak context for 233AUG?%° in the Candid#1 NP to establish
whether increasing the concentration of NPs3w would allow for suppression of this
additional apoptosis-inducing trigger, i.e. through the UPR, confirming the idea of a
homeostasis between available alternative caspase substrate and intensity of the pro-
apoptotic signal. Nonetheless, despite apparent variations in the mechanisms, these
findings of differences in the ability of highly pathogenic and low pathogenic/attenuated
NW arenaviruses strongly indicate that modulation of apoptosis induction is central to

viral pathogenesis.

Based on these observations, it is tempting to speculate whether active mechanisms to
inhibit caspase activation via a decoy function of NP might also exist in other highly
pathogenic arenaviruses. This work provided evidence that other relevant NW and OW
arenavirus species also produce NP isoforms with unknown function (Fig 33). For
example, highly pathogenic NW species such as MACV, GTOV, and SABV were found to
produce a pattern of single dominant isoforms similar to that of JUNV NP (Fig 33, lanes
2, 4, and 5). Intriguingly for OW arenaviruses, caspase-dependent apoptosis is also
avoided during infection by an as yet unknown mechanism [253], raising the question
of whether also these viruses may be using alternative NP isoforms to subvert apoptosis.
Indeed, the data of this work show that high and low pathogenic OW arenaviruses can
form several N-terminally truncated isoforms (Fig 33), which are more numerous and
more abundant than in NW arenaviruses. The possibility of NP isoforms from other NW
and OW arenaviruses also serving as decoys for activated caspases needs to be further

examined.

4.4  Conclusions and Working Model
To date, a number of sNSV have been shown to be able to expand their viral protein

complement by generating shorter protein isoforms using a variety of strategies, which
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also appears to be the case for arenaviruses. Based on the data obtained in this study, a
model is proposed to explain both the generation of the three different truncated JUNV
NP isoforms (i.e. NPsako NPa7p and NPasokp), as well as their contributions to the
regulation of the host cells response during infection. First, due to the presence of non-
optimal translational context surrounding the initial NP AUG, leaky ribosome scanning
occurs and results in alternative translation from a downstream in-frame AUG that leads
to production of NPsskp (Fig 35, step 1). Production of this isoform occurs in parallel with
the production of full-length NP, resulting in early accumulation of NPs3kp, NP4z and
NPasokp during infection. However, due to its N-terminal truncation, NPs3kp lacks the
coiled coil motif required for NP oligomerization and RNA binding in order to form RNP
complexes. Rather than being localized in inclusion bodies and participating in viral RNA
synthesis like full-length NP, NPs3xp shows a cytoplasmic distribution. This altered
localization makes NPs3p accessible to caspases, which become activated via the
intrinsic apoptotic pathway during infection. However, the presence of two caspase
cleavage motifs (160DVKD163 and 219QEHD22;) in the NPss3kp sequence drives its cleavage
at these sites. While cleavage at 160DVKD163 gives rise to a second isoform NP4kp,
cleavage at 210QEHD22; produces NPasokp (Fig 35, step 2). Importantly, NP47o still contains
a cleavage site for NPaokp, and thus can be further cleaved, which may explain its
comparatively low abundance. Given the large amount of full-length NP and its isoforms
present during viral infection, this ability to serve as an alternative substrate for cleavage
by activated caspases enables an anti-apoptotic effect by acting as a decoy to reduce
host cell caspase substrate cleavage. In addition, the formation of NP4okp also appears
to result in a cytoplasmic pool of NP that retains robust RNase activity capable of
efficiently cleaving viral dsRNAs, i.e. DVGs, which have been demonstrated in other RNA
virus infections to preferentially localize to the cytoplasm due to poor encapsidation by
NP. Cleavage by NPsp would prevent their detection by cytosolic dsRNA sensor
proteins, which would otherwise trigger the IFN production pathway (Fig 35, step 3).
Further, NPsokp is able to enter the nucleus, presumably by shape dependent diffusion,
and while the significance of nuclear accumulation of this NP isoform currently remains
unclear, this would open up a whole range of potential interactions with host protein.
Overall, the new findings generated in this study clarify both the mechanisms underlying

formation of JUNV NP isoforms and their functional role in virus infection, and allows to
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understand at a mechanistic level how they are used as part of the viral defense strategy
against the host apoptotic and innate immune responses. This provides increased
insight into how these processes may contribute to the pathogenesis of different
arenavirus species, and also provide a starting point for investigating the relevance of

similar processes in related arenaviruses.
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Figure 35. Working model describing the generation and biological functions of JUNV NP isoforms. Step
1: In addition to translation of full-length NP (NPssko) from the initial start codon *AUG> on the NP mRNA,
a subset of 48S preinitiation complexes scan past this site and instead begin translation at methionine
codon M80, i.e. 228AUG?*°, This results in production of the N-terminally truncated isoform NPssp. Due to
this truncation, the NPs3kp lacks the coiled-coil motifs needed for oligomerization and RNA binding, and
thus results in a mainly cytoplasmic localization of NPsskp monomers. Step 2: Due to its cytoplasmic
localization, NPsskp serves as an alternative substrate for activated caspases, with leads to production of
both NP47p and NPsokp isoforms by proteolytic cleavage at the respective cleavage sites. In addition, NPa7xp
can also serve as a substrate for further cleavage to NPaokp. Step 3: As the final product of such caspase
cleavage cascade, NPaokp exhibits a dsRNA-specific 3'-5' exonuclease function, similar to the wild-type NP
variant NPsskp. However, due to its cytoplasmic localization it is available to cleave dsRNAs, i.e. DVGs, that
may be present in the cytosol and which would otherwise be recognized by dsRNA-specific sensor proteins
such as RIG-I or MDAS. Furthermore, NPaokp enters the nucleus, probably by passive diffusion, and this
may facilitate further interactions with host factors; however, the exact functions and interaction partners
involved need further investigation.
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5. Summary

Coding constraints imposed by the very small genome sizes of negative-strand RNA
viruses (NSVs) have led to the development of numerous strategies that increase viral
protein diversity, enabling the virus to both establish a productive viral replication cycle
and effectively control the host antiviral response. Arenaviruses are no exception to this,
and previous findings have demonstrated that the nucleoprotein (NP) of the highly
pathogenic Junin virus (JUNV) exists as three additional N-terminally truncated isoforms
of 53 kD (NPs3kp), 47 kD (NPa7kp), and 40 kD (NPaokp). The two smaller isoforms (i.e. NP4z«
and NPaokp) have been characterized as products of caspase cleavage, which appears to
serve a decoy function to inhibit apoptosis induction. However, whether they have
additional functions in the viral replication cycle remains unknown. Further, the origin

and function of NPs3kp has not yet been described.

In order to first identify the mechanism responsible for production of the NPszip variant,
a possible role of additional caspase cleavage sites was first excluded using a site
mutagenesis approach. Subsequently, alanine mutagenesis was then used to identify a
region responsible for NPs3ip production. As a result, three methionine residues were
identified within the characterized sequence segment of NP, linking the production of
NPsskp to an alternative in-frame translation initiation. Further site-directed
mutagenesis of the previously identified putative in-frame methionine codons (i.e. M78,
M80 and M100) finally led to the identification of translation initiation at M80 as being
predominantly responsible for the production of NPs3kp. Once the identity of all three
NP isoforms was known, it was then of further interest to more deeply characterize their
functional roles. Consistent with the N-terminal domain containing RNA binding and
homotrimerization motifs that are relevant for the viral RNA synthesis process, it could
be demonstrated that all three truncated NP isoforms lost the ability to support viral
RNA synthesis in a minigenome assay. However, they also did not interfere with viral
RNA synthesis by full-length NP, nor did they affect the ability of the matrix protein Z to
inhibit viral RNA synthesis. Moreover, it was observed that loss of the oligomerization
motifs in the N-terminus also affected the subcellular localization of all three NP
isoforms, which were no longer localized in discrete perinuclear inclusion bodies, but
rather showed a diffuse distribution throughout the cytoplasm, with the smallest

isoform NPaokp also being able to enter the nucleus. Surprisingly, the 3'-5' exonuclease
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function of NP, which is associated with the C-terminal domain and plays a role in
inhibiting interferon induction by digestion of double-stranded RNAs, was found to be
retained only by the NPaop isoform, despite that all three isoforms retained the
associated domain. Finally, previous studies using transfected NP and chemical
induction of apoptosis have suggested that cleavage of NP at the caspase motifs
responsible for generating NP47xp and NPaokp plays a role in controlling activation of the
apoptosis pathway. Therefore, to further characterize the connection between the
generation of NP isoforms and the regulation of apoptosis in a viral context,
recombinant JUNVs deficient in the respective isoforms were generated. Unlike
infections with wild-type JUNV, mutations of the caspase cleavage sites resulted in the
induction of caspases activation. Surprisingly, however, this was also the case for

mutation of the alternate start codon responsible for NPs3kp generation.

Taken together, the data from this study suggest a model whereby JUNV generates a
pool of smaller NP isoforms with a predominantly cytoplasmic distribution. As a result
of this altered localization, NPs3kp appears to be able to serve as the substrate for further
generation of NPa7xp and NPaokp by caspase cleavage. Not only does this cleavage inhibit
apoptosis induction during JUNV infection, it also results in a cytoplasmic isoform of NP
that retains strong 3'-5' exonuclease activity (i.e. NP4okp) and thus may play an important
role in preventing viral double-stranded RNA accumulation in the cytoplasm, where it
can lead to activation of IFN signaling. Overall, such results emphasize the relevance of
alternative protein isoforms in virus biology, and particularly in regulation of the host

response to infection.
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6. Zusammenfassung

Die teils kleinen RNA Genome von Negativstrang-RNA-Viren (NSV) bedingen eine
Einschrankung der Kodierungskapazitat, was die Ausnutzung zahlreicher alternativer
Strategien zur Proteinexpression notwendig macht, um so die virale Proteindiversitat
fir einen produktiven viralen Replikationszyklus zu erhéhen. Gleichzeitig werden auf
diese Art Proteine generiert, welche fiir die Kontrolle der Wirtszellantwort auf die
Infektion notwendig sind. Auch fiir Arenaviren wurde die Nutzung dieser alternativen
Strategien vermutet, da gezeigt werden konnte, dass das Nukleoprotein (NP) des
hochpathogenen Junin-Virus (JUNV) in drei zusatzlichen N-Terminal verkirzten
Isoformen von 53 kD (NPs3kp), 47 kD (NP47kp) und 40 kD (NPaokp) vorliegt. Wahrend die
beiden kleineren Isoformen NP7 und NPaokp als Produkte einer Caspase-abhangigen
posttranslationalen Proteolyse charakterisiert wurden, konnte der Ursprung von NPs3p

bisher nicht beschrieben werden.

Fur die Aufklarung des Ursprungs von NPs3p wurde zundchst eine auf der Basis von
Pancaspase-Inhibitor Daten aufgestellte Hypothese Uberpriift, wonach NPs3p auch
durch Caspasespaltung entsteht. Dies konnte aber durch eine Punktmutationsstudie
von flr die NPs3p Produktion in Frage kommenden Caspasespaltmotive nicht bestatigt
werden. Stattdessen konnte NPs3kp mit Hilfe eines Alanin Scan als Produkt von
alternativer, in-frame Translationsinitiation beschrieben werden. Von den so
identifizierten Methioninen (d.h. M78, M80 und M100) liel} sich mittels einer site-
directed Mutagenese M80 als alternative Translationsstartstelle fiir die Produktion der

grofSten NP Isoform darstellen.

Ausgehend von der Struktur des Arenavirus NP aus einer N-terminalen Domane, welche
die fir die virale RNA  Synthese wichtigen  RNA-Bindungs- und
Homotrimerisierungsmotive kodiert, sowie einer C-terminalen Domane, welche fir die
virale Regulierung der angeborenen Immunantwort wichtig ist, wurden die potenziellen
funktionellen Eigenschaften der NP Isoformen untersucht. Da alle NP Isoformen
Verkiirzungen des N-Terminus aufweisen, welche zum Verlust von RNA-Bindungsstellen
und/oder Coiled-Coil-Motiven fiihren, wurde der daraus resultierende Verlust der
Proteinfunktion als Teil des viralen RNA-Syntheseprozesses mithilfe des, die virale RNA

Synthese modellierenden Minigenomassays, nachgewiesen. Der Verlust dieser Motive
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innerhalb des N-Terminus von NP beeinflusst auch die subzelluldre Lokalisation der
Isoformen, welche nicht, wie flir das gesamte Protein beschrieben, in zytoplasmatischen
Einschlusskorperchen vorliegen, sondern eine gleichmaRige Verteilung im Zytoplasma
zeigen. Interessanterweise lieB sich fiir die NPsop Variante auch eine zusatzliche
Translokation in den Zellkern belegen. Folglich scheinen die Verkirzungen innerhalb des
N-Terminus der Isoformen zur Bildung einer NP Subpopulation zu fiihren, welche nicht
mehr Bestandteil des viralen RNA Syntheseprozesses ist und eine neue zelluldre
Verteilung aufweist. Innerhalb der C-terminalen Domane der Arenavirus NP wurde eine
DEDDh 3'-5'-Exonuklease Domane beschrieben, von der angenommen wird, dass sie
eine Rolle bei der Modulierung der Interferon-Induktion wahrend der Infektion spielt,
indem zytoplasmatische Doppelstrang-RNA Spezies abgebaut werden. Mit Hilfe eines in
vitro RNase-Aktivitatstests konnte gezeigt werden, dass die NPaokp Isoform als einzige
eine Exonukleaseaktivitat fiir doppelstrangige RNA (dsRNA) besitzt, welche mit der des
gesamten NP vergleichbar ist. Dies konnte auf eine mogliche Rolle von NP4okp bei der
viralen Kontrolle der Wirtsimmunantwort durch den Verdau von zytoplasmatischen
viralen dsRNA Spezies hinweisen. Neben der Regulation der IFN-I Induktion konnte flr
hochpathogene Arenaviren wie JUNV die Kontrolle der Apoptoseinduktion als wichtigen
Aspekt zur Verlangerung des viralen Replikationszyklus nachgewiesen werden. Friihere
in-vitro Studien zeigten, dass die Spaltung von NP an den identifizierten Caspasemotiven
160DVKD163 (NP47kp) und 219QEHD222 (NPa4okp) eine wichtige Rolle bei der Unterdriickung
der Apoptoseinduktion spielen. Um den Zusammenhang zwischen NPs3p und NPaz«p
und NPaokp Produktion sowie die Bedeutung dieser alternativen Translations- und
Caspasespaltstellen fiir den viralen Replikationszyklus weiter zu charakterisieren,
wurden rekombinante JUNVs hergestellt, bei denen die alternative
Tanslationsinitiationsstelle sowie die Caspasespaltmotive eliminiert wurden. Im
Gegensatz zu Infektionen mit Wildtyp-JUNV, bei denen keine Caspaseaktivierung zu
beobachten war, fihrten Mutationen der alternativen Translationsstarts sowie der
Caspasespaltmotive zu einer Induktion der Caspaseaktivierung. Insgesamt unterstreicht
dies die Bedeutung der NP Isoformen fiir die Kontrolle der Apoptose und belegt die
Bedeutung des NPs3kp als Hauptsubstrat, dessen Spaltung dann zur Bildung von NPazxp

und NP4okp fUhrt.
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Zusammenfassend beschreiben die Daten JUNV als erstes Beispiel der Arenaviridae, das
neben der bereits beschriebenen NP Spaltung durch Caspasen in die NP7 und NP4okp
Isoformen auch nicht-kanonische alternative Translationsinitiation zur Bildung von
NPss3kp nutzt. Weiterhin stellt NPs3ip ein virales Protein dar, welches anti-apoptotische
Fahigkeiten besitzt, da NPs3kp das Hauptsubstrat fir aktivierte Caspasen darstellt und so
die Aktivierung von Caspase-3 bei JUNV infizierten Zellen verhindert. Darliber hinaus
erzeugt JUNV eine Subpopulation von verkirzten NP Versionen mit einer vorwiegend
zytoplasmatischen Verteilung, von denen die kleinste Isoform NPsopo eine 3'-5'-
Exonukleaseaktivitat ahnlich dem Wildtyp NP zeigte. In Anbetracht der nachgewiesenen
Lokalisierung von NPaop im Zytoplasma und im Zellkern scheint NPasokp die virale

Abwehrstrategie gegen die angeborene Immunantwort zu unterstiitzen.
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rJUNV_NP(M80L+M100A) — S segment
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rJUNV_NP(D160/163/222N) — S segment
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