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1. Introduction

1.1. Archaea

The archaea are prokaryotic organisms that thrive in extreme environments,
defining the limits of life on earth. Archaea were initially classified as bacteria, but
phylogenic analyses of the 16S rRNA sequence pointed out that archaea are
evolutionarily distinct from the bacteria, resulting in their classification as the third
domain of life (Woese and Fox, 1977). They were originally discovered and described
in extreme environments, such as terrestrial hot springs and hydrothermal vents
(Valentine, 2007), but could also be found in highly saline, acidic and anaerobic
habitats (Pikuta, Hoover and Tang, 2007). Culture-independent studies, e.g. the
isolation and analysis of nucleic acids from the environment, have shown that archaea

can grow as mesophiles in both marine and terrestrial ecosystems (DeLong, 1992).

The current classification of archaea consists of three main phyla: the
Euryarchaeota, the Crenarchaeota (Woese, Kandler and Wheelis, 1990) and the
Thaumarchaeota. The Euryarchaeota is a rather diverse phylum containing mostly
anoxically growing methanogens and halophiles. Haloarchaea comprises 213 species
in 50 genera (Gupta, Naushad and Baker, 2015; Gupta et al., 2016) which can be found
in salt saturated (about 37 % salts) or nearly saturated marine environments (Yadav et
al., 2015). The phylum Chrenarchaeota consists of mostly sulfur-dependent
thermophilic as well as hyperthermophilic archaea, which can survive at temperatures
above 100 °C. Thaumarchaeota is a relative new phylum that was seperated from
Crenarchaeota after sequencing of the genome of Cenarchaeum symbiosum and

consists mostly of mesophiles (Brochier-Armanet et al., 2008).

Further studies revealed that archaea share traits with both bacteria and
eukaryotes. Archaea and bacteria have generally similar cell structure and are
structurally most similar to gram-positive bacteria. Like bacteria, archaea consist of a
single plasma membrane and cell wall and lack interior membranes and organelles
(Woese, 1994). On the other hand, their transcriptional and translational machinery
resembles the one from the eukaryotes (Brown and Doolittle, 1997; Olsen and Woese,

1997; Bernander, 2000). Despite their similarities with the other two domains of life,
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archaeal membrane lipids are composed of branched isoprenoid acyl chains, which are
ether-linked to their glycerol backbone in contrast to bacterial and eukaryotic
membrane lipids that consist of ester-linked unbranched fatty acids (Jarrell, Jones and
Nair, 2010; Albers and Meyer, 2011). Ether linkages confer an evolutionary advantage
for archaea in order to be able to tolerate high temperatures and salinity, resulting in
an increased membrane stability and resilience to hydrolysis (Van De Vossenberg et
al., 1999). Furthermore, unlike bacteria, the archaeal cell wall lack murein (Howland,
2000) except some methanogens whose cell wall is composed of pseudo-peptidoglycan
(Albers and Meyer, 2011). Another cell wall feature is the pseudo-crystalline
proteinaceous surface layer, namely S-layer, which is attached to the cytoplasmic
membrane. The S-layer is composed of one or two different glycoproteins (Sleytr and
Beveridge, 1999; Rodrigues-Oliveira et al., 2017) which, when glycosylated, lead to an
increased thermal stability (Yurist-Doutsch et al., 2008; Albers and Meyer, 2011,
Konig, Rachel and Claus, 2014).

1.1.1. Halophilic Archaea

Halophilic archaea, namely Haloarchaea, are a class of the Euryarchaeota and
are commonly found in water-saturated environments, which are characterized by high
evaporation rates that lead to hypersalinity (Oren, 2002). These microorganisms require
high concentrations of salt for growth and survival. They can be divided in two
subcategories, based on the amount of the salt they need. The moderate halophiles
grow optimally at 0.5 - 2.5 M NaCl in contrast to the extreme halophiles that grow at
2.5 - 5 M NaCl (Andrei, Banciu and Oren, 2012). The metabolism of Haloarchaea is
very diverse they can grow both aerobically and anaerobically using amino acids as
energy and carbon source (Wais et al., 1975) and are unable to fix carbon from carbon
dioxide (Bryant and Frigaard, 2006).

In order to withstand the high osmotic pressure and be able to survive in
hypersaline environments, Haloarchaea developed an evolutionary strategy, the so-
called “salt-in” approach. By effectively using Na*/H* antiporter membrane proteins,
potassium chloride accumulates in the cell cytoplasm while sodium ions are pumped
out of the cell (Oren, 1999; Fendrihan et al., 2007). In extremophiles, the internal K*
levels can reach up to 5 M (Christian and Waltho, 1962; Lai and Gunsalus, 1992).
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Normally, proteins precipitate at such high intracellular potassium chloride
concentrations, but the halophilic enzymes contain high amount of negatively charged
acidic amino acids, leading to a low isoelectric point, and a small number of
hydrophobic amino acids (Oren, 1999). Another approach to counterbalance high
osmolality is through accumulation of organic solutes, e.g. glycerol, by de novo
synthesis, which is achieved only by methanogens (Lai et al., 1991), or uptake from the

environment.

1.1.1.1. Haloferax volcanii

Haloferax volcanii is a mesophilic archaeon that was isolated from hypersaline
marine environments. It is a facultative anaerobic and chemoorganotrophic
microorganism that metabolizes sugars or amino acids as a carbon source (Oren, 2006).
Due to the high internal K* ion gradient, H. volcanii possesses enzymes specifically
adapted to function in high salt concentrations (Ortega et al., 2011). Like many
archaea, H. volcanii possesses an S-layer composed of glycoproteins. In addition, the
cell membrane contains large amounts of carotenoids, e.g. lycopene, which, when

present in sufficient concentrations, grant a distinctive red color (Ronnekleiv, 1995).

1.1.1.2. H. volcanii as a model system for archaeal studies

H. volcanii is often used as a key model organism in studies of archaeal genetics
because it can be easily cultured in a laboratory (Hartman et al., 2010). Optimal growth
occurs at salt and Mg?* concentrations of 1.5 - 2.5 M and up to 1.5 M respectively, at a
pH slightly below 7 and a temperature of 45 °C. Under the above mentioned conditions,
doubling time is approximately 4 hours (Oren, 2006). Furthermore, H. volcanii can
proliferate in different media: a high salt- and a low salt-rich medium containing yeast
extract and peptone, as well as in minimal medium containing glycerol and sodium
succinate or glycose as the solo energy source (Robb, DasSarma and Fleischmann,
1995).

Haloferax volcanii DS2 genome consists of a large (4 Mb), multicopy

chromosome and four extrachromosomal replicons pHV4 (690 kb), pHV3 (440 kb),
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pHV1 (86 kb) and pHV2 (6kb) (Charlebois et al., 1987). The genome has been
completely sequenced and consists of approximately 4130 genes (Hartman et al., 2010).

The molecular biology of H. volcanii has been extensively investigated, in order
to study archaeal genomics and even the function of eukaryotic proteins. Many protein
functions have been verified, e.g. RadB protein, which is a member of the RecA family
and is involved in recombination processes (Haldenby, White and Allers, 2009). In
addition, several pHV2 derivatives are widely used for cloning and shuttle vectors.
Another DS2 derivative, namely WR479, which contains deletions of both the pyrE1l
and pyrE2 genes (Bitan-Banin, Ortenberg and Mevarech, 2003), is utilized as a host to
knockout genes. So far, many tools for the genetic manipulation of H. volcanii are well
developed. Strains and vectors have been constructed to facilitate different tasks from
construction of gene knockouts, such as strain H26 (Allers and Ngo, 2003), to
identification of promoters, e.g. tryptophan inducible promoter ptna (Large et al., 2007)

and conditional overexpression of proteins (Allers, 2010).

1.1.2. Haloalkalophilic Archaea

The term haloalkaliphilic was used to describe a newly isolated archaeon that
was both halophilic and alkaliphilic (Soliman and Trueper, 1982). Haloalkaliphilic
archaea grow optimally at high pH (pH 8 — 11) and high salinity conditions (Tindall,
Ross and Grant, 1984; Xue et al., 2005; Sorokin et al., 2018) and can be found in
hypersaline alkaline environments (Grant and Larsen, 1989). An example of such an
extreme habitat is Lake Magadi in Kenya, Africa, which contains high salt
concentrations, up to 300 g/L, high levels of carbonate ions and a pH above 11 (Oren,
2002; Ma et al., 2010).

1.1.2.1. Natrialba magadii

Natrialba magadii is a haloalkaliphilic archaeon that was isolated from Lake
Magadi in Kenya (Tindall, Ross and Grant, 1984) and belongs to the family of
Halobacteriaceae of the phylum Euryarchaeota. It was initially classified within the

genus Natronobacterium, but phylogenetic analysis of the 16S rRNA led to
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reclassification in the genus Natrialba (Kamekura et al., 1997). As mentioned above,
N. magadii is both a halophilic and alkaliphilic archaeon and hence needs 4 to 5 M
NaCl concentration and a pH value between 8.5 and 11. Due to the high levels of
carbonate minerals in the surrounding environment, a low Mg?* concentration (below
10 mM) is required and the optimal growth temperature ranges from 37 to 42 °C
(Kamekura et al., 1997).

Regarding the metabolism, N. magadii is obligately anaerobic, proteolytic and
chemoorganotrophic. It utilizes therefore amino acids and peptides as sole carbon
sources, and it is unable to process carbohydrates (Tindall, Ross and Grant, 1984). N.
magadii cells are morphologically rod-shaped and contain flagella for locomotion.
Caretenoids are incorporated in the cell membrane resulting in an orange/red color upon
growth that is especially visible under stress conditions (e.g. proliferation in minimal

medium).

In regards to the genomic composition, N. magadii is a polyploid
microorganism, i.e. it contains up to 50 copies of chromosomal DNA per cell (Breuert
et al., 2006). The generation time is approximately 9 hours in comparison to the fast

proliferating E. coli, whose generation time is about 20 minutes.

1.1.2.2. Laboratory N. magadii strains: L11 and L13

There are two different strains, which are being used in the laboratory: L11 and
L13 (see Figure 1). N. magadii L11 is the wild type strain containing the virus ¢Chl,
which leads to lysis of the host cell and is immune to superinfection. On the other hand,
N. magadii L13 was cured of the provirus by continuous passaging of the wild type
strain and is therefore non-lysogenic (Witte et al., 1997). However, the L13 cured strain
can be re-infected by ¢Ch1 and hence was used as an indicator strain. N. magadii is the

only known host of pCh1.
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Figure 1. Cell morphology of N. magadii 1.11 and N. magadii 1.13. (A) Electron
micrographs of the wild type N. magadii L.11 strain after lysis and (B) non lysogenic
L13 strain (Adapted from Iro, 2007).

1.1.2.3. Genetic tools and manipulations in halophilic archaea

Genetic engineering plays a major role in understanding gene functions and is
widely used in medicine, research, industry and agriculture. Genetic manipulations in
N. magadii can be quite challenging due to the polyploidy, the long generation times
and the limited genetic tools. In order to overcome this problem, genetic manipulations

are mostly performed in E. coli.

1.1.2.3.1. Transformation

The first transformation method in halophilic Archaea was developed by
transfecting Halobacterium salinarum with isolated DNA from the ¢H virus (Cline and
Ford Doolittle, 1987). For this purpose, a polyethylene glycol 600-based transformation
was employed that generates spheroplasts through the addition of EDTA, resulting in
the abolishment of the S-layer. The transformation procedure was further adapted for
Haloferax volcanii (Charlebois et al., 1987), but remained inefficient for N. magadii,
due to the differences in glycosylation of related S-layer glycoproteins compared to
moderate halophiles (Mengele and Sumper, 1992). However, incubation with bacitracin

and treatment with proteinase K resulted in the successful removal of the glycoprotein
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surface layer and thus the formation of spheroplasts. This led to the generation of viable
cells capable of taking up DNA via PEG-mediated method (Mayrhofer-Iro et al.,
2013a).

1.1.2.3.2. Shuttle vectors and selection markers

Up to date, two shuttle vectors are available for N. magadii, namely pNB102
and pRo5. The plasmid pRo-5 is based upon the E. coli vector pKSII* containing a
mutated version of the DNA gyrase gene, which carries point mutations in the GyrB
subunit, conferring resistance to novobiocin. Novobiocin binds to the B subunit of DNA
gyrase and blocks the ATP-binding site (Drlica and Franco, 1988). In addition, pRo-5
contains the bla gene that encodes the enzyme beta-lactamase, conferring an additional
ampicillin resistance for selection in E. coli. For autonomous replication in N. magadii,
the minimal replicon of ¢Ch1, namely ORF53 and ORF54, were cloned into the vector
(Mayrhofer-lro et al., 2013b). These two ORFs are flanked by AT-rich regions and
show homology to the plasmid replication protein RepH, which is essential for the

replication in halophilic archaea (Ng and DasSarma, 1993).

The second shuttle vector pNB102 has been constructed from the plasmid
pNB101, which was isolated from the Natronobacterium sp. AS7091 strain (Zhou,
Xiang, Sun, Li, et al., 2004), by inserting the ColE1 origin of replication that allows
autonomous replication in E. coli. For selection in E. coli and haloarchaea, the
ampicillin and mevinolin resistance cassette were used respectively (Zhou, Xiang, Sun
and Tan, 2004). Mevinolin inhibits the 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase and prevents therefore the synthesis of archaeal isoprenoid
lipids (Lam and Doolittle, 1992).

1.2. Viruses of archaea

Archaeal viruses display unique physiological and morphological
characteristics compared to viruses infecting bacteria and eukaryotes, with genomes
that show little to no similarity to genes of known function (Krupovic et al., 2018). The

first archaeal viruses were discovered in Halobacterium cutirubrum and Halobacterium
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salinarium and were wistaken as bacteriophages due to their characteristic head-tail
morphology (Torsvik and Dundas, 1974; Wais et al., 1975). Even though the first
archaeal virus was described over 40 years ago, less than 150 archaeal viruses have
been discovered until now (Dellas et al., 2014). These viruses are able to populate every
ecosystem on the planet, including the extreme acidic, thermal, and saline environments
where archaeal organisms thrive, and their hosts can range from halophilic
microorganisms to thermophiles (Torsvik and Dundas, 1980; Janekovic et al., 1983;
Martin et al., 1984).

The archaeal viruses are classified into archaea-specific viruses and
cosmopolitan archaeal viruses (Iranzo, Krupovic and Koonin, 2016). Archaea-specific
viruses show huge diversity with distinct morphological features (Arnold et al., 2000;
Haring et al., 2005; Krupovic et al., 2014) and are classified in 12 families. In contrast,
cosmopolitan archaeal viruses are dsDNA viruses and classified into the order of
Caudovirales. They consist of the icosahedral head and long contractile (Myoviridae)
or noncontractile (Siphoviridae) tails (Sencilo and Roine, 2014). The majority of

described viruses belong to the phyla of Euryarchaeota and Crenarchaeota.

1.2.1. Viruses of haloarchaea

The best-studied viruses of Halobacteriaceae are H and ¢Chl infecting
Halobacterium salinarum and Natrialba magadii respectively. Both are latent viruses,
i.e. can remain dormant or integrate into the genome of the host cell, and exhibit head-
tail morphology. Despite the fact that their hosts are phylogenetically distant, the
viruses show a high sequence similarity (Klein et al., 2002). One of the main differences
is that the genome of @H persists as a plasmid in the cytoplasm of H. salinarum
(Schnabel et al., 1984), whereas ¢Chl integrates into the host chromosome (Witte et
al., 1997). The mechanism of action of both viruses resembles the well-studied

temperate bacteriophages (Porter, Russ and Dyall-Smith, 2007).

Additional representatives of haloarchaeal viruses are HF1 and HF2, which
were isolated from hypersaline environments and are the first reported lytic viruses
(Dyall-Smith, Tang and Bath, 2003). HF1 and HF2 can infect a variety of hosts, for

example Haloferax, Halobacterium, Haloarcula and Natrialba (Ventosa and Ventosa,
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2004) . Despite the broad host range, their genomes show more than 80 % similarity.
Many regions of the HF2 genome are identical to different haloarchaea, indicating a
horizontal gene transfer during archaeal evolution (Dyall-Smith, Tang and Bath, 2003).
Furthermore, lytic viruses infecting halophilic archaea, like Ja.1 or B10, have been

discovered, but little is known so far (Porter, Russ and Dyall-Smith, 2007).

1.2.2. The haloalkalophilic virus ¢Chl

The virus @Chl belongs to the family of Myoviridae and infects the
haloalkaliphilic archaeon N. magadii, its only known host (Witte et al., 1997). As
depicted in Figure 2, the virus consists of an icosahedral head and a long contractile tail
and has a length of approximately 200 nm. ¢Ch1 is a temperate virus with a switch
between lysogenic and lytic state. Wild type N. magadii cultures spontaneously lyse
upon entry in the stationary phase, indicating that the lysis is growth dependent. As
mentioned above, ¢Chl is able to infect the cured N. magadii L13 strain, but display
immunity to the superinfection (Witte et al., 1997).

Due to the extreme conditions the host thrive in, the virus had to adapt to the
physiological needs of its host. ¢Ch1l requires salt concentrations higher than 2 M in
order to maintain its infectivity and stability. Decreasing salt concentration below 2 M
may result in dissociation of the virus particles or conformational changes of the capsid
proteins (Witte et al., 1997). Further analysis of whole protein extracts revealed that
¢@Ch1 contains four major (A, E, H and I) and five minor proteins (B, C, D, F and G),
ranging in size from 15 to 80 kDa. These proteins contain many acidic residues,
resulting therefore in low isoelectric points between pH 3.3 and 5.2. Similar pH values
are observed for various proteins of other halophilic archaea (Lanyi, 1974). Further
studies revealed that the genome of Ch1 is methylated in parts of the population at the
adenine residues in the sequence GATC, leading to the assumption that ¢Ch1 encodes
its own methyltransferase (Witte et al., 1997). Later on, the methyltransferase M.
NmaopChll was discovered (Baranyi et al.,, 2000). M. NmapChl-I is a Dam-like
methyltransferase and a late gene, i.e. is produced during the late phase of the virus
development. Furthermore, it was published that ¢Ch1 produces two types of tail fiber
proteins gp34 and gp36, but only the one encoded by ORF34 is able to bind to host in
vitro (Klein et al., 2012).

19



ca. 200 nm

Figure 2. Morphology of the head-tail virus ¢Chl. (A) Schematic representation of
the @Chl consisting of an icosahedral head and a contractible tail. (B) Electron
micrograph of Chl (Adapted from Witte et al, 1997).

@Ch1 is the first virus of extreme haloalkaliphilic archaea whose genome has
been completely sequenced. The genome size is 58.498 bp and contains 98 different
open reading frames (Klein et al., 2002). It is terminally redundant as well as circularly
permuted, with a GC content of 61.9 %.

Based on the sequence similarities, the function of 48 out of 98 ORFs was
assessed, while many proteins share up to 80 % sequence similarities with the ¢H virus
(Klein et al., 2002). The already verified and annotated functions of the gene products
are shown in Figure 3. The genomic organization of pCh1 consists of three functional
genetic modules and resembles that of bacteriophage A. The left part of the genome
contains genes that encode structural proteins and proteins involved in virion
morphogenesis; genes in the central part are involved in DNA replication, plasmid
partitioning and regulation of gene expression; the right part consists of genes whose
functions remain unclear, as well as genes involved in DNA modifications, like
methylation and restriction (Klein et al., 2002). Some genes have overlapping start and

stop codons and are therefore organized in operons (Klein et al., 2002).
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In addition, the mature viral particle contains several different RNA species,
which range between 80 and 700 nucleotides. It has been shown that the virion-
associated RNA is host-encoded and it is assumed to be involved in the packaging of
the viral DNA (Witte et al., 1997).
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Figure 3. Schematic representation of the ¢Chl genome. The viral genome contains
98 open reading frames, which are depicted as colored arrows. Light grey, grey and
dark grey arrows represent the three different reading frames. The orientation of the
ORFs and the putative or verified functions of the gene products are indicated by
arrows. The genome consists of three functional modules: genes encoding structural
proteins, regions mainly responsible for DNA replication and DNA modification

respectively (Adapted from Klein et al., 2002).
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1.3. Toxin Antitoxin (TA) systems

Almost all bacteria encode small toxins that can affect cell growth by binding
to cellular targets which are involved in essential cellular processes, such as DNA
replication, mRNA stability or ATP and protein synthesis (Pandey and Gerdes, 2005;
Yamaguchi, Park and Inouye, 2011). These toxins form together the TA operon and are
co-transcribed and co-translated with their matching antitoxins. In general, toxins are
more stable than their conjugate antitoxin. Antitoxins are constantly produced in order
to counterbalance the toxicity of toxins, but are proteolytically degraded under stress
conditions, leading to the release of the toxins (Yamaguchi, Park and Inouye, 2011).
On the other hand, toxins are immune to proteases and are free to fulfill their functions
as nucleases or translational inhibitors upon proteolysis of the antitoxin (Bailey and
Hayes, 2009).

There are three types of TA operons, based on the nature of the antitoxin and
the composition of the TA systems. In the Type | TA system, the toxin gene expression
is regulated by the antisense RNA antitoxin, which is transcribed from the same region
as the toxin. Antitoxin and toxin form a double-stranded RNA molecule that initiates
the degradation of the toxin mMRNAs (Gerdes and Wagner, 2007). In the Type Il TA
system, both toxins and antitoxins consist of proteins that form a heteroduplex to
neutralize the effects of the toxin (Yamaguchi and Inouye, 2009). In the Type Il TA
system, the sense RNA antitoxin interacts with the toxin protein, resulting in the
formation of a RNA-protein complex, which inhibits therefore the function of the toxin
(Fineran et al., 2009). In normally growing cells, all three types of TA systems are
constitutively transcribed, leading to the steady production of both toxins and
antitoxins. Despite being trivial for normal cell growth, they are extensively widespread

in bacteria and archaea (Pandey and Gerdes, 2005).

1.3.1. VapBC toxin-antitoxin system

VapBC (virulence associated protein) toxin-antitoxin systems represent the
largest family of type 11 toxin-antitoxin system in prokaryotes (Robson et al., 2009) and
are quite abundant, especially in archaea (Gerdes, Christensen and Lebner-Olesen,

2005). The first characterized VapBC system was found in Salmonella dublin
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(Pullinger and Lax, 1992). VapBC operon contains two genes: the VapC encodes a
toxin PIN domain protein while VapB the conjugate antitoxin (Yamaguchi, Park and
Inouye, 2011). In most Type Il systems, the antitoxin genes are located upstream of

their cognate toxin genes.

As depicted in Figure 4, VapB and VapC are under the control of the same
promoter and have overlapping start and stop codons leading to their co-transcription
and co-translation. Antitoxin forms a heterodimer with the stable toxin in order to
neutralize the toxin toxicity and to autoregulate the TA module. This TA complex acts
as transcriptional repressor of the TA operon by binding a palindromic sequence in the
promoter region. Antitoxin itself is able to autoregulate the system, but more weakly
than the TA complex. Under stress conditions, VapB protein is cleaved by proteases in
an ATP-dependent manner, resulting in the release and activation of the toxin (Arcus
et al., 2011). This toxin activity leads to cell growth arrest and eventual cell death.

The cellular targets of toxins of Type Il TA systems are highly diverse. CcdB
and ParE toxins inhibit DNA gyrase and blocking therefore DNA replication
(Couturier, Bahassi and Van Melderen, 1998; Yuan et al., 2010). On the other hand,
toxins like MazF in E. coli cleave cellular mRNAs, affecting mRNA stability
(Yamaguchi and Inouye, 2009). A MazF homolog was recently identified in
Haloquadra walsbyi, a halophilic archaeon isolated from a hypersaline pool on the
Sinai Peninsula (Walsby, 1980). Unraveling the function of toxins is of fundamental
importance for our understanding of the roles of the TA systems in prokaryotes. Toxins
may benefit hosts adapting to environmental changes by slowing down or inhibiting
cell growth or promoting cell apoptosis (Arcus et al., 2011). To conclude, the constant
presence of TA complexes may be advantageous for a cell and the survival in their

natural habitats.
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Figure 4. Schematic representation of the VapBC toxin-antitoxin system. JapB and
VapC have overlapping start and stop codons and form an operon. The VapBC complex
consists of the labile antitoxin VapB (green) that antagonizes the stable toxin VapC
(blue). Antitoxin forms a heterodimeric polypeptide complex with toxin and inhibits
toxicity of toxin leading to autoregulation of system. Degradation of the antitoxin

results in the activation of the toxin (Yamaguchi ef al., 2011).

1.3.2. ¢Chl ORF43/44 as a putative VapBC toxin-antitoxin system

The putative toxin ORF44 is upstream of the ¢Chl replication domain and
forms an operon together with ORF43. Both ORFs are under the control of the same
promoter, namely p43, and overlap in one nucleotide (Iro et al., 2007a), leading to their
co-transcription and co-translation. Pfam analysis revealed the presence of a VapC-like
PIN domain in gp44 (see Fig. 5). PIN domains are small protein domains identified by
the presence of four conserved acidic residues (Matelska, Steczkiewicz and Ginalski,
2017) which form the active site that binds one or more divalent metal ions, like Mg?*
or Mn2*, This domain consists of 130 amino acids and is present in all three domains
of life. The PIN domains function as ribonucleases that cleave single stranded RNA in
a sequence- or structure- dependent manner (Arcus et al., 2011). In prokaryotes, the

majority of these proteins comprise the toxic part of toxin-antitoxin systems (Matelska,
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Steczkiewicz and Ginalski, 2017). The presence of the PIN domain in gp44 led to the
hypothesis that gp44 is the putative toxin of the ORF43/44 TA system.
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Figure 5. Analysis of the protein sequence of ORF44. Pfam analysis revealed a PIN-
domain in the viral toxin gp44 and thus a homology to the VapBC toxin-antitoxin

system.

Further studies in H. volcanii showed that ORF43 and ORF43/44 have an
enhancing effect on the expression of genes under the control of the ORF49 promoter,
whereas the presence of ORF44 had an antagonizing effect (Iro et al., 2007a).
Furthermore, experiments in the cured N. magadii L13 strain using transcriptional
fusion of the promoter p43 with reporter gene ORF34s, (encodes tail-fiber protein)
demonstrated that, in the presence of ORF44, a truncated tail-fiber protein was
produced, potentially suggesting the function of gp44 as an endoribonuclease
(Hofbauer, 2015). Due to the high sequence similarity between ORF34s; and the
upstream region of ORF94, encoding a DNA methyltransferase (see Fig. 6), the
experiment was repeated, but with ORF94 as the reporter gene instead of ORF34s;.
Obtained results showed a 48-hour delay in reporter gene expression containing
ORF44, but no truncation, indicating that gp44 may have cleaved the upstream region.
(Hofbauer, 2015).
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ORF34,, 1065 GGATTCGGTT-~GCGGCGTC 1082

LT 1o
upstream Mtase 2 GGAATCGOTTACGAGGCGTIC 21

(100 % identical= score of 120)

Score. 61,5

Figure 6. EMBOSS Water Pairwise Sequence Alignment. The coding sequence of

tail fiber protein gp34., was aligned with the upstream region of the methyl transferase

gene ORF94.

The aim of this thesis is to investigate the putative mRNA interferase activity of
gp44. To further study the effect of ORF44, a ORF44 deletion mutant strain was
constructed (Gillen, 2017). The stability of the mutant strain as well as the effect of salt
on the lysis behavior and the production of viral particles were studied by continuous
passaging of both wild type L11 and L11-A44. Phenotypic, complementation and
overexpression analyses were additionally carried out. Furthermore, the influence of
ORF43, the conjugate antitoxin of the putative @Chl TA system, was examined by
overexpressing the gene in a gene dosage-dependent manner. Finally, the isolation and

purification of gp44 protein was attempted for in vitro functional studies.
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2. Materials and Methods

2.1. Materials

2.1.1. Strains

Escherichia coli

Strain Genotype Source
Lemo21 (DE3) fhuA2, [lon], ompT, gal, (ADE3), [dcm], Novagen
AhsdS/pLemo(CamR), A DE3 = 4 sBamHlo
AECORIB, int::(lacl::PlacUV5::T7 genel,) i21,
Anin5, pLemo = pACYC184-PrhaBADIlysY
XL1-Blue endAl, gyrA96, hsdR17 (r, m, ), lac, recAl, relAl, Stratagene
SUpE44, thi, (F’, Iaclq, lacZAM15, proAB+,, Tnl10
(Tet) ]
Natrialba magadii
Strain Genotype Source
L11 Wild type strain - ¢Chl Witte et al., 1997
L11-AORF44 Deletion of ORF44 Gillen Yan, 2017
L13 ¢@Chl cured strain Witte et al., 1997

Haloferax volcanii

Strain

Genotype

Source

WD?2

ApHV2

Charlebois et al., 1987

2.1.2. Growth media

2.1.2.1. Lysogeny broth medium (LB) for E. coli

NacCl

Yeast extract

5¢

54
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Peptone 109
pH 7
dHOad 11

15 g/l agar for plates

2.1.2.2. N. magadii rich medium — NVM* / NVM-CA*

NaCl 235 g
KCI 249
Yeast extract 11.7 g
Casein hydrolysate/ Casamino acids 8.8¢g
Sodium citrate tribasic dihydrate 08¢
pH 9.5

dH20 ad 935 ml

8 g/l agar for plates or 4 g/l agar for top agar

After autoclaving, media were complemented with:

0.57 M Na.CO3 62 ml
1 M MgSOg4 1ml
20 mM FeSOg4 1ml
Trace elements SL-6 1ml

1000x Trace elements SL-6

CoCl2.6H20 0.2¢g
CuCl2.6H20 10 mg
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H3BO3 03¢

MnCl3.4H.0 30 mg
Na2Mo00O4.H20 30 mg
NiCl2.6H2.0 20 mg
ZnS04.7H20 0.1g

dH20 ad 100 ml

Sterilized by filtration

2.1.2.3. Growth media for Haloarchaea — H. volcanii

2.1.2.3.1. Concentrated Salt Water (SW) solution - 30% (w/v)

NaCl 240 ¢
MgCl..6H20 3049
MgS04.7H20 359
KCI g

1 M CaCl.2H20 (sterile) 5ml

pH 7.5 with 1 M Tris.CI buffer (pH 7.5)

dHO ad 11

2.1.2.3.2. Modified growth medium - 18 % MGM*

30 % Salt Water 600 ml
Peptone (Oxoid) 5¢
Yeast Extract 19

pH 7.4 with 1 M Tris base
dHOad 11

15 g/l agar for plates
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After autoclaving, media were complemented with 1 ml trace elements SL-6.

2.1.2.3.3. Hv — YPC complete medium

30 % Salt Water
Yeast Extract
Peptone (Oxoid)

Casamino acids

pH 7.5 with 1 M KOH

dH20 ad 11

600 ml
59
lg

lg

After autoclaving, media were complemented with 1 ml trace elements SL-6 and 3 ml
of 1 M CaCl,.2H,0 (sterile).

2.1.3. Antibiotics and further additives

Compound Stock Final Preparation
concentration | concentration
Ampicillin 20 mg/ml 100 pg/ml dissolved in dH-0, sterile
filtered, stored at 4°C
Chloramphenicol 40 mg/ml 20 pg/ml dissolved in 96 % EtOH, stored at -
20 °C
Tetracycline 10 mg/mi 10 pg/ml dissolved in half of EtOH and half
dH-0, stored at -20 °C
Mevinolin 10 mg/mi 7.5 pg/ml * 120 mg of Lovastatin Hexal tablets
dissolved in 12 ml 96 % EtOH,
storage at -20 °C
Novobiocin 3 mg/ml 3 pg/ml ** dissolved in dH20, sterile
filtered, storage at -20 °C
Bacitracin 7 mg/mi 70 pg/ml dissolved in dH20O, sterile filtered,

storage at 4°C
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IPTG 1M 1 mM dissolved in dH-0, sterile filtered,
storage at -20 °C
L-Rhamnose 1M 1 mM dissolved in dH-0, sterile filtered,
storage at -20 °C
PMSF 100 mM 1 mM dissolved in 96 % EtOH, storage at -
20 °C
L- tryptophan 0.6 M 2-4 mM dissolved in 1M NaOH, storage at -
20 °C
L- tryptophan for 30 mM 5 mM dissolved in 18 % Salt water, sterile
H.volcanii filtered, storage at 4°C
*: 5 pg/ml for H. volcanii
**:0.3 pug/ml for H. volcanii
2.1.4. Plasmids
Plasmid Features Source
pMDS24 bla, ColE1, (mevR), DHFR, pHV2 ori Jolley et al.,
1996
pRo-5-Mev bla, ColE1 ori, hmg (mevR), ¢Ch1-derived ori Dina, 2019
pNB102 bla, ColE1 ori, hmg (mevR), ¢Chl derived ori | Zhout et al.,
2004
pRV1-pTna bla, gyrB (NovR), ptna promoted bgaH Lund et al.,
PRSETA bla, pUC ori, T7 promoter, N-terminal 6x His- Invzift)r%gen
tag
PRSETA-ORF44 PRSETA with ¢Ch1 ORF44 Iro, 2006
pNB102-ORF43 pNB102 with ORF43 of ¢Ch1 under the control | This study
of native promoter
pNB102-ORF43/44 pNB102 with ORF43/44 of ¢Ch1 under the Till, 2010
control of native promoter
pRo-5-Mev-ORF43 pRo5/mev with ORF43 of pChl under the This study
control of native promoter
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pRo-5-Mev-ORF43/44 pRo5/mev with ORF43/44 of ¢Ch1l under the This study
control of native promoter
pRV1-ptna-44 pRV1 with ORF44 of ¢Ch1 under the control of | This study
tryptophan inducible promoter from H. volcanii
pR0-5-Mev-tnaN-44 pRo5/mev with ORF44 of ¢Ch1 under the This study
control of tryptophan inducible promoter from N.
magadii
pMDS24-34, pMDS24 with ORF34 (+ orientation of intl) of | This study
¢@Ch1 under the control of native promoter
PMDS24-34s; pMDS24 with ORF34 (- orientation of intl) of | This study
¢@Ch1 under the control of native promoter
pMDS24-345,-ORF43 | pMDS24 with ORF34 (- orientation of intl) and | This study
ORF43 of Chl under the control of native
promoters
PMDS24-34s,-tnaN- pMDS24 with ORF34 (- orientation of intl) of | This study
ORF44 ¢Ch1 under the control of native promoter and
with ORF44 under the control of tryptophan
inducible promoter
pPMDS24-34s,- pMDS24 with ORF34 (- orientation of intl) and | This study
ORF43/44 ORF43/44 of Ch1 under the control of native
promoters
pMDS24-34,-ORF43 pMDS24 with ORF34 (+ orientation of intl) and | This study
ORF43 of Chl under the control of native
promoters
pMDS24-34-tnaN- pMDS24 with ORF34 (+ orientation of intl) of | This study
ORF44 ¢Ch1 under the control of native promoter and
with ORF44 under the control of tryptophan
inducible promoter
pMDS24-34:- ORF43/44 | pMDS24 with ORF34 (+ orientation of intl) and | This study

ORF43/44 of Ch1 under the control of native

promoters
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2.1.5. Primers

Primer Sequence (5° 2 3°)
name
43-Kpn-3 CAGCAGGGTACCCGTGTCGACGAACAGCG
43-5 CAGCAGTCTAGACGTTGTGCCAGCCGT
44-5-Nde- GATCCATATGCACCACCACCACCACCACACGCTGTTCGTCGACA
His
44-3-Bam GTTAGGATCCACAGAACGGACGTACGAC
34-Xbal CAGCAGTCTAGACGGCGTTCGAGGTCA
36-3 CAGCAGAAGCTTATTCAGGTTTCATGTCGCTG
Tna-Kpn- GAATGGTACCTGAGGAATCGACCGGTTTTG
5
43-Kpn-5 CAGCAGGTACCGTTGTGCCAGCCGT
44-Kpn-3 CAGCGGTACCGATTTAGGACTCGAGGACC
34-Hv-1 CCCCATGCCAAGCTTCTTCTAGACGGCGTTCGAGGTCACGTACAGTAG
34-Hv-2 | GGCAGCCTCGACGGCTGGCACAACGTTATTCGAGTTTCATGTCGCTGAAC
43-Hv-1 | GTTCAGCGACATGAAACTCGAATAACGTTGTGCCAGCCGTCGAGGCTGCC
43-Hv-2 | CATGCCACTCTTCACACGCGGTACCTCATTCGCGCTCGCGCAGCTCGCGGA
43-Hv-3 | CATGCCACTCTTCACACGCGGTACCTTAGGACTCGAGGACCTCCTCCGGGG
pro5-mev CCTTATCAAACACGCACAC
34-Hv-3 GGCAGCCTCGACGGCTGGCACAACGTTGCATTGGTTCAGATCAGGTTTA
43-Hv-4 | ATAAACCTGATCTGAACCAATGCAACGTTGTGCCAGCCGTCGAGGCTGCC
34-pTna-2 TAAACCTGATCTGAACCAATGCAACCTGAGGAATCGACCGGTTTT
34-pTna-3 GTTCAGCGACATGAAACTCGAATAACTGAGGAATCGACCGGTTTT
34-pTna-4 AAAACCGGTCGATTCCTCAGTTATTCGAGTTTCATGTCGCTGAAC
34-pTna-1 AAAACCGGTCGATTCCTCAGGTTGCATTGGTTCAGATCAGGTTTA
43-bam CAGCGGATCCATGGCAATCGTCACC
43-hind CAGCAAGCTTTCATTCGCGCTCG
56-RT5 GAACAGCGCCAGTCCA
56-RT3 GACCACCGGCTTCAGC
44-bam CAGCGGATCCATGACGCTGTTCGTCG
44-hind CAGCAAGCTTGATTTAGGACTCGAGGACC

33




2.1.6. DNA and protein ladders

DNA ladder Sizein bp Company
GeneRuler 1kb DNA Ladder 250, 500, 750, 1000, 1500, Thermo
2000, 2500, 3000, 3500, Scientific
4000, 5000, 6000, 8000,
10000
Quick-Load® Low Molecular | 25, 50, 75, 100, 150, 200, 250, New England
Weight DNA Ladder 300, 350, 500, 766 Biolabs
Protein ladder Size in kDa Company
PageRuler™ Prestained 10, 15, 25, 35, 40, 55, 70, Thermo
Protein Ladder 100, 130, 180 Scientific
PageRuler™ Plus Prestained 10, 15, 25, 35, 55, 70, Thermo
Protein Ladder 100, 130, 250 Scientific
2.1.7. Enzymes *
Enzyme Product number Company
Restriction enzymes N/A Thermo Scientific
T4 DNA ligase M1801 Promega
Fast AP Alkaline Phosphatase EF0652 Thermo Scientific
2x GoTag Green Master Mix M7123 Promega
Phusion® Flash PCR Master F548S/F548L Thermo Scientific
Mix
Lysozyme from chicken egg L6876 Sigma
white
Proteinase K 1019499 Qiagen

*: All enzymes and their respective buffers were used according to the instructions of
the manufacturer.
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2.1.8. Kits

Name Usage Company
Promega Wizard® SV Gel Purification of gel- Promega
and PCR Clean-Up System | eluted DNA fragments
and PCR products
Wizard® Plus SV Isolation of plasmid Promega
Minipreps DNA DNA
Purification System
Gibson Assembly® HiFi 1- DNA cloning Synthetic Genomics
Step Kit
2.1.9. Antibodies
2.1.9.1. Primary antibodies
Antibody Target Dilution Source
a- Soj Soj of ¢Chl 1:250 Hofbauer, 2015
a- Protein E ¢Chl gpl1 1:2500 Klein et al., 2000
a- Mtase ¢Chl gp94 1:500 Baranyi et al., 2000
- gp34s; (rabbit 20) ¢Chl gp34 1:2500 Till, 2011

All antibodies were produced in rabbits and diluted in 1 x TBS, 0.3 % BSA, 0.02 %

NaNs.

2.1.9.2. Secondary antibodies

Antibody

Target

Dilution

Source

donkey

ECL™ Anti-Rabbit 1gG, HRP Rabbit 1gG
linked whole antibody from

1:5000

GE Healthcare

All secondary antibodies were diluted in 1 x TBS.
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2.1.10. Oligo RNAs

Oligoname Sequence (5° 2 3°) Source
34-mRNA- | GCGUCUGACCAGACGGCGAUGACUCCGUGGCCGC | vBC-Biotech
GUCCAUCAUCGCAAGAAC .
m Service GmbH
34-mRNA- GCGUCUGACCAGACGGCGAUGGAUUCGG VBC-Biotech
UUGCGGCGUCCAUCAUCGCAAGAAC .
wit Service GmbH

2.1.11. Buffers and solutions

2.1.11.1. Gel electrophoresis

2.1.11.1.1. DNA gels

5 x DNA loading dye

Tris.Cl pH 8.2

SDS

Bromophenol blue

Xylene cyanol

0.8 — 1.3 % agarose

Agarose

50 mM
0.1 % viv
0.05 % wiv

0.05 % wlv

08-139g

Ethidium bromide bath

Ethidium bromide

10 pg/ml

50 x TAE
Tris.Cl pH 8.2
Acetic acid

EDTA

in 100 ml 1 x TAE

in 100 ml 1 x TAE

0.1M




2.1.11.1.2. RNA gels*

* All solutions were prepared in DEPC- treated ddH>0

10 x TBE 2 X RNA loading dye

Tris 108 g Formamide 95 % viv
Boric acid 559 Na;EDTA 0.5 mM
Na,EDTA 93¢g SDS 0.02 % viv
pH 8 Xylene Cylene 0.01 % w/v
dHOad 11 Bromphenol Blue 0.02 % w/v

12 % Urea-TBE PAA qgel

Urea 9.61¢g

10x TBE 2ml

40 % PAA (19:1)  6ml

dH20 ad 20 ml and dissolve urea at 65 °C

After cooldown, add 160 ul 10 % APS and 16 ul TEMED

2.1.11.1.3. Protein gels

2 x Laemmli buffer 5 mM sodium phosphate buffer
Tris.Cl pH 6.8 125 mM NazHPO4 1M
SDS 4 % viv NaH2PO4 1M
B-mercaptoethanol 10 % v/v pH 6.8

Glycerol 20 % viv

Bromphenol blue 0.04 % wiv
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30 % acrylamide solution (29:1)

Acrylamide 739
N, N’- 24
methylene-bisacrylamide

ddH»0 ad 250 ml and filter

Stacking gel buffer

Tris.Cl pH 6.8 05M

SDS 0.4 % viv

Coomassie staining solution

Methanol 25 % viv

Acetic acid 10 % viv

Coomassie Brillant  0.25 % w/v

Blue R250

2.1.11.2. Gibson assembly

5 x ISO buffer

Tric.ClpH 7.5 500 mM
DL-Dithiothreitol 50 mM
dATP, dCTP, 1 mM
dGTP,dTTP

NAD 5 mM
PEG-6000 25 % wiv

10 x SDS Running buffer

Tris 250 mM
Glycine 1.92 M
SDS 1% wliv

Separating gel buffer

Tris.Cl pH 8.8 15M

SDS 0.4 % viv

Destaining solution

Acetic acid 10 % viv

2 X Gibson Assembly Master Mix

5 x I1SO buffer 320 ul
Phusion polymerase 20 pl

T5 Exonuclease 1.5l
Taq DNA ligase 160 pl
ddH20 ad 1 ml
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2.1.11.3. Western Blot

10 x TBS
Tris.Cl pH 8.0 250 mM
NaCl 1.37 M

Ponceau-S staining solution

Ponceau-S 0.5 % wlv

Trichloracetic acid 3 % v/v

Coumaric acid solution

Coumaric acid 0.148 g
DMSO 10 ml
ECL buffer

1.5M Tris.Cl pH 8.5 13.3 ml
Luminol 500 pl
Coumaric acid 250 pl

dH20 ad 200 ml

1 X Towbin transfer buffer

Tris 25 mM
Glycine 192 mM
Methanol 20 % v/v

Blocking solution

Skim milk powder 5 % w/v
in1xTBS

Luminol solution

Luminol 0.886 g

DMSO 20 ml

Membrane stripping buffer

1M Tris.ClpH 6.8 30ml
B-mercaptoethanol  3.95 ml
SDS 2 % viv

dH20 ad 500 ml

2.1.11.4. Preparation of competent cells and transformation

2.1.11.4.1. E. coli

MOPS 100 mM

MOPS 11

MOPS 100 mM



KCI 10 mM KCI

RbCl 10 mM RbCI
pH 7* pH 6.5*
MOPS lla

MOPS 100 mM

KCI 10 mM

RbCl 10 mM

Glycerol 15 % viv

pH 6.5*

*pH was adjusted with KOH

2.1.11.4.2. N. magadii

Buffered high salt spheroplasting solution

NaCl 2 M
KCI 27 mM
Tris.Cl pH 9.5 50 mM

After autoclaving: add 15 % v/v sucrose (sterilized by filtration)

Unbuffered high salt spheroplasting solution (UBSS-HS)

NaCl 2M
KCI 27 mM

After autoclaving: add 15 % v/v sucrose (sterilized by filtration)
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60 % PEG 600 0.5 MEDTA
PEG 600 60 % v/v EDTA 05M

UBSS-HS 40 % viv pH 8 (adjusted with NaOH pellets)

2.1.11.4.3. H. volcanii

Buffered low salt spheroplasting solution with glycerol

NaCl 1M

KCI 27 mM
Tris.Cl pH 8.0 50 mM
Glycerol 15 % viv

After autoclaving: add 15 % v/v sucrose (sterilized by filtration)

Unbuffered low salt spheroplasting solution (UBSS-LS)

NaCl 1M
KCI 27 mM

After autoclaving: add 15 % v/v sucrose (sterilized by filtration)

60 % PEG 600
PEG 600 60 % viv

UBSS-LS 40 % viv

2.1.11.5. Protein isolation and purification

2.1.11.5.1. Purification from E. coli under denaturing conditions
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Buffer B (Lysis buffer)

NaH2PO4 100 mM
Tris 10 mM
Urea ™

pH 8*

Buffer D (Elution buffer)

NaH2PO4 100 mM
Tris 10 mM
Urea 8M

pH 5.9*%*

Renaturing Buffer 1

NaH2PO4 100 mM
Tris 10 mM
Urea SM
NaCl 1M

pH 5.4%*

Renaturing Buffer 3

NaH2PO4 100 mM
Tris 10 mM
Urea 1M
NaCl 3M
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Buffer C (Wash buffer)

NaH2PO4 100 mM
Tris 10 mM
Urea 8M

pH 6.3%*

Buffer E (Elution buffer)

NaH2PO4 100 mM
Tris 10 mM
Urea 8M

pH 4.5%*

Renaturing Buffer 2

NaH2PO4 100 mM
Tris 10 mM
Urea 3M
NaCl 2M

pH 6.3**

Renaturing Buffer 4

NaH2PO4 100 mM
Tris 10 mM
NaCl 4 M

pH 8



pH 7.2*
* pH was adjusted with NaOH before use.

** pH was adjusted with HCI before use.

2.1.11.5.2. Purification from H. volcanii under native conditions

Binding buffer Wash buffer

HEPES, pH 7.5 20 mM HEPES, pH 7.5 20 mM
NaCl 2M NaCl 2 M
PMSF 1 mM PMSF 1 mM
Imidazole 20 mM Imidazole 50 mM

Elution buffer

HEPES, pH 7.5 20 mM

NaCl 2M
PMSF 1mM
Imidazole 500 mM
2.2. Methods

2.2.1. DNA methods

2.2.1.1. Preparation of DNA templates and primers

N. magadii and H. volcanii templates were prepared by centrifuging 20 pl
culture at 13.000 rpm for 3 min at RT followed by resuspension of the pellet in 100 pl
dH20. 1 pl of cell suspension was used directly as template for PCR. For E. coli
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overnight cultures, 1 pl of the culture was used as a DNA template. For preparative
PCRs, ¢Ch1 or vector DNA was used as a template with a final concentration of 50 —
100 ng/ pl.

Lyophilized primers were resuspended in dH20 with a final concentration of 1
ug/ul, and further diluted 1:10 prior to PCR. Annealing temperatures of the primers

were calculated using NEB Tm Calculator.

2.2.1.2. Preparative and analytical PCR

Phusion polymerase was used for preparative PCRs due to its 3°-5’-exonuclease
activity. On the other hand, analytical PCRs were performed by using Taqg polymerase.
PCR reactions and programs were carried out according to the instructions of the

manufacturer.

2.2.1.3. Quality control of PCR products and purification

The integrity of the amplified fragments was assessed by fractionation of DNA
on an agarose gel. 5 ul of DNA mixed with 5 pl of 5 x DNA LD (loading dye) were
applied onto the gel and visualized under UV light upon staining with ethidium
bromide. Analytical PCR products (GoTaq Green Master Mix) were directly loaded
onto the gel without addition of further DNA LD.

PCR products and plasmid DNA were purified using Wizard® SV Gel and PCR
Clean-up System and Wizard®Plus SV Minipreps DNA Purification System
respectively according to the manufacturer’s information and eluted in 30 ul ddH>0.
The concentration of the purified DNA was measured by Nanodrop (ND-2000c,

Thermo Scientific).

2.2.1.4. DNA restriction, dephosphorylation and ligation

All restrictions were performed using restriction enzymes and buffers from

Thermo Scientific according to the manufacturer’s instructions. Restriction was
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performed at 37 °C overnight, followed by quality assessment on a 0.8% agarose gel
using the unrestricted plasmid as a control. In case of partial digestion, 1 pl of enzyme

was added and the reaction was further incubated at 37 °C.

In case of single digestion, plasmid DNA was additionally dephosphorylated in
order to prevent re-circularization. Reaction was incubated 30 min at 37 °C, followed
by inactivation of the alkaline phosphatase at 65 °C for 15 min. Prior to ligation,

plasmid DNA was purified (see Section 2.2.1.3.).

Ligation was performed by using T4 DNA ligase according to the
manufacturer’s instructions. Molar ratios of vector to insert, 1:3 to 1:9, were used and

the assay was incubated either for 3 hours at RT or overnight at 16 °C.

2.2.1.5. Gibson assembly

Gibson assembly was used instead of conventional cloning to ligate two
fragments into pMDS24 vector. Plasmid DNA was linearized, gel purified and mixed
together with equimolar amounts of the fragments (0.5 — 1 pmol per fragment) in 10 pl
GA master mix. Reaction was performed at 50 °C for 15 min, followed by freezing at
—20 °C. 10 pl of the assembly was used to transform into E.coli XL1-Blue (see Section
22.2.12).

2.2.2. Transformation procedures
2.2.2.1. Transformation in E. coli

2.2.2.1.1. Generation of E. coli competent cells

Overnight preculture was used as inoculum to grow XL1-Blue culture in 200
ml LB medium, supplemented with tetracycline, with a starting ODsoo of 0.1. Bacterial
culture was incubated at 37 °C with agitation until an ODego Of 0.6 to 1 was reached.
Cells were then harvested by centrifugation at 10 krpm for 10 min at 4 °C and pellet
was subsequently resuspended in 80 ml MOPS 1. Upon incubation on ice for 10
minutes, a second centrifugation step was implemented, followed by the resuspension

of the pellet in 80 ml MOPS 1l and incubation on ice for 30 min. Finally, a third
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centrifugation was carried out and resulting pellet was resuspended in 4 ml MOPS lla.
100 pl aliquots were stored at -80 °C.

2.2.2.1.2. Transformation of E. coli competent cells and screening

10 pl of the ligation reaction was added into 100 pl XL1-Blue competent thawed
cells. The mixture was incubated on ice for 10 min, followed by a heat shock at 42 °C
for 45 sec. Bacterial cells were cooled down briefly and 300 ul LB was added, followed
by regeneration at 37 °C for 30 min with agitation. 100 ul (130 pl for Gibson assembly)
of the transformation assay was plated on LB plates with antibiotics (amp/ tet) and
incubated overnight at 37 °C.

Single colonies were inoculated in 5 ml LB (amp/ tet). Upon overnight growth,
clones were tested by analytical PCR, followed by DNA isolation and sequencing
(Microsynth). Positive clones were subsequently stored at -80 °C by adding 800 pl of
50 % glycerol into 1 ml of the fresh culture.

2.2.2.2. Transformation in N. magadii

2.2.2.2.1. Generation of N. magadii competent cells

N. magadii overnight culture was inoculated in 60 ml NVM* supplemented with
bacitracin (70pg/ml) until ODeoo Of 0.6 to 1 was reached. Cells were harvested by
centrifugation at 6 krpm for 15 min at RT, followed by resuspension in 30 ml buffered
high-salt spheroblasting solution and addition of proteinase K to a final concentration
of 0.1% v/v. Cell suspension was incubated for 2 days at 42 °C with agitation and

formation of spheroblasts was observed under the microscope.

2.2.2.2.2. Transformation of N. magadii competent cells and screening

1.5 ml of the cell suspension was centrifuged at 10 krpm for 5 min at RT and
the resulting pellet was resuspended in 150 pl buffered high-salt spheroblasting solution
followed by the addition of 15 ul 0.5 M EDTA and incubation for 10 min at RT. 1-3 pg
DNA (maximum 10 pl) was added and cell mixture was incubated for 5 min at RT. 150
ul of 60% PEG-600 was subsequently added to the transformation assay and incubated

46



for 30 min at RT. To completely remove PEG-600, cells were washed twice with 1 ml
NVM* (10 krpm, 5 min, RT) and the resulting pellet was resuspended in 1 ml NVM*,
followed by incubation at 37 °C with agitation until cells reverted to original
morphology. Upon regeneration, 100 ul of cell suspension was plated on NVM* agar
plates with antibiotics and incubated at 42 °C until colonies were visible.

Single colonies were inoculated in 500 pl NVM™ and incubated at 37 °C with
agitation for 3 to 5 days. Template preparation and analytical PCR were performed as

mentioned on sections 2.2.1.1. and 2.2.1.2.

2.2.2.3. Transformation in H. volcanii

2.2.2.3.1. Generation of H. volcanii competent cells

H. volcanii overnight culture was inoculated in 50 ml MGM* until OD7qo of 0.8
to 1 was reached. Cells were harvested by centrifugation at 6 krpm for 15 min at RT,
followed by resuspension in 10 ml buffered low-salt spheroblasting solution. Cell
suspension was subsequently centrifuged at 6 krpm for 10 min at RT and the resulting
pellet was resuspended in 5 ml buffered low-salt spheroblasting solution with 15 %

glycerol. 150 pl aliquots were stored at -80 °C.

2.2.2.3.2. Transformation of H. volcanii competent cells and screening

The transformation procedure and screening of H. volcanii cells is identical to
N. magadii protocol (see Section 2.2.2.2.2.). Only differences are the use of MGM*rich
medium and buffered low-salt instead of high-salt spheroblasting solution.

Furthermore, regeneration of H. volcanii cells is not mandatory.

2.2.2.3.3. Preparation of H. volcanii acetone powder

H. volcanii was inoculated in 1 L MGM* and grown until stationary phase. Cells
were harvested by centrifugation at 6 krpm for 20 min at RT and the pellet was
resuspended in 0.9 % NaCl (1 ml per 1 g of total cell mass), followed by incubation on

ice for 5 min. 8 ml of acetone was added per 2 ml of cell suspension and further
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incubated on ice for 30 min. A second centrifugation (10.000 g, 10 min, RT) was
implemented and the pellet was resuspended in ice-cold acetone. Upon incubation on
ice for 10 min, cell suspension was subjected to a third centrifugation (10.000 g, 10
min, RT). The resulting pellet was air dried overnight on a filter paper, subsequently

pulverized, and stored at RT.

2.2.3. Protein methods

2.2.3.1. Preparation of crude protein extracts

1.5 ml of cell culture was centrifuged at 13.000 rpm for 3 minutes at room
temperature. The supernatant was discarded and the pellet was resuspended in equal
volumes of 5 mM sodium phosphate buffer pH 6.8 and 2 x Laemmli buffer. The amount
of phosphate and Laemmli buffer was calculated based on the formula ODegoo x 75. N.
magadii and H. volcanii protein extracts were incubated at 37 °C until complete
dissolution of the pellet was achieved, followed by denaturation for 10 minutes at 95°C

and storage at -20°C. E. coli protein extracts were immediately denatured and stored.

2.2.3.2. SDS-PAGE and Coomassie staining

A total volume of 10 pl/sample was loaded on a discontinuous 12 % SDS-
polyacrylamide gel, containing a 4 % stacking and 12 % separating gel. Gels were
prepared using BioRad Mini Protean apparatus and were placed in an electrophoretic
chamber, covered with 1 x SDS running buffer. Bacterial proteins were fractioned at
40 V until the samples reached the stacking gel. Upon entry into the resolving gel, the
voltage was increased to 60 V and separation of the proteins was continued until the
bromphenol blue reached the bottom of the gel. The gel was stained with Coomassie
brilliant blue solution for 10 min with agitation and was subsequently destained with

destaining solution overnight.

On the other hand, a constant voltage of 30 V was applied for N. magadii and

H. volcanii protein samples due to the high salt concentration.
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2.2.3.3. Western Blot

Protein samples were separated by 12 % SDS-PAGE and electrophoretically
transferred via semi-dry method onto a nitrocellulose membrane (9 x 6 cm; GE
Healthcare AmershamTM ProtranTM 0.2 pm NC) at 25 mA for 30 min. The blotting
device Trans-Blot® TurboTM Transfer System from BioRad was implemented; the
blotting procedure is displayed in Fig. 7.

Cathode (-)
Fibrous pad [—
Filter paper
Gel
Membrane |
Filter paper
Fibrous pad
Anode (+)

Figure 7. Front view of blotting sandwich. The applied electric current causes

negatively charged proteins to migrate towards the anode.

Upon blotting, the membrane was stained with Ponceau S staining solution and
destained with tap water. The nitrocellulose membrane was blocked with milk powder
at 4 °C overnight. Afterwards, the membrane was washed with 1 x TBS for 10 minutes
and 10 ml of primary antibody solution was added and incubated for one hour shaking
at RT. The membrane was subsequently washed three times with 1 x TBS, followed by
the addition of horseradish peroxidase-conjugated anti-rabbit Ig secondary antibody
and incubation for one hour at RT. Upon washing, 3 ml ECL and 2 ul H20, were added
and detection was achieved by ChemiDoc XRS+ imager and ImageLab software, with

exposure time varying from five to 250 seconds.

Membranes were stripped by addition of 10 ml ROTI®Free Stripping Buffer
(Roth), followed by incubation for 30 minutes at 37 °C. Stripping buffer was removed

by extensive washing with 1 x TBS and membranes were re-blocked overnight.
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2.2.4. Protein expression and purification

2.2.4.1. Gp44 purification from E. coli under denaturing conditions

The N-terminal hexahistidine-tagged viral protein gp44 (pPRSETA-ORF44) was
purified from E. coli strain BL21 (DE3). Cells were inoculated in 1 L LB medium
containing ampicillin, chloramphenicol and L-Rhamnose at 37 °C with vigorous
shaking until an optical density (600 nm) of 0.8 — 1 was reached. Gene expression was
induced by the addition of 1 mM IPTG for 2 hours at 37 °C. Cells were harvested by
centrifugation (6000 rpm) using a Sorvall F14 FIBER-LITE rotor at 4 °C for 20 min.
The supernatant was discarded and the cell pellet was resuspended in 20 ml buffer B.
The cell suspension was subsequently chemically lysed by the addition of egg white
lysozyme for 50 min at RT shaking, followed by disruption via sonication (7 x 1.20
min, 80 % cycle). Cell lysate was centrifuged at 10.000 g for 20 min at 4°C to remove
insoluble material and the supernatant was stirred overnight with 1 ml Ni-NTA slurry
(QIAgen, equilibrated with buffer B) at 4 °C.

The slurry was applied to a column. The flow-through was collected and the
column was subsequently washed twice with 6 ml Buffer C. Elution of the protein was
carried out with 4 x 500 ul Buffer D followed by a second elution step with 4 x 500 pl
Buffer E. Protein samples were mixed with equal volume of 2 x Laemmli buffer, heated
at 95 °C for 10 min and loaded onto a 12 % SDS-PAGE gel.

2.2.4.2. Protein dialysis

Dialysis method was utilized for accomplishing both contaminant removal and
buffer exchange. Protein samples were transferred into semi-permeable dialysis
membranes and dialyzed stepwise against renaturing buffers 1 - 4 (see Section
2.1.10.2.5.1.) for an hour, followed by overnight dialysis in fresh buffer. Aliquots were
taken on each dialysis step and the purified protein was analyzed by SDS-PAGE and

mass spectrometry (MPL Proteomics department).
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2.2.4.3. Gp44 purification from H. volcanii under native conditions

The N-terminal hexahistidine-tagged viral protein gp44 (pRV1-ptna-ORF44)
was purified from H. volcanii under a tryptophan inducible promoter. pRV1-ptna
utilizes the tryptophanase promoter of H. volcanii, which shows strong induction of
expression upon addition of > 1 mM tryptophan (Large et al., 2007). A culture was
grown overnight in 50 ml Hv-YPC broth containing novobiocin and used to inoculate
1 L Hv-YPC with novobiocin. The culture was incubated at 37 °C with shaking (200
rpm) until an ODeso of 0.3 was reached and was subsequently induced by adding 5 mM
tryptophan (dissolved in 18 % salt water) for 48 hours to induce gene expression. The
culture was then centrifuged at 3,300 g for 10 min at 4 °C, and the cells were
resuspended in 20 ml ice-cold binding buffer and lysed by sonication on ice until the
suspension was no longer turbid. The cell lysate was centrifuged at 16,000 g for 15 min
at 4 °C and stirred overnight at 4 °C with 1 ml Ni-NTA slurry (QlIAgen, equilibrated
with binding buffer). The slurry was applied to a nickel - agarose column and the flow-
through was collected and reloaded onto the column, followed by two washes with 5
ml of ice-cold binding buffer containing 50 mM imidazole and elution with 10 ml
binding buffer containing 500 mM imidazole. Protein samples were analyzed on 12 %

SDS-PAGE gel and gel was subsequently stained with Coomassie brilliant blue.

2.2.5. Cell culture passaging
2.2.5.1. Stability of N. magadii L11-AORF44 deletion mutant

Fresh plaques of both N. magadii L11 and N. magadii L11-AORF44 were
inoculated in 10 ml NVM* rich medium. For the deletion mutant, novobiocin was added
to the media due to the presence of the novobiocin cassette. The cultures were grown
at 42 °C for 72 hours with agitation and were re-inoculated in 20 ml NVM* to an ODeoo
of 0.1, followed by incubation at 37 °C for 72 hours shaking. The pre-cultures were
subsequently inoculated in 40 ml NVM™* to an ODgoo of 0.1 and incubated at 37 °C for
7 days with agitation (165 rpm). The optical density of the cultures were measured
every 24 hours. Upon the onset of lysis, cultures were inoculated in 20 ml NVM* to an
ODs0o 0f 0.1 for 72 hours and further re-inoculated in 40 ml NVM* to an ODeqo of 0.1.

Furthermore, protein crude extracts were prepared (see Section 2.2.3.1.) and both cell-
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rich and cell-free supernatants were collected for CFU measurements and virus titer
analysis respectively. This procedure was repeated seven times for all seven passages.
Two different compositions of NVM* were investigated; containing 4 M and 4.1 M

NaCl respectively.

2.2.5.2. CFU meassurements and provirus detection

After onset of lysis, 1.5 ml culture was centrifuged at 13.000 rpm for 3 min at
RT. Supernatant was discarded and the resulting pellet was resuspended in 1 ml fresh
NVM* medium. Dilution series of the cell suspensions in NVM* were prepared (102 to
10-19) and immediately plated on NVM* plates. Plates were sealed in plastic bags and
incubated at 42 °C for 7 days, until colonies were visible.

To ensure that the archaeal cultures retained the provirus after passing, ten
single colonies were inoculated in 500 pul NVM* (plus novobiocin for the mutant) and
grown for 72 hours. Templates were prepared according to section 2.2.1.1. and
analytical PCR was performed using ORF56 primers (56-RT5 and 56-RT3) .

2.2.5.3. Virus titer analysis

Upon onset of lysis, 1.5 ml culture was centrifuged at 13.000 rpm for 3 min at
RT. 1 ml of supernatant was transferred to a fresh Eppendorf tube and 20 ul of
chloroform was added. Dilution series of the cell lysate in NVM* were prepared (102
to 10-10). 100 pl of each dilution was mixed with 300 pl fresh N. magadii L13 cells in
5 ml NVM* soft agar (prewarmed at 56 °C) and plated on NVM* plates. Plates were
dried overnight at RT, sealed in plastic bags and incubated at 37 °C for 7 days until

plaques were formed.

2.2.6. In vitro endoribonuclease assay

Oligo mRNAs (see Materials 2.1.10) were incubated with purified gp44 at 37
°C for 15, 30 and 60 min. Increasing amounts of NaCl were added to the standard

reaction to an end volume of 20 pl. Aliquots were taken and mixed with 2 x RNA
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loading dye, followed by heat shock at 70 °C for 10 min. Upon denaturation, the
reaction was analyzed via denaturing urea PAGE.

Components Volume in pl
34-mRNA (0.5 ug) 5
Dialyzed gp44 2
0.1 MM EDTA 1 (Stock: 0.5 M)
1 mMDTT 1 (Stock: 20 mM)
RNasin 0.5
20 mM Tris pH 8 0.8 (Stock: 500 mM)
NaCl * X
DEPC dH20O Fill to 20 pl

*0, 400, 1000 and 2000 mM

2.2.7. Cloning strategies
2.2.7.1. pRV1-ptna-ORF44

ORF44 was amplified with primers 44-5-Nde-His and 44-3-Bam from ¢Ch1l
DNA template, resulting in a fragment length of 430 bp. Both ORF44 and pRV1-ptna
vector were restricted with Ndel and BamH].

2.2.7.2. pRo-5-Mev-p43-ORF43 and —p43-ORF43/44

ORF43 and ORF43/44 with native promoter were amplified with primers 43-
Kpn-5 and 43-Kpn-3 and 43- Kpn-5 and 44- Kpn-3, respectively using ¢Chl genome
as a template. The amplified fragments had a length of 500 bp and 920 bp, respectively.
Both fragments and pRo-5-Mev plasmid were restricted with Kpnl. Upon treatment

with alkaline phosphatase, fragments were ligated into the digested vector.
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2.2.7.3. pRo-5-Mev-tnaN-ORF44

ORF44 with N.magadii tryphtophan inducible promoter was amplified with
primers 44-Kpn-3 and Tna-Kpn-5 using pBAD24-tnaN-44 as a template, giving a 920
bp long fragment. The amplicon was restricted with Kpnl. Upon treatment with alkaline

phosphatase, thaN-ORF44 was ligated into the digested vector.

2.2.7.4. pNB102-p43-ORF43

ORF43 and its upstream promoter region was PCR amplified with primers 43-
5 and 43- Kpn-3 from ¢Ch1 DNA, resulting in a 500 bp long fragment. The amplicon
was restricted with Kpnl and Xbal enzymes, followed by ligation into pNB102 (Kpnl/
Xbal).

2.2.7.5. pMDS24-ORF34s;

ORF34 and its upstream promoter region was amplified with 34-Xbal and 36-3
primers using pBgbh52 DNA as a template. Amplified product had a length of
approximately 2000 bp and was digested with Xbal. pMDS24 plasmid was restricted
with the same enzyme and treated with alkaline phosphatase. Upon dephosphorylation,
ORF34s; was ligated into pMDS24.

2.2.7.6. pMDS24-341 and -34s2 constructs via Gibson assembly
pMDS24 was restricted with Xbal and Kpnl. PCR fragments were amplified

using specific Gibson primers according to table 1 and 2.

Fragment Primer 1 Primer 2 Template Fragment size
341 (promoter: | 34-Hv-1 34-Hv-3 pBgbl 1999 bp
p43)
p43-ORF43 43-Hv-4 43-Hv-2 ¢CH1 500 bp
p43-ORF43/44 | 43-Hv-4 | 43-Hv-3 oCHI 920 bp
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341 (promoter: | 34-Hv-1 | 34-pTna-1 pBgbl 1999 bp
tnaN)
tnaN-ORF44 | 34-pTna-2 | 43-Hv-3 pBAD-tnaN-44 1000 bp

Table 1. Construction of pMDS24-34; via Gibson assembly.

Fragment Primer 1 Primer 2 Template Fragment size
34s; (promoter: | 34-Hv-1 34-Hv-2 pBgb52 2172 bp
p43)
p43-ORF43 43-Hv-1 43-Hv-2 oCH1 500 bp
p43-ORF43/44 | 43-Hv-1 | 43-Hv-3 @CH1 920 bp
345, 34-Hv-1 | 34-pTna-4 pBgh52 2172 bp
(promoter:
tnaN)
tnaN-44 34-pTna-3 | 43-Hv-3 pBAD-tnaN-44 1000 bp

Table 2. Construction of pMDS24-34s, via Gibson assembly.
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3. Results

3.1. Stability of the provirus in N. magadii L11-AORF44 deletion mutant

The viral gene ORF44 is located in the central part of the ¢Chl genome and
encodes a putative toxin, which is thought to be part of a potential toxin-antitoxin system
of ¢Chl. In order to investigate the effect of ORF44, a deletion mutant strain was
constructed via homologous recombination (Gillen, 2017). Previous studies have shown
that the deletion of the regulatory gene ORF44 results in increased instability of the
lysogenic strain (Edwards, 2018). To further characterize the deletion of ORF44 and the
effects on the lysis behavior of the lysogenic strain, wild type N. magadii L11 and N.
magadii L11-AORF44 were passaged seven times in NVM™* rich media containing 4 M
and 4.1 M NacCl, respectively (see Section 2.2.5.1.).

As depicted in Figure 8B, N. magadii L11-AORF44 shows a 24-hour earlier onset
of lysis during first passage compared to the wild type (Fig. 8A). The mutant strain
continues to lyse after 48 hours during the first three passages, followed by a 24-hour
delay on the lysis onset in the fourth passage. In the fifth passage however, an almost
complete abolishment of the lysis rate is observed, whereas in the next two passages a
slow rate of lysis can be witnessed again. On the other hand, wild type strain shows a
weaker lysis rate at the start of the fourth passage until seventh passage, where lysis
behavior is almost abolished (Fig. 8A).

In addition to growth kinetic analysis, PFU and CFU measurements were carried
out as mentioned in the Methods section (2.2.5.2. and 2.2.5.3.). As shown in Figure 8C
and D, CFU values vary throughout passages but no significant differences can be
detected. On the contrary, consecutive passaging had an effect in the viral titer. Viral titer
of wild type strain remains constant but shows a small decrease after fifth passage and
reaches the lowest value in seventh passage. For the deletion mutant, viral titer decreases
continuously throughout passages resulting in a reduction of two orders of magnitude

compared to first passage (Fig. 8D).
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Figure 8. Effect of 4 M NaCl on the passaging of N. magadii .11 and L11-A44
deletion mutant. (A, B) Growth kinetics of wild type N. magadii L11 strain and L11-
A44 respectively. Strains were inoculated in NVM' rich medium, plus novobiocin for
mutant, and grown at 37 °C with agitation until onset of lysis. Cell cultures were passaged
by inoculation in fresh media to an OD,, of 0.1. Optical density at 600 nm was measured
every 24 hours over the period of 8 days. P1-P7 indicate the number of passages. (C, D)
Viral titer analysis and CFU measurements of N. magadii L11 and L11-AORF44
passages. Samples were taken every 24 hours as described under Methods. 1-7 indicate

the number of passages; grey bars: CFU/ml, blue bars: PFU/ml. Error bars indicate SEM.
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Upon increasing the salt concentration to 4.1 M NacCl, significant changes in the
lysis behavior can be observed. As depicted in Figure 9A and B, both strains keep lysing
normally, independent of the number of passages. Similarly, CFU values fluctuate
throughout passages without any significant differences. However, the increase of the
concentration of salt results in a completely different behavior of the viral titer. The
release of viral particles is constantly increasing with prolonged passaging for N. magadii
L11 in contrast to N. magadii L11-AORF44 that remains stable throughout seven
passages (Fig. 9C and D). Comparing the viral titer of wild type in both media, less
production of viral particles can be observed during the first three passages in media
containing a higher salt concentration.

The presence of the viral DNA within N. magadii L11 and N. magadii L11-
AORF44 passages was additionally analyzed via qualitative PCR. Upon onset of lysis
throughout each passage, the provirus was detected by randomly screening ten single
colonies for the presence of ORF56 with primers 56-RT5 and 56-RT3. As depicted in
Figure 10, provirus can be observed in both wild type and mutant strains during fifth
passage. Likewise, PCR was performed for all seven passages, leading to the same result
(data not shown). Same clones were further screened for the presence of ORF44 using

primers 44-bam and 44-hind (data not shown).
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Figure 9. Effect of 4.1 M NaCl on the passaging of N. magadii 1.11 and L11-A44
deletion mutant. (A, B) Growth kinetics of wild type N. magadii L11 strain and L11-
A44 respectively. Strains were inoculated in NVM' rich medium, plus novobiocin for
mutant, and grown at 37 °C with agitation until onset of lysis. Cell cultures were passaged
by inoculation in fresh media to an OD,, of 0.1. Optical density at 600 nm was measured
every 24 hours over the period of 8 days. P1-P7 indicate the number of passages. (C, D)
Viral titer analysis and CFU measurements of N. magadii L11 and L11-AORF44

passages. Samples were taken every 24 hours as described under Methods. 1-7 indicate

the number of passages; grey bars: CFU/ml, blue bars: PFU/ml. Error bars indicate SEM.
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Figure 10. Verification of the presence of provirus in N. magadii L11 and L11-A44.

Upon onset of lysis, cells were plated on NVM* agar plates. Ten single colonies were
tested for the presence of ORF56 via analytical PCR using primers 56-RT5 and 56-RT3,
resulting in a 500 bp amplicon. M: 1 kb Generuler DNA ladder, +: N. magadii L11
positive control, -: N. magadii L13 negative control, lanes 1-7: passage 1-7. (A) wild type
N. magadii L11 and (B) N. magadii L11-A44 deletion mutant.

Moreover, both lysogenic strains were subjected to western blot analysis in order
to investigate the production of Soj and major capsid protein E. Polyclonal rabbit
antibodies were prepared against these two proteins. As shown in Figure 11A, the
production of protein E in N. magadii L11 is barely detectable after fifth passage, whereas
in the ORF44-deficient strain a decrease can be observed after fourth passage. The
production of the Soj protein remains constant for both strains. By increasing the salt
concentration, the expression pattern of protein E in both N. magadii L11 and N. magadii
L11-A44 strains is uniform (Fig. 11B).
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Figure 11. Western blot analysis of the protein production in N. magadii LL11 and
L11-A44 observed for seven passages. Crude protein extracts were obtained after onset
of lysis as shown under Methods. Whole extracts were analyzed for the production of Soj
and the major capsid protein E. Protein concentration was adjusted via Coomasie staining

and equal amount of total protein was loaded on each well. Protein transfer was

subsequently checked by Ponceau S staining. (A) NVM" with 4 M NaCl, (B) NVM with
4.1 M NaCl. L11: positive control N. magadii L11, L13: negative control N. magadii 113,

lanes 1-7: number of passages. Protein molecular weights are indicated on the left.

3.2. Further characterization of N. magadii L11-A44

To investigate the viral life cycle of the ORF44-deficient N. magadii L11 strain
in more detail, N. magadii L11-A44 was inoculated in NVM-CA* supplemented with
novobiocin. A 24-hour earlier onset of lysis is observed in the ORF44-disrupted strain
than in the wild type (Fig. 12A). In addition, plaque assay shows an increased viral

particle production in N. magadii L11-A44 after onset of lysis compared to wild type (Fig.
12B).
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Figure 12. Lysis behavior of wild type N. magadii 1.11 and N. magadii 1.11-A44 in

NVM-CA" rich medium. Mutant strain was supplemented with novobiocin. (A) Growth
kinetics of both strains. Optical density at 600 nm was measured every 24 hours over the
period of 7 days. (B) Virus titer analysis. Cell free supernatants were collected from N.
magadii L11 and N. magadii L11-AORF44 every 24 hours for 7 days. Grey bars: wild
type N. magadii L11, blue bars: N. magadii L11-A44. Error bars indicate SEM.

The protein expression profiles of viral proteins in the wild type strain and the
ORF44 disruption were analyzed via western blot using polyclonal antibodies. For this
purpose, four different proteins were studied encoded by genes on different loci of the
viral genome. As depicted in Figure 13, the deletion mutant strain (right panel) shows an
earlier production of protein E, whereas the expression of gp34 is delayed for 24 hours
compared to wild type (left panel). Regarding gp34, the protein seems to be truncated in
N. magadii L11 resulting in a protein with a size difference of approximately 15 kDa. In
addition, upregulation of the analyzed proteins is observed in the wild type during the
first 24 hours.
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Figure 13. Western blot analysis of the protein production in N. magadii .11 and N.
magadii 1.11-A44. Whole protein extracts were obtained every 24 hours for 6 days and
analyzed for the production of four different proteins namely Soj, the major capsid protein
E, DNA methyltransferase and the tail fiber protein gp34. L11: positive control N.
magadii L11, L13: negative control N. magadii 1.13, lanes 1-6: crude protein extracts

taken every 24 hours for 6 days. Protein sizes are indicated on the left.

3.3. Complementation of N. magadii L11-AORF44

In order to investigate whether the observed phenotype of the ORF44-deficient
strain is directly or indirectly associated with the deletion of ORF44, N. magadii L11-
A44 was transformed with the plasmid (pRo5Mev-tnaN-ORF44) under the control of the
tryptophan inducible promoter, isolated from N. magadii. Gene expression was induced
daily with 4 mM L-trp while the uninduced culture was used as a negative control. As
shown in Figure 14A, the normal growth and lysis behavior is not restored by trans-
complementation. The induction of N. magadii L11-A44 (pRo5Mev-tnaN-ORF44) leads
to a 24 and 48 hours earlier lysis in comparison to N. magadii L11-A44 and N. magadii
L11, respectively. Even the release of viral particles is significantly higher in the
complementation strain compared to wild type containing empty plasmid (pRo5Mev)
(Fig. 14B).
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Figure 14. Phenotypic analysis of the complementation N. magadii L11-AORF44
(pRoSMev-tnaN-ORF44) strain. (A) Growth kinetics of N. magadii L11-AORF44
strain transformed with the complementation plasmid (pRo5Mev-tnaN-ORF44). Strain

was cultivated in 100 ml NVM-CA ", supplemented with mevinolin, at 37 °C with aeration

until an OD_, of 0.4 was reached. Culture was then split in half and induced with 4 mM

600
L-trp. Optical density at 600 nm was measured every 24 hours over the period of 6 days.
N. magadii L11 (pRo5SMev) was used as a positive control, while the uninduced N.
magadii L11-AORF44 (pRo5Mev-tnaN-ORF44) as a negative control. (B) Virus titer
analysis. Cell free supernatants were obtained every 24 hours for 6 days. Grey bars: N.
magadii L11 (pRo5Mev), blue/pink bars: un-/induced N. magadii L11-AORF44
(pRo5Mev-tnaN-ORF44) respectively. Error bars indicate SEM.

In addition, protein expression profiles of viral proteins in the wild type strain,
transformed with (pRo5Mev), and the complemented strain were assessed via western
blot analysis. As shown in Figure 15, most analyzed proteins are detected in the cell lysate
24 hours earlier in the complementation strain excluding the non-structural N. magadii

methyltransferase protein that is produced almost 48 hours earlier than in the wild type
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strain (pRo5Mev). Furthermore, no significant changes can be observed between induced
and uninduced state. Complementation of N. magadii L11-AORF44 lead to similar
expression profiles of protein E and DNA methyltransferase as to N. magadii L11-
AORF44 (Fig. 13), but no truncated gp34s; is detected. The size of the tail fiber protein
corresponds to wild type N. magadii L11.
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Figure 15. Western blot analysis of N. magadii L11-AORF44 strain containing the
complementation plasmid pRoSMev-tnaN-ORF44. Protein crude extracts were taken
every 24 hours for 6 days and analyzed for the production of Soj, the major capsid protein
E, DNA methyl-transferase and the tail fiber protein gp34. L11: positive control N.
magadii L11, L13: negative control N. magadii L13, lanes 1-6: crude protein extracts

taken every 24 hours for 6 days. Protein molecular weights are indicated on the left.

3.4. Overexpression of ORF43

To further elucidate the role of the putative viral toxin-antitoxin system 43/44,
both the toxin ORF44 and the conjugate antitoxin ORF43 were transformed in the non-
lysogenic N. magadii L13 strain. ORF43 and ORF43/44 were cloned into the multi-copy
(pNB102) and low-copy (pRo5Mev) plasmids under the control of the native promoter
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p43. On the other hand, transformation of ORF44 under native p43 promoter was
unsuccessful due to the toxicity of the protein. Alternatively, ORF44 was cloned into
(pRo5Mev) vector under the control of the tryptophan inducible promoter tnaN. The
overexpression strains were grown in NVM-CA* rich medium, supplemented with
mevinolin. As shown in Figure 16A and C, the overexpression L13 strains exhibit similar
growth behavior in contrast to the strain bearing tnaN-ORF44 that is barely propagating

upon induction with 4 mM L-trp compared to the uninduced culture (Fig. 16B).
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Figure 16. Growth Kinetics of N. magadii 1.13 constructs. Strains were inoculated

in 50 ml in NVM-CA " rich medium, supplemented with mevinolin. Optical density at
600 nm was measured every 24 hours over the period of 7 days. N. magadii 113

(pRo5Mev) and L13 (pNB102) were used as controls. (A) Antitoxin ORF43 and
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ORF43/44 under native promoter control in low-copy number plasmid (pRo5Mev), (B)
Putative toxin ORF44 under the control of a tryptophan inducible promoter in
(pRo5Mev). The growth of both un- and induced culture with 4 mM L-trp was
monitored. (C) ORF43 and ORF43/44 under native promoter control in high copy
number plasmid (pNB102).

Furthermore, N. magadii L13 transformants, namely N. magadii L13 (pNB102),
(pPNB102-ORF43), (pPNB102-ORF43/44), (pRo5Mev), (pRo5Mev-ORF43), (pRo5Mev-
ORF43/44) and (pRo5Mev-tnaN-ORF44) were infected with ¢Ch1 (see Section 2.2.5.3.)
and the effect on the plating efficiency of the ¢Chl was determined. For comparison
purposes, infection assay of ORF44 was carried out using both NVM* and NVM-CA*
rich media. As shown in Figure 17B, the expression of ORF44 in both media does not
have any meaningful effect on the plating efficiency of ¢Chl. Similarly, ORF43
expressed from the high copy number plasmid (pNB102) leads to similar results (Fig.
17C), whereas expression from (pRo5Mev) results in approximately one order of

magnitude increase in the plating efficiency of the ¢Ch1l (Fig. 17A).
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Figure 17. Effect of the ORF43 and ORF44 on the plating efficiency of ¢Chl. The

L13 strains (as depicted in Figure 16) were subsequently infected with wild type ¢CHI1
and plated on NVM" agar plates. In case of N. magadii L13 (pRo5Mev-tnaN-44) (B),

both NVM" and NVM-CA" agar plates were used for comparison purposes. Upon
incubation at 37 °C, the viral titer was calculated. N. magadii .13 (pRo5Mev) and L13
(pNB102) were used as controls. Error bars indicate SEM.

Upon the infection of the N. magadii L13 constructs with ¢Ch1l viral particles,
single plaques were inoculated in fresh NVM-CA* rich media and overexpression studies
were carried out. As depicted in Figure 18, N. magadii L11 (pRo5Mev-ORF43) and
ORF43/44 are growing slower that the wild type (pRo5Mev). On the contrary, ORF43
and ORF43/44 from the multi-copy plasmid show a similar phenotypic behavior to N.
magadii L11 (pNB102) despite the 24-hour delay of onset of lysis.
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Figure 18. Growth Kkinetics analysis of overexpression N. magadii L11 strains.
Episomal vectors pNB102 and pRo5Mev were used to overexpress ORF43 and
ORF43/44 under the control of the native promoter p43. Strains were cultivated in 50 ml

NVM-CA" containing mevinolin with agitation at 37 °C. OD,,, was measured every 24

hours for a duration of 10 days. (A), (B) Overexpression in high- and low-copy number

plasmid, respectively.

In addition to the growth studies, the production of infectious viral particles in the
overexpression strains was estimated via plaque assay. Obtained results are summarized
in Figure 19. Viral titer in N. magadii L11 (pNB102-ORF43) and (ORF43/44) is almost
two orders of magnitude higher after 24 hours than the control N. magadii L11 (pNB102),
while N. magadii L11 (pRo5Mev-ORF43) and (ORF43/44) show 1 and 1,5 orders of
magnitude increase in viral titer, respectively, during first 2 days compared to N. magadii
L11 (pRo5Mev).
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Figure 19. Analysis of viral titer of N. magadii overexpression strains. Cell-free
supernatants were prepared every 24 hours for 10 days from the N. magadii

overexpression strains (as shown in Figure 18). Plaque assay was utilized to estimate

the viral titer. NVM-CA " agar plates were incubated for 7 days at 37 °C followed by
the counting of plaques. N. magadii 111 (pRo5Mev) and L11 (pNB102) were used as
controls. (A) Overexpression in (pRo5SMev), (B) Overexpression in (pNB102), grey
bars: N. magadii L11 (pRo5SMev) and L11 (pNB102) respectively, blue bars: N. magadii
L11 strains overexpressing ORF43, pink bars: N. magadii L11 strains overexpressing

ORF43/44. Error bars indicate SEM.

To investigate how overexpression of the ORF43 and ORF43/44 affects the
production of viral proteins, the corresponding strains were subjected to western blot
analysis. Polyclonal rabbit antibodies against Soj, the major capsid protein E, DNA
methyltransferase protein and the tail fiber protein gp34 were used. According to Figure
20, overexpression strains transformed with low-copy (pRo5Mev) vector show
upregulation of viral proteins throughout first 48 hours. No differences in the expression
profiles of protein E and gp34 can be detected, whereas the viral methyltransferase protein
is produced 24 hours earlier than the control N. magadii L11 (pRo5Mev) (down left
panel). On the other hand, the overexpression of strains bearing the multi-copy plasmid
(pPNB102) leads to protein upregulation during the first 24 hours (Fig. 21). Furthermore,
both the production of protein E and Mtase is delayed for 24 hours. Interestingly, the
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proteins gp34 and Mtase show a higher production rate after 9t day compared to the
control N. magadii L11 (pNB102).
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Figure 20. Western blot analysis of the protein production in the overexpression
strains containing the low copy number vector pRo5SMev. Whole protein extracts
were obtained every 24 hours for 10 days and subjected to western blot analysis for
evaluation of the production of Soj, the major capsid protein E, DNA methyl-transferase
and the tail fiber protein gp34. L11: positive control N. magadii L11, L13: negative
control N. magadii L13, lanes 1-10: crude protein extracts collected every 24 hours for

10 days. The size of the different proteins is indicated on the left.
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Figure 21. Western blot analysis of the protein production in the overexpression
strains containing the high copy number vector pNB102. Whole protein extracts
were obtained every 24 hours for 10 days and subjected to western blot analysis for
evaluation of the production of Soj, the major capsid protein E, DNA methyl-transferase
and the tail fiber protein gp34. L11: positive control N. magadii L11, L13: negative
control N. magadii L13, lanes 1-10: crude protein extracts collected every 24 hours for

10 days. Protein molecular weights are indicated on the left.

3.5. Overexpression of ORF44

The overexpression of ORF44 was achieved by cloning of the gene under the
control of the tnaN promoter. After transformation of N. magadii L13 with plasmid
(pRo5Mev-tnaN-ORF44), the strain was infected with @Chl. Single plaques were
incubated in fresh NVM-CA* rich media. As shown in Figure 22A, N. magadii L11
(pRo5Mev-tnaN-44) exhibits similar growth pattern as the control (pRo5Mev). Viral titer
analysis demonstrates 1.5 to 2 orders of magnitude increase in the production of viral
particles during first and third day in the overexpression strain (Fig. 22B), whereas
induction with 4 mM L-trp results in minor decrease in the release of infectious particles

upon onset of lysis (see Fig. 22B, pink bars) compared to the uninduced state (blue bars).
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Figure 22. Phenotypic analysis of N. magadii L11 ORF44 overexpression strain.
(pRo5Mev) plasmid was employed to overexpress ORF44 under the control of a

tryptophan inducible promoter, isolated from N. magadii. (A) Overexpression strain

was cultivated in 50 ml NVM—CA+, supplemented with mevinolin, under aeration at 37
°C. Optical density at 600 nm was measured every 24 hours for 7 days. The growth of
the culture was monitored with and without the addition of 4 mM L-trp. (B) Viral titer
estimation. grey bars: N. magadii L11 (pRo5Mev), blue bars: uninduced culture, pink

bars: induced culture. Error bars indicate SEM.

Furthermore, the expression patterns of viral proteins in the overexpression strain
were analyzed via western blot. Daily induction of the promoter with 4 mM L-trp results
in a 24- and 48- hour earlier production of protein E and the DNA methyltransferase,
respectively, compared to the control N. magadii L11 (pRo5Mev). In addition, major
downregulation of both proteins is observed on seventh day (see Fig. 23, top right and
bottom left panel) while no effect in the production of gp34 can be seen (bottom right).
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Figure 23. Western blot analysis of the protein production in the ORF44
overexpression. Protein crude extracts were obtained every 24 hours during 7 days and
analyzed by western blot in order to assess the production of Soj, the major capsid
protein E, DNA methyl-transferase and the tail fiber protein gp34. L11: positive control
N. magadii L11, L13: negative control N. magadii L13, lanes 1-7: crude protein extracts

collected every 24 hours for 10 days. Protein sizes are indicated on the left.

3.6. Effect of ORF43 and ORF44 on the tail fiber protein gp34 in H.volcanii

To determine the effect of ORF43 and ORF44 on the tail fiber protein gp34 of N.
magadii, Gibson assembly method was employed to clone ORF43, ORF44 and
ORF43/44 together with ORF34, under its native promoter, as a reporter gene. Two
different orientations of the tail fiber protein gp34 were investigated. ORF44 was cloned
under the control of tnaN promoter due to the high protein toxicity. All constructs were

transformed into H. volcanii, a key model organism for archaeal biology.

To verify that only one orientation of gp34 is present in each construct, analytical
PCRs were performed using the primer pairs 34-Hv-1/ 34-Hv-3 and 34-Hv-1/ 34-Hv-2
for 34, and 34s; respectively. The obtained amplicons have a length of 1999 bp and 2172

bp respectively (Fig. 24, lane 1 and 3). As negative control, PCRs were performed using
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same templates but the 3’ primers were exchanged. As expected, no amplication can be
observed (Fig. 24, lane 2 and 4).
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Figure 24. Agarose gel electrophoresis analysis of PCR amplification of extracted
plasmid DNA from H. volcanii. Lane M: 1 kb Generuler DNA marker; Lanes 1 and 3
display the amplification of 34, and 34, using the primer pairs 34-Hv-1/ 34-Hv-3 and
34-Hv-1/ 34-Hv-2 respectively, resulting in a 1999 bp and 2172 bp amplicon. Lanes 2
and 4 show no amplification. Same PCR was performed with same templates, but the

3’ primers were exchanged.

H. volcanii strains were inoculated in MGM* rich medium supplemented with
mevinolin and growth kinetic analysis was carried out. As depicted in Figure 25A and B,
daily induction with 2 mM L-trp results in growth deceleration in the strain bearing
ORF44. Similar results are obtained when the gene expression was induced with 5 mM
L-trp at the start of the growth (Fig. 25C).
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Figure 25. Growth Kkinetics analysis of H. volcanii strains expressing gp34 in two

different orientations. Cultures were inoculated in 50 ml MGM supplemented with
mevinolin and grown at 37 °C with aeration. Optical density at 700 nm was measured
every 24 hours. (A, B) Growth of strains expressing gp34 in + and — orientation
respectively. For the induction of gp44, 2 mM L-trp was added daily to the media. (C)
Effect of L-trp on the growth kinetics of H. volcanii. Cultures were split in two

subcultures and one was induced with 5 mM L-trp at an OD.,, of 0.5.

700

Western blot analyses were further achieved by using polyclonal a-gp34s;
antibodies. As shown in Figure 26, the presence of ORF44 leads almost to abolishment
of gp34: protein synthesis (left panel), while a minor downregulation is observed for the
minus orientation (right panel). On the other hand, ORF43 has an enhancing effect on the

production of gp34 in both orientations compared to the controls H. volcanii (pMDS24-
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ORF34). New whole protein extracts must be collected for the control (pMDS24-
ORF34s;) and the western blot must be repeated. In addition, the experiment was
repeated, but the gene expression was induced only once with 5 mM L-trp at the start of
the growth. Similarly, both variants of the tail fiber protein gp34 are heavily
downregulated, even before induction (see Fig. 27).
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H. volcanii (pMDS24-34-p4343)  Toica— o huyw 10— e Al i A AN
H. volcanil (pMDS24-34-tnaN-44)  oioi— b o b A g o AN
2
H. volcanil (pMDS24-34-p43-4344) 21 . JMIMIMRGARMI | 1101 b bl i ik )

UL L L L I B B
pvos24 s 8 7 Wapme! 2 3 4 5 8 1
Figure 26. Western blot analysis of gp34 production in H. volcanii. Protein crude
extracts were obtained every 24 hours for 7 days and analyzed by western blot in order
to study the effect of gp43 and gp44 on the N. magadii tail fiber protein gp34. Two

different orientations of gp34 were investigated and detected by a-34,, rabbit

antibodies. L11: positive control N. magadii L11, H.vo pMDS24: negative control H.
volcanii (pMDS24), lanes 1-7: crude protein extracts collected every 24 hours for 7

days. Protein molecular weights are indicated on the left.
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Figure 27. Western blot analysis of gp34 production in H. volcanii. Archaeal
cultures were induced with 5 mM L-trp at the start of the growth and protein crude
extracts were obtained every 24 until the lag phase was reached. Detection was

achieved by a-34., rabbit antibodies. L11: positive control N. magadii L11, H.vo

pMDS24: negative control H. volcanii (pMDS24), lanes 1-4: crude protein extracts

collected every 24 hours for 4 days. Protein molecular weights are indicated on the left.

3.7. Expression and purification of gp44 under denaturing conditions

In order to investigate the putative role of gp44 as an endoribonuclease, protein
had to be isolated under native conditions. For this purpose, gp44 was isolated and
purified from E. coli as mentioned in Methods section 2.2.4. In a first attempt to obtain
gp44, ORF44 was cloned into pRSETA vector for expression of a N-terminal 6x His-
tagged protein and transformed in E. coli. Gp44 was expressed as insoluble protein and
the formation of inclusion bodies was detected from SDS-PAGE of crude lysates (data
not shown). To overcome this problem, protein was purified under denaturing conditions
(see Section 2.2.4.1). As depicted in Figure 28A, gp44 was successfully expressed and
purified as soluble protein. For functional studies, protein must be in its native
conformation. A stepwise dialysis plan was carried out, in order to remove urea while
increasing pH and salt concentration (see Section 2.2.4.2). Protein aliquots were taken on
each dialysis step and detected via SDS-PAGE (see Fig. 28B). Upon dialysis, the fraction

was analyzed via mass spectrometry and gp44 was identified with an estimated size of
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16.1 kDa (see Fig. 28C). As mentioned in Methods section (2.2.6), in vitro assays were
performed, but no endoribonuclease activity could be detected (data not shown).

5 6 7 8 9 1011121 BM123I5678
¥ ‘

ol .

% 1 o a ke
MR "NEe

Ol Potental
detified costaminen
by site t

2 Sequence
Protein 1D Pretein Gee Fasa  Numbercf Pecnbes -6

VoL wight  Cove. imensty @A NS
rames names  headers  proteins %

[\Ca] oot

Gpid Gpéa 1 ] 639 161 1805 3ATSE0  62%-05 557

Figure 28. Purification of gp44 in E.coli under denaturing conditions. (A) Gp44
was his-tag purified and fractions were loaded on a 12 % SDS-PAGE. M: Prestained
protein ladder; Lane 1, 2: before and after IPTG induction respectively; Lane 3: Flow
through; Lane 4, 5: Wash steps; Lane 6 — 13: Elution fractions; Black arrow indicates
the position of the eluted protein gp44. (B) Stepwise dialysis of gp44. M: Prestained
protein ladder; Lane 1, 2: Renaturing buffer 1; Lane 3, 4: Renaturing buffer 2; Lane 5,
6: Renaturing buffer 3; Lane 7, 8: Renaturing buffer 4; Black box indicates the fraction
which was analyzed via mass spectrometry. (C) Identification of gp44 protein via mass

spectrometry.

Due to the inability to verify the proper folding of the protein during dialysis, an
expression system more similar to N. magadii was implemented, i.e., H. volcanii, which
has been well-established as a system for protein overexpression (Allers et al., 2010).
ORF44 was cloned into pRV1 vector, tagged with a N-terminal hexahistidine sequence,
under the control of ptna, a tryptophan inducible promoter isolated from H. volcanii.
Following protein purification under native conditions, obtained fractions were detected
from SDS-PAGE but no protein could be observed upon Coomasie staining (data not

shown).
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4. Discussion

The focus of this study was to characterize the physiological roles of ORF43
and ORF44. Both ORFs have overlapping start and stop codons leading to their co-
transcription and co-translation. The ORF43/44 system is a putative canonical TA
system of Ch1, in which the toxin and antitoxin genes form an operon. DNA sequence
analysis revealed a homology to the VapBC TA system, a locus that is quite abundant
especially in Archaea (Gerdes, Christensen and Lebner-Olesen, 2005). Furthermore, a
PIN domain in gp44 was determined by pfam analysis, which act as ribonucleases

cleaving RNA molecules in a sequence-dependent manner (Arcus et al., 2011).

ORF44 is a 395 bp open reading frame located upstream of the ¢Chl DNA
replication module (Klein et al., 2002). In order to investigate the function of ORF44
in vivo, a deletion mutant strain, namely N. magadii L11-AORF44, was constructed by
inserting the novobiocin resistance cassette in the reverse orientation and thereby,
replacing ORF44 (Gillen, 2017). Growth curve analysis of the N. magadii L11-
AORF44 deficient strain showed a 24-hour earlier onset of lysis compared to the wild-
type N. magadii L11. In addition, virus titer experiments revealed no significant
reduction or increase in the production of viral particles upon lysis compared to the
wild type. Similar results were obtained by deletion of the regulatory genes ORF48 and
ORF49 (Sabic, 2019), which are located downstream of ORF44. These findings suggest
that ORF44 affects indirectly the viral lytic cycle and may have therefore an important
regulatory role. Normally, if the plasmid containing the TA system is absent, the
antitoxin is proteolytically cleaved leading to the activation of the stable toxic protein,
which promotes cell death (Gerdes, Christensen and Lebner-Olesen, 2005). Previous
studies showed that ORF43 alone and ORF43/44 have an enhancing effect on the
intergenic region between ORF48 (rep) and ORF49. ORF43 binds to the 5° of ORF48
and enhances thus the transcription of ORF49, a regulatory gene involved in lytic life
cycle of eChl (Iro et al., 2007). By deleting ORF44, the antitoxin encoded by ORF43
accumulates in the cell leading to the premature transcription of ORF49 and therefore

an earlier onset of lysis of N. magadii L11-AORF44.

Western blot analyses of whole protein extracts demonstrated a 24-hour earlier

production of the major capsid protein E in N. magadii L11-AORF44, finding
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consistent with the early onset of lysis and the increased amount of viral particles.
Another interesting observation is the truncation of the tail fiber protein gp34s> in the
presence of ORF44 in N. magadii L11 compared to the deletion strain, where the
protein signal appears to be 15 kDa higher. Experiments performed in N. magadii L13
strain with ORF34s; as the reporter gene also revealed a truncation of gp34 in presence
of ORF44, whereas the existence of ORF43 alone and ORF43/44 had no effect on the
expression profile of the tail fiber protein (Hofbauer, 2015). These results prove
potentially the putative function of gp44 as an endoribonuclease, which may cleave the
coding sequence of ORF34 resulting in a truncated protein. Moreover, trans-
complementation of the ORF44 deletion with the episomally expressed ORF44 under
the control of the tryptophanase promoter tnaN from the low copy number plasmid
pRo5-Mev did not restore neither the lysis behavior nor the expression profiles of
protein E and DNA methyltransferase. On the other hand, the tail fiber protein gp34
appears to be truncated in the complementation strain compared to N. magadii L11-
AORF44, indicating that gp44 has a direct effect on the tail fiber protein by potentially
cleaving ORF34 mRNA in the coding region and acting therefore as an mRNA
interferase. Further experiments must be performed in order to elucidate the mechanism
of action of the gp44 protein. In addition, no significant differences in growth kinetics
and protein profiles could be observed between the induced and un-induced cultures.
This could indicate that the inducer concentration was too low or that the antibiotic
resistance cassette exerted a polar effect on one of the surrounding genes, which is
responsible for the resulting phenotype.

To further study the effect of ORF43 and ORF44 on the production of the viral
tail fiber proteins, H. volcanii was employed. Both orientations of ORF34 were used as
reporter genes and transformed together with ORF43 or ORF44 into H. volcanii. Due
to the high toxicity of gp44, ORF44 was cloned under the control of the tryptophanase
inducible promoter. Phenotypic analyses showed significant growth deceleration in the
strain bearing ORF44 upon daily induction. On the other hand, western blot analysis
revealed that ORF43 have an enhancing effect on the expression of gp34, while ORF44
had an antagonizing effect. No shortened variations of gp34 were observed in presence
of ORF44, suggesting that this truncation is system dependent. In contrast to H.
volcanii, N. magadii requires higher salt concentrations and alkaline pH, conditions that
might be necessary for gp44 to exert its function as an mRNA interferase. Another key
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difference is the use of the inducible instead of the native promoter, which leads to
constitutive expression of the gene.

In parallel, overexpression studies were performed. The toxin ORF44 was
cloned under the control of the tryptophanase inducible promoter into the low copy
number plasmid pRo5Mev, whereas the conjugate antitoxin ORF43 with its native
promoter p43 was cloned into both low and high copy number plasmids, namely
pRo5Mev and pNB102, respectively. As expected, overexpression of ORF44 led to
growth deceleration of N. magadii. Further analyses of the protein expression patterns
revealed that episomal expression of the ORF44 results in the downregulation of viral
genes: both major capsid protein E and DNA methyltransferase were detected 24-hours
earlier compared to the N. magadii L11 (pRo5Mev). On the other hand, overexpression
of ORF43 from multicopy plasmid pNB102 led to 24-hour delay in the lytic
development compared to control N. magadii L11 (pNB102), phenotype coherent with
the 24-hour late expression of protein E and DNA methyltransferase. This effect can be
due to the additional metabolic burden for the cell, originating from the expression of a
multicopy plasmid (Kristala). No significant differences were observed by the
extrachromosomal expression of ORF43 from the low copy number plasmid pRo5mev,
indicating that the regulatory role of the ORF43 is dosage dependent. These findings
could indicate antagonistic roles of ORF43 and ORF44, further supporting the
hypothesis of a putative TA system. Finally yet importantly, the plating efficiency of
oChl, in either NVM* or NVM-CA* media, was not affected by the episomal
expression of the ORF43 and ORF44.

In addition, the stability of the N. magadii L11 ORF44-deficient mutant upon
continuous subculturing was analyzed. Previous studies unveiled a constant reduction
of the lysis rate upon passaging, leading to the earlier abolishment of lysis in the
deletion mutant strain compared to wild type N. magadii L11 (Edwards, 2018). Both
wild type and deletion stains were passaged seven times, upon onset of lysis, in NVM*
media containing 4 M and 4.1 M salt, respectively. Under typical salt concentrations,
the deletion mutant stopped lysing during fifth passage, resembling the growth behavior
of the cured strain N. magadii L13. Partial abolishment of lysis was also observed for
wt N. magadii L11 after six to seven passages. Despite the loss of lysis, the presence of
the provirus was confirmed by analytical PCR. Furthermore, virus titer analysis

revealed a continuous decrease in the production of viral particles from both strains
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upon passaging. Additionally, the deletion mutant exhibited a significant decrease in
the production of the major capsid protein E after fifth passage, two passages earlier
than the wt strain, whereas the production of the Soj protein remained constant for both
strains. Similar results were obtained by continuous passaging of the ORF48 (rep) —
and ORF49 — deficient strains (Sabic, 2019), indicating that the deletion of ORF44 has
an indirect effect on the lytic cycle of pChl by potentially affecting downstream genes.
The aforementioned genes are located in the regulatory region of ¢Chl and their
disruption leads to increased genomic instability. Prolonged passaging can also lead to
accumulation of mutations, which may affect the functionality of viral genes and thus
its lytic life cycle.

On the other hand, slightly increasing the salt concentration to 4.1 M led to a
completely different phenotype. Both strains continue to lyse normally upon passaging.
The release of viral particles from the wt strain is constantly increasing instead of
decreasing, while a minor decrease is observed for the N. magadii L11-AORF44 strain.
Moreover, the major capsid protein E is significantly upregulated and constantly
produced in both strains throughout the passages, whereas the production of Soj
remains stable. Higher NaCl concentrations in the environment may lead to an
increased intracellular accumulation of potassium ions, resulting in conformational

changes in proteins and enzymes and possibly genome stability.

Last but not least, many fruitless attempts had been made to isolate and purify
gp44 under native conditions. Haloalkalophilic enzymes function optimally at high salt
concentrations and alkaline pH. However, heterologous expression in E. coli led to
aggregation and formation of inclusion bodies due to the low ionic strength. The use of
the haloarchaeon H. volcanii with the tryptophanase inducible promoter as a system for
the overexpression and purification of halophilic proteins was also utilized, but deemed
ineffective. However, gp44 was successfully purified in E. coli under denaturing
conditions, but stepwise dialysis resulted in misfolding of the protein. Research into
Archaea is limited compared to bacteria and eukaryotes. Nonetheless, future studies
should focus on the characterization of ORF43/44 as a putative TA of ¢Chl. The
production of functional antibodies against gp43 and gp44 is a necessity, in order to
study the protein expression profiles in vivo. To analyze whether the truncation of
gp34s2 in N. magadii L11 is media dependent, growth kinetics and western blot analysis

must be re-performed in NVM* rich medium. Finally, further development of
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expression systems and strategies for isolation of toxic haloalkalophilic proteins will
provide a better insight into the functions and structures of these proteins in vitro.
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Abstract

Toxin-antitoxin systems consist of a stable expressed toxin and the conjugate
antitoxin. DNA sequence analysis of ORF43/44 revealed a homology to the VapBC
Type Il TA system. ORF44 exists as operon with the cognate antitoxin ORF43, leading
to transcriptional and translational coupling. Previous studies investigating the role of
ORF44 have reported its function as a putative ribonuclease endonuclease that may
cleave single stranded RNA in a sequence dependent manner. A PIN domain in gp44,
identified via Pfam analysis, further strengthens this hypothesis. Additional findings
suggest a repressor activity of gp44 and thus a potential role of ORF43/44 in regulating
the transcription of viral genes and the progression of the lytic cycle of the myovirus
¢Ch1, which infects the haloalkaliphilic archaeon Natrialba magadii.

Genetic analyses of haloviruses are rarely reported and the in vivo roles and
functions of their proteins remain unknown. In this study, we aim to elucidate the
potential roles of ORF43 and ORF44 and their effect on the infectivity of ¢CHL. For
this purpose, phenotypic analyses, viral titer assays and protein analyses via Western

blot were carried out.

ORF44 deletion mutant was constructed via homologous recombination by
inserting the novobiocin resistance cassette. Passaging experiments showed complete
abolishment of the lytic cycle and major decrease in the production of the major capsid
protein E. Increasing the salt concentration in the medium lead to re-establishment of
the normal lysis behavior and a uniform expression of protein E. Furthermore, N.
magadii L11-AORF44 strain showed a 24-hour earlier lysis and increased production
of viral particles compared to wild type strain. Presence of ORF44 resulted in the
truncation of gp34 as proven by western blot analysis.

Constitutive expression of ORF43 and ORF44 in the cured N. magadii L13
strain had no significant influence on the plating efficiency of ¢Ch1. In addition,
overexpression of ORF44 under the control of the tryptophan inducible promoter tnaN
affected the expression of protein E and the methyltransferase. Similar results were
obtained by overexpressing ORF43 in a gene dosage dependent manner. In both cases,

no effect on the tail fiber protein gp34 was observed.
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To further explore the putative function of gp44 as a repressor or an
endoribonuclease, ORF43 and ORF44 were transformed together with the tail fiber
protein gp34 into Haloferax volcanii, a key model organism for enhancing the
understanding of archaeal genomics. In presence of ORF44, a strong growth
deceleration as well as a major downregulation of gp34 was observed, whereas ORF43
had an enhancing effect. Finally, we attempted to purify gp44 under native conditions
for functional in vitro studies. Due to the lack of information and the extreme
conditions, under which these proteins are expressed, isolation proved to be challenging

and thereby unsuccessful.

KEYWORDS: ¢Chl, Archaea, Natrialba magadii, cured strain L13, lysogenic strain

L11, Toxin-antitoxin system, Haloferax volcanii
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Zusammenfassung

Toxin-Antitoxin-Systeme bestehen aus einem stabil exprimierten Toxin und
dem konjugierten Antitoxin. Die DNA-Sequenzanalyse von ORF43/44 hat eine
Homologie zum VapBC Typ Il TA-System ergeben. ORF44 existiert als Operon mit
dem Antitoxin kodierenden ORF43, was zu einer Transkriptions- und
Translationskopplung fiihrt. Frithere Studien haben die Funktion von ORF44 als eine
scheinbare  Ribonuklease-Endonuklease nahelegt, dic einzelstringige RNA
sequenzabhéngig spaltet. Dies wurde durch die Identifizierung einer PIN-Doméne in
gp44 mittels einer Pfam Analyse verstirkt. Zusitzliche Befunde weisen auf eine
Repressoraktivitit von gp44 hin und somit eine mogliche Rolle von ORF43/44 bei der
Regulierung der Transkription viraler Gene und des Fortschreitens des Lysezyklus des

¢Ch1l Myovirus, das das haloalkaliphile Archdon Natrialba magadii infiziert.

Genetische Analysen von Haloviren werden selten berichtet und die in vivo
Rollen und Funktionen ihrer Proteine bleiben unbekannt. In dieser Studie werden die
moglichen Rollen von ORF43 und ORF44 sowie ihre Auswirkungen auf die
Infektiositdat von @Chl untersucht. Zu diesem Zweck wurden phénotypische Analysen,

Virustiter-Anséitze und Proteinanalysen mittels Western Blot durchgefiihrt.

Die ORF44-Deletionsmutante wurde mittels homologer Rekombination durch
das Einsetzen der Novobiozin-Resistenzkassette konstruiert. Passagierungs-
Experimente haben eine vollstindige Aufhebung des Lysezyklus und eine starke
Abnahme der Produktion des Hauptkapsidproteins E gezeigt. Eine Erhohung der
Salzkonzentration im Medium hat zur Wiederherstellung des normalen Lyseverhaltens
und zu einer gleichmafigen Expression von Protein E gefiihrt. Im Vergleich zum
Wildtyp-Stamm hat der L11-A44 Stamm weiterhin eine 24 Stunden-frithere Lyse und
eine erhohte Produktion von Viruspartikeln angezeigt. Die Western-Blot-Analyse hat

eine Verkiirzung von gp34 beim Vorhandensein von ORF44 nachgewiesen.

Die konstitutive Expression von ORF43 und ORF44 im Virus-freien Stamm N.
magadii L13 Stamm hatte keinen signifikanten Einfluss auf die Plattierungseffizienz
von @Chl. Die induzierte Uberexpression von ORF44 unter der Kontrolle des
Tryptophan Promotors tnaN hat die Expression von Protein E und der
Methyltransferase beeinflusst. Die Uberexpression von ORF43 auf einer Gendosis-
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abhangigen Weise hat dhnliche Ergebnisse geliefert. In beiden Féllen wurde kein Effekt
auf das Schwanzfaserprotein gp34 beobachtet.

ORF43 und ORF44 wurden zusammen mit dem Schwanzfaserprotein gp34 in
den Schliisselmodellorganismus Haloferax volcanii transformiert, der zur
Verbesserung des Verstiandnisses der archaealen Genomik dient, um die mutmaBliche
Funktion von gp44 als Repressor oder Endoribonuklease weiter zu untersuchen. In
Gegenwart von ORF44 wurde eine starke Wachstumsverzogerung sowie eine starke
Unterregulierung von gp34 beobachtet, wihrend ORF43 einen verstiarkenden Effekt
aufgewiesen hat. Schlieflich wurde versucht, das gp44 Protein unter nativen
Bedingungen zu reinigen. Die Isolierung hat aufgrund des Mangels an Informationen
und der extremen Bedingungen, unter denen diese Proteine exprimiert werden, als

schwierig erwiesen und war somit erfolglos.

Schliisselworter: @Chl, Archaea, Natrialba magadii, ausgehdrter Stamm L13,

lysogenischer Stamm L11, Toxin-Antitoxin System, Haloferax volcanii
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