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RNA-dependent RNA polymerases (RdRps) are enzymes that catalyze nucleotide polymerization
on RNA template in the presence of divalent metal ions. These enzymes are central for the life cycle
of viruses with RNA genomes. A double-stranded RNA (dsRNA) mycovirus Heterobasidion RNA
virus 6 (HetRV6) commonly infect forest pathogenic fungi from the species complex Heterobasidion
annosum sensu lato. In general, the infection caused by HetRV6 is cryptic, but sometimes have
negative or mutualistic impact on its host. The understanding of the HetRV6 life cycle, including RNA
synthesis, can shed light on the biology of HetRV6 virus and explain its divergent impacts on the
host. Furthermore, a recombinant HetRV6 RdRp can potentially be harnessed to produce dsRNA
molecules applicable for silencing of the target genes in plants, fungi, insects and mammals via RNA
interference (RNAI).

The aim of the current study was to express, purify and characterize the in vitro enzymatic activities
of RdRp from the HetRV6 virus. To this end, a complementary DNA sequence of the RdRp gene
was cloned into Escherichia coli expression vector, from which the recombinant polymerase was
expressed and purified using affinity, ion-exchange and size-exclusion chromatography. The purified
HetRV6 RdRp was a soluble and active in vitro enzyme, which possesses polymerase and terminal
nucleotidyl transferase (TNTase) activities in the absence of any primers or accessory viral or host
proteins. The impact of the buffer composition, pH, temperature, divalent cations and nucleoside
triphosphate concentrations was studied and the optimal reaction conditions were identified. The
polymerase is fully dependent on Mn?* ions and does not produce dsRNA in its absence, while Mg?*
ions at concentration 1-5 mM enhance the polymerization activity. HetRV6 polymerase is active on
heterologous templates. However, the requirements for successful initiation and elongation should
be still studied in more detail to fully understand how the enzyme can be used for efficient dsRNA
synthesis for biotechnological applications. The discovered TNTase activity can potentially be used
for in vitro RNA labeling.

The completed work is a useful starting point to further explore the properties of the HetRV6 RdRp
in terms of possible RNA modifying tools, its structural organization and role in infection and host-
microbe interactions.
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ABBREVIATIONS

ATP adenosine triphosphate

bp base pair

cDNA complementary DNA

CTP cytidine triphosphate

Ccv column volume

DdRp DNA-dependent RNA polymerase
DNase deoxyribonuclease

DTT dithiothreitol

dsRNA double-stranded RNA

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

GTP guanosine triphosphate

HetRVo6 Heterobasidion RNA virus 6

IMAC immobilized metal affinity chromatography
IPTG isopropyl B-D-1-thiogalactopyranoside
luc luciferase

Me metal ion

mRNA messenger RNA

MWCO molecular weight cut-off

nt nucleotide

NTP nucleoside triphosphate

ODeoo optical density measured at A=600 nm
PBV picobirnavirus

PCR polymerase chain reaction

PVDF polyvinylidene fluoride

RdRp RNA-dependent RNA polymerase
RNAIi RNA interference

RNase ribonuclease

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis
SEC size-exclusion chromatography
siRNA small interfering RNA

ssRNA single-stranded RNA

(-)ssSRNA negative-sense single-stranded RNA
(+)ssRNA positive-sense single-stranded RNA
TBE tris/borate/EDTA

TNTase activity terminal nucleotidyl transferase activity
UTP uridine triphosphate



1. INTRODUCTION

Viruses are obligate intracellular parasites, which infect organisms from all domains of life
and are generally associated with severe diseases of humans and animals. However, most viruses do
not cause any signs of illness and some of them even may establish symbiotic relationships with their
hosts (Marquez et al., 2007). Some viruses have oncolytic properties; others can be used as vectors
in gene therapy or serve as efficient vaccines (Mietzsch et al., 2017). Viruses are biochemically much
more simpler than any cell and their studies have contributed a lot to the current understanding of
cellular functions and disease mechanisms (Enquist, 2009).

Most viruses keep their genetic information in the form of RNA molecules. The genome of
RNA viruses can consist of double-stranded RNA (dsRNA) or single-stranded RNA (ssRNA). The
genome of ssSRNA viruses can be further divided into positive sense RNA [(+)ssRNA], which is
directly translated into viral proteins, and negative sense RNA [(-)ssSRNA], which needs to be
converted into (+)ssRNA for translation. RNA viruses use different strategies for genome replication
(Voyles, 2002). However, all of them carry metal-activated template-dependent RNA-dependent
RNA polymerases (RdRp).

The majority of RdRps contain a signature motif for RNA polymerases, glycine-aspartate-
aspartate (GDD) amino acid sequence (Choi, 2012). However, variabilities in this conserved motif
are possible. Thus, RdRps from cystoviruses contain SDD sequence instead of GDD (Alphonse and
Ghose, 2017), while birnaviruses keep only part of the catalytic triad, DD amino acids (Shwed et al.,
2002). Structurally all RdRps are similar to each other as well as to DNA-dependent RNA
polymerases (DdRp), reverse transcriptases and DNA-dependent DNA polymerases (Ahlquist, 2002).
They all look like a right hand with distinguishable fingers, palm and thumb subdomains and share a
conserved catalytic core of 231 amino acids (Monttinen et al., 2021), which provides correct
positioning of the template, metal ions and incoming NTPs required for RNA synthesis. In contrast
to “open hand” shape of other polymerases, most viral RdARp have a “closed hand” conformation,
which is achieved by interconnections between the fingers and thumb domains with several loops
creating two positively charged channels for the template and for the NTPs (Venkataraman et al.,
2018). Seven conserved structural motifs (A—G) have been identified in all viral RdRps studied to
date (Jacome et al., 2015). Motifs A to E can be found in the palm subdomain consisting of four
antiparallel (-strands and two a-helices, while motifs F and G are located in the fingers subdomain
(Jacome et al., 2015; Venkataraman et al., 2018). The motifs A and C contain catalytic aspartates
required for coordination of the catalytic ions, typically Mn>" or Mg®" (Genna et al., 2018; Steitz,
1998). Additionally a motif H has been discovered in the thumb subdomain of (+)ssRNA and dsRNA
viruses (Cerny et al., 2014).



During viral infection, RdRps are involved in a number of functions, such as; (1) recognition
of the template RNAs, (2) genomic RNA replication and mRNA transcription, (3) possible
modifications of the newly synthesized RNAs. Viral RdRps operate in specific environments that
make possible different steps of RNA synthesis. Thus, in case of (-)ssRNA viruses, only viral RNAs
coated with nucleocapsid protein can be efficiently used as a template for RARp (Morin et al., 2013).
In dsRNA viruses, RNA synthesis occurs inside a nucleocapsid (Poranen et al., 2001). RdRp of
(+)ssRNA viruses operate in specific cytoplasmic compartments, where viral components efficiently
concentrate (Novoa et al., 2005).

The RNA synthesis can be initiated either de novo or via a primer extension. In both cases,
the formation of initiation complex requires RdRp, suitable RNA template, the first initiating
nucleoside triphosphate (NTP;) and the second NTP (NTP;+1). In de novo initiation, an NTP; serves
similar to a primer providing its 3’-hydroxyl for the reaction with the incoming NTP. In most cases,
de novo initiation is followed by elongation. However, sometimes it might result in the synthesis of
short abortive RNA products that subsequently serve as primers (Kao et al., 2001; van Dijk et al.,
2004). Furthermore, oligonucleotide primers can originate from a cleavage of a 5’ capped cellular
mRNA, so called “cap-snatching”, actively used by (-)ssRNA viruses with segmented genome (Kao
et al., 2001). When the 3’terminus of the template RNA folds back on itself, the 3’ hydroxyl group
of the template can be used as a primer, so called back-priming (Laurila et al., 2002). Picornaviruses
use a protein primer, where an amino acid, such as tyrosine, provides a hydroxyl group for the reaction
with the first NTP (Paul and Wimmer, 2015).

In addition to its functions related to RNA synthesis, viral RdARps promote genetic variability
via the high rates of mutations during replication and, thus, drive viral evolution. RNA polymerase
incorporates one wrong nucleotide per 10°~107 nucleotides or one error occurs in each replicated
genome (Choi, 2012). This high mutation rates allow rapid evolution under selective pressure caused
by immune response of host organisms or drug treatments. Furthermore, RdRp is capable of RNA
recombination by occasional template switching, which allow RNA viruses to rearrange their
genomes, obtain new genes and repair deleterious mutations (Ahlquist, 2002).

Viral RdRps capable of de novo initiation of RNA synthesis and having high processivity,
such as bacteriophage phi6 RdRp (van Dijk et al., 2004), have significant biotechnological potential
since such RdRps alongside DdRps from bacteriophages T3, T7 or SP6 can be applied to synthesize
large amounts of dsRNA for RNA interference (RNAi, Aalto et al., 2007). RNAI is a conserved
mechanism of gene silencing in virtually all eukaryotes, which is accomplished by a sequence-
specific binding of short dsSRNAs in complex with Argonaute protein to a target mRNA resulting in

mRNA degradation or translational repression. The enzymatically produced dsRNAs are currently
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perceived as a valuable alternative to chemical pesticides, fungicides and antiviral agents for RNAi-
based crop protection (Christiaens et al., 2020; Fletcher et al., 2020; Hernandez-Soto and Chacén-
Cerdas, 2021). Furthermore, the exogenous long dsRNA molecules can be cleaved in vitro by
RNaselll family enzyme Dicer into small interfering RNAs (siRNA), mediators of RNA interference
(RNAI) in mammals. To prevent mammalian cell death, enzymatically generated siRNAs should be
purified using anion-exchange chromatography (Romanovskaya et al., 2013), ion pair reverse-phase
chromatography (Nwokeoji et al., 2017) or asymmetrical flow-field flow fractionation (Levanova et
al., 2022) to a high level of purity. The exogenously prepared siRNAs can be delivered to mammalian
cells, where they switch off the target gene activity (Elbashir et al., 2001). Three siRNA drugs against
rare hereditary diseases have been recently approved, and many siRNA-based therapies aiming to
treat severe incurable diseases are being developed (Saw and Song, 2020).

Newly discovered RdRps may be used as RNA processing and modification tools providing
they possess corresponding enzymatic activities. Among such activities of RdRp is, for instance,
terminal nucleotidyl transferase (TNTase) activity, which can be applied for 3’ end labeling of RNA
molecules. This activity has been reported for hepatitis C virus RARp (Hong et al., 2001), phi6 RdRp
(Poranen et al., 2008a), RdRp from human picobirnabirus (Collier et al., 2016). The biochemical
properties of new viral RdRps can highlight future possible biotechnological applications.
Furthermore, the RdRps from medically important viruses are potential pharmacological targets,
while structural information obtained from various viral RdRps can help to solve basic biological
questions and deduce evolutionary history of RNA viruses (Monttinen et al., 2021).

In the current work, I will focus on the RdRp from a mycovirus infecting fungi belonging to
basidiomycetous Heterobasidion annosum sensu lato species complex, which includes notorious
parasites of boreal forests causing white rot diseases of spruces and pines (Garbelotto and Gonthier,
2013). About 15% of Heterobasidion isolates in Europe, Asia and North America carry one or more
dsRNA viruses (Vainio et al., 2011). Heterobasidion RNA virus 6 (HetRV6) discovered in 2012
presents in 70% of all infected European isolates of Heterobasidion (Vainio et al., 2012). The HetRV6
effects on the fungus host growth are host- and temperature-dependent and can be beneficial, neutral
or detrimental (Hyder, 2013). The amino acid sequence of HetRV6 is very different from the other
viruses isolated from Heterobasidion fungi and it has been only recently taxonomically assigned to a
newly created family Orthocurvulaviridae, genus Orthocurvulavirus. The genome of the HetRV6
comprises two dsRNA segments: 2050 base pairs (bp) long dsSRNAT encoding RdRp and 1859 bp
long dsRNA2 coding for a putative capsid protein (Vainio et al., 2020). When I started my work, the
HetRV6 RdRp was only identified as a putative polymerase based on the bioinformatics discovery of



conserved amino acid sequence motifs associated with viral RdRps (Vainio et al., 2012), and
experimental data confirming the nature of this putative protein did not exist.

I expressed and purified a recombinant HetRV6 RdRp to show that the enzyme indeed
possesses activities relevant to viral RdRps. HetRV6 RdRp is an active replicase in vitro capable of
templated (replicase activity) and non-templated (TNTase activity) nucleotide addition. The enzyme
does not require a primer or any additional viral or host proteins to synthesize a complementary strand
on a (+)ssRNA template. HetRV6 RdRp is capable of de novo initiation on both native and
heterologous templates. Its enzymatic activity is more dependent on Mn?* rather than on Mg*" ions
in vitro. The polymerization is more efficient when concentration of adenine, the second nucleotide
to be incorporated into the nascent RNA chain is increased, which poses the question about role of

adenine in the initiation mechanism.

2. MATERIALS AND METHODS

2.1. Cloning, expression and purification of full-length RdRp from HetRV6 mycovirus
2.1.1. Preparation of the expression bacterial strains and bacterial lysate

To construct an expression plasmid, the HetRV6 RdRp gene (GenBank accession number
HQ189459) was PCR-amplified from pCR2.1-TOPO_HetRV6 dsRNAT1 cloning vector (Vainio et
al., 2012) with high-fidelity Phusion DNA polymerase (ThermoFischer Scientific) using
oligonucleotides presented in the appendix 1. The PCR product was treated with the restriction
enzymes Ncol and HindlII (FastDigest, ThermoFisher Scientific), purified with NucleoSpin Gel and
PCR Clean-up kit (Macherey Nagel), and ligated with the Ncol-HindIIl and gel-purified Novogen
expression vectors pET-32b(+) or pET-28a(+), to express the target protein with or without the N-
terminal His-tag, respectively. After cloning, the sequence of the entire HetRV6 RdRp was confirmed
in both constructs by Sanger sequencing (DNA sequencing service, University of Helsinki).
Chemically competent Escherichia coli BL21(DE3)pLysS cells (Novagen) were transformed with
the expression plasmids to give recombinant HetRV6 RdRp producing strains, designated as
BL21(DE3)pLysS/His-HetRV6pol and BL21(DE3)pLysS/HetRV6pol.

To get expression of the recombinant polymerase, a starter culture of BL21(DE3)pLysS/His-
HetRV6pol or BL21(DE3)pLysS/HetRV6pol in Luria-Bertani (LB) medium containing 25 pg/ml
kanamycin was grown at 37°C with shaking until ODgsoo was ~0.5 followed by 50-fold dilution with
the LB medium containing 40 pg/ml kanamycin to a final volume of 3 L. The diluted culture was
further grown at 37°C with shaking to an ODe00=0.9. The culture was cooled on ice at 4°C before the
induction with 0.5 mM isopropyl-p-D-thiogalactopyranoside (IPTG, Sigma-Aldrich). After that, the

cells were incubated at 17°C for 18 h with shaking. Bacteria were pelleted and resuspended in 30 ml



lysis buffer [SO mM sodium phosphate pH 8.0, 100 mM NaCl (Sigma-Aldrich), 1 mM irreversible
serine protease inhibitor Pefablock (Sigma-Aldrich)]. The suspension was sonicated on ice using the
ultrasonic processor UP400S (Dr. Hielscher GmbH) three times 20 sx70% amplitude/0.5 cycle with
15 s breaks to cool the samples between cycles. The lysate was clarified by ultracentrifugation at
40 000g (rotor T-1270, Thermo Fisher) for one hour with a subsequent filtration through a 0.45 pm

sterile filter unit (Sartorius Stedim Biotech).

2.1.2. Purification of HetRV6 RdRp fused to a polyhistidine tag
The purification was performed in the cold room at 4°C using AKTA prime chromatography

system (Amersham Pharmacia Biotech), which was washed in advance with 1 M NaOH (Riedel-de
Haen) for 20 min at 1 ml/min to remove possible ribonuclease (RNase) contamination. Then the
system was thoroughly washed with mQ water and HisTrap HP 1 ml column (GE Healthcare) was
connected. In chromatographic experiments, the reagents of analytical grade purchased from Sigma-
Aldrich were used for the preparation of the buffers. The HisTrap HP column was equilibrated with
the buffer A1 (300 mM NaCl, 45 mM imidazole, 50 mM sodium phosphate pH 8.0) followed by the
buffer B1 (300 mM NaCl, 300 mM imidazole, 50 mM sodium phosphate pH 8.0) and the buffer Al
again. The clarified bacterial lysate of BL21(DE3)pLysS/His-HetRV6pol cells (see 2.1.1) was loaded
onto the pre-equilibrated column using P1 peristaltic pump (Pharmacia). A linear elution method of
35 column volumes (CV) from 45 mM to 300 mM imidazole at 1 ml/min was applied to elute HetRV6
RdRp. The elution fractions were collected and those corresponding to the peak area were analyzed
with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The fractions
containing HetRV6 RdRp were combined followed by concentration and buffer exchange with
Amicon Ultra-4 centrifugal filter devices (Merck) with molecular weight cut-off (MWCO) of 50 kDa.
The elution buffer was exchanged to 50 mM sodium phosphate pH 8.0, 100 mM NaCl, and 10%
glycerol.

2.1.3. Purification of native HetRV6 RdRp using dye-ligand affinity chromatography
A set of dye-ligand affinity resins including Cibacron blue 3GA, Reactive brown 10, and

Reactive green 19 agarose (Sigma) was tested for possible binding with the tagless HetRV6 RdRp.
To this end, a 2 ml of each resin was put into a gravity flow poly-prep chromatography column (Bio-
Rad), where it was thoroughly washed with 100 ml mQ water followed by the 10 ml of the buffer A2
(50 mM Tris-HCI pH 8.0, 0.1 mM EDTA). The 3 ml of bacterial lysate was slowly loaded onto the
top of the column capped at the bottom. The sample was let to stand for 5 min, after which the bottom

cap was removed and flowthrough was collected. The collected flowthrough was re-loaded two more
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times. Then the column was washed with 6 ml buffer A2, capped, and 1ml elution buffer B2
containing 50 mM Tris-HCI pH 8.0, 0.1 mM EDTA and 1 M NaCl was added. The column content

was incubated 5 min, the cap was removed and the eluate was collected.

2.1.4. Purification of tagless HetRV6 RdRp using a combination of heparin and anion-
exchange chromatography
The clarified lysate of IPTG-induced BL21(DE3)pLysS/HetRV6pol expression strain was

loaded onto 1 ml HiTrap Heparin HP column (GE Healthcare). The column was subsequently washed
with the buffer A3 (50 mM sodium phosphate pH 8.0, 100 mM NaCl, 0.1 mM EDTA) until the
detector UV signal baseline stabilized. Then a 35 CV linear gradient elution method from 0 to
1 M NaCl at 1 ml/min flow rate was applied. The 1 ml fractions were collected and analyzed with
SDS-PAGE in 16% polyacrylamide gel. The HetRV6 RdRp-containing fractions were diluted 10-
fold with mQ water and loaded onto 1 ml HiTrap Q HP anion exchange chromatography column (GE
Healthcare), pre-equilibrated with the buffer A3. A linear gradient of 35 CV from 0 M NaCl to
1 M NaCl was applied at 1 ml/min. The fractions containing most of the target protein were collected
and loaded onto HiLoad 26/600 Superdex 200 prep grade column (GE Healthcare), pre-equilibrated
with the buffer A3. Buffer A3 was also used at the elution step. The fractions containing the HetRV6
RdRp were concentrated with Amicon Ultra-15 centrifugal filter unit (Merck) with MWCO of
30 kDa. The protein concentration was measured using Bradford assay (Bradford, 1976), and, finally,
the protein preparation was diluted to 0.4 mg/ml with a storage buffer (62.5% glycerol, 50 mM Hepes-
KOH pH 8.0, 0.1 mM EDTA pH 8.0, 0.125% Triton X-100, 100 mM NaCl, 2 mM MnCl,).
Homogeneity and identity of the purified polymerase was confirmed by SDS-PAGE in 16%
polyacrylamide gel (see 2.3 for details) and western blotting. The expected molecular weight of the
expressed protein was calculated using online bioinformatics resource Expasy (SIB Swiss Institute
of Bioinformatics, https://web.expasy.org/compute pi/). For western blot, proteins separated with
SDS-PAGE were transferred onto Immobilon P polyvinylidene fluioride membrane (Millipore) in
semi-dry electrotransfer device (PHASE). The blocked membrane was probed with primary rabbit
polyclonal antibodies raised against HetRV6 RdRp (GeneCust). Anti-rabbit IgG-peroxidase
antibodies (Sigma-Aldrich) were used as the secondary antibodies. After application of the enhanced
chemiluminecence substrate (Western lightning plus, PerkinElmer), the signal was detected with

ChemiDoc imaging system (Bio-Rad).



2.2. Enterokinase cleavage of the polyhistidine tag
The cleavage of a polyhistidine tag was initiated in 50 pl reactions containing enterokinase

buffer (2 mM CaCly, 50 mM NaCl, 20 mM Tris-HCI pH 8.0), 40 pg of the HetRV6 RdRp expressed
from pET-32b(+) construct (see 2.1/.7), and 0.05 U, 0.2 U, 0.5 U, 2 U, or 5 U of the enterokinase
cleavage enzyme (abm). The reactions were incubated at room temperature or at 4°C with or without
0.5 M urea. After certain periods, the reactions were stopped by adding SDS-PAGE protein loading
buffer and analyzed with SDS-PAGE.

2.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Two type of the SDS-PAGE systems were used: 1) 8x7 cm mini gels (Amerscham

Biosciences Mighty small II) served for quick assessment of the protein expression and intermediate
purification steps, and 2) 9x8 cm ATTO gels (ATTO Corp) were used for a more accurate assessment
of protein purity. Both gels were 16% SDS-PAGE according to (Laemmli, 1970). The samples to be
analyzed were mixed with in-house produced SDS-PAGE loading buffer, boiled 3 min and loaded
onto the gel. The proteins on mini-gels were analyzed at 200 V and 100 mA for 1 h, whereas ATTO
gels were analyzed at 120 V, 60 mA for 3 h. The gels were subsequently stained with Coomassie

Brilliant Blue R-250 (Sigma) for 9 min and destained in 10% acetic acid overnight.

2.4. Assay for RNase contamination
To confirm that purified HetRV6 polymerase is RNase-free, 2 pg of enzymatically-produced

HetRV6 (+)ssRNAI (see 2.5) was incubated with recombinant HetRV6 polymerase in the reaction

buffer for 1 h at 37°C. The RNA integrity was verified by agarose gel electrophoresis.

2.5. Production of template (+)ssRNA molecules in vitro
The (+)ssRNA molecules, used as templates in polymerase assays (see 2.6), were synthesized

by in vitro transcription with T7 DdRp. The target sequences were amplified in PCR from the
plasmids listed in the appendix 2 using corresponding forward primers containing T7 promoter
sequences at their 5’ ends and reverse primers (primers are listed in the appendix 1). The resulting
DNA templates were purified from agarose gel with NucleoSpin Gel and PCR Clean-up kit
(Macherey Nagel). The plasmids pEM15 (Makeyev and Bamford, 2000) and pEM19 (Laurila et al.,
2002) were digested with Smal restriction enzyme (Fermentas) to prepare templates for the synthesis
of phi6 (+)ssRNA designated as As"13 and As'up, respectively. The digested plasmids were purified
with QIAquick PCR purification kit (Qiagen). To produce ssRNA molecules, 200 pl transcription
reactions were set up, where 2 ug of selected DNA template was incubated at 37°C with a mixture of
four NTPs (5 mM each, Fermentas), 160 U of Ribolock (Thermo Fischer), and 800 U of in-house
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produced T7 DdRp in the T7 transcription buffer (120 mM Hepes-KOH pH 7.5, 24 mM MgCl,
20 mM DTT, 1 mM spermidine). After 2 h of incubation, the RQ1 RNase-free DNase (Promega) was
added to remove DNA template. The ssRNAs were extracted with chloroform (Merck) and
precipitated with 4 M LiCl (Finnzymes). The pellet was washed with 70% ethanol, dissolved in 400
pl of mQ water and re-precipitated with 0.3 M sodium acetate pH 6.5 and 67% ethanol. The obtained

RNA pellet was washed two times with 70% ethanol and dissolved in sterile RNase-free mQ water.

2.6. Polymerase assay
The 20 pl polymerase activity reaction included 50 mM Hepes-KOH (Sigma-Aldrich) pH 7.4,

80 mM ammonium acetate (Merck), 6% (w/v) polyethylene glycol 4000 (Merck), 5 mM MgCl,
(Riedel-de Haen), 1 mM MnCl, (Sigma-Aldrich), 0.1 mM EDTA (Merck), 0.1% Triton X-100
(Merck), 1 mM of each NTP (Fermentas), 70—-140 pM ssRNA template, and 0.8 U/ul RNasin
(Promega). For certain indicated reactions, the mixture was supplemented with 0.25 mCi/ml of
[a-3PJUTP (PerkinElmer, 3000 Ci/mmol). Reactions were initiated by addition of 0.8—1.2 pM of the
in-house produced HetRV6 RdRp. In the control reactions, enzyme was replaced with an equal
volume of the RdRp storage buffer (see 2.7/.4). After indicated time, the reactions were stopped by
addition 2xU loading dye [8 M urea, 10 mM EDTA, 0.2% SDS, 6% (v/v) glycerol, 0.05%
bromophenol blue and 0.05% xylene cyanol FF] and analyzed with native agarose gel electrophoresis
(see 2.9). To calculate the reaction polymerization rate (nt/min), a number of nucleotides in a template
ssRNA was divided by the time of the incubation (min) required for a full-length dsSRNA product to

appear.

2.7. TNTase assay
The TNTase activity was measured under conditions similar to polymerase assay in the

presence of 0.3 uM UTP supplemented with 0.25 mCi/mL of [a-33P]-UTP (PerkinElmer, 3000
Ci/mmol). The other three NTPs were not included in the reaction mixture. Reactions were initiated
by addition of the HetRV6 RdRp or in-house prepared phi6 RdRp (Makeyev and Bamford, 2000) to
a final concentration of 1 uM. In the control reactions, the RdRp storage buffer was added instead of

the enzymes. The mixtures were incubated 90 min at 30°C.

2.8. LiCl fractionation of RNA molecules
After polymerase assay (see 2.6), molecules of ssSRNA were precipitated with 2 M LiCl

(Merck) at -20°C for 30 min followed by 20 min centrifugation at 13,000xg and 4°C. The dsRNA

was precipitated from the supernatant by 4 M LiCl followed by the incubation and centrifugation
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steps as described above (Diaz-Ruiz and Kaper, 1978). The dsRNA pellet was washed twice with

70% ethanol and dissolved in nuclease-free water.

2.9. Analysis of RNA with agarose gel electrophoresis and autoradiography
The ss- and dsRNA molecules produced in the current study, were analyzed in 1% native

agarose gel using Tris/borate/EDTA (TBE) buffer (50 mM Tris-borate pH 8.3, 1 mM EDTA). The
RNA separation was performed at 5 V/cm, and RNA molecules were visualized by means of
intercalating dye ethidium bromide. The gels were photographed, dried and exposed against the
imaging plates (Fujifilm), which were subsequently scanned with Typhoon TRIO Imager (GE
Healthcare).

3. RESULTS

3.1. HetRV6 polymerase is expressed as a soluble and active in vitro protein

3.1.1. Expression and purification of polyhistidine-tagged HetRV6 RdRp
In order to get a fast initial confirmation that HetRV6 RdRp can be expressed in vitro as a

soluble and active protein, a pET-32b(+)-based construct generating the polymerase fused to His-tag
at the N-terminus was prepared and transformed into the E. coli expression strain. The resulting
BL21(DE3)pLysS/His-HetRV6pol cells were used to induce the expression of the recombinant
HetRV6 RdRp with His-tag. The same E. coli strain transformed with an empty pET32b(+) vector
was used as the control. The analysis of the clarified bacterial lysates with SDS-PAGE demonstrated
that recombinant HetRV6 RdRp with His tag was expressed to a high level as a soluble protein from
the corresponding construct (Figure 1). From the empty vector, about 20 kDa protein was expressed,

but no significant protein expression was detected in the size range of HetRV6 RdRp (Figure 1).
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Figure 1. Expression of the polyhistidine-tagged HetRV6 RdRp. The E. coli strain BL21(DE3)pLysS was
transformed with pET-32b(+) vector containing the polymerase sequence or empty vector, to serve as a control.
After IPTG-induced protein expression at 17°C for 18 h, the cells were lysed with ultrasound; the lysates were
clarified and loaded onto 16% SDS-PAGE polyacrylamide gel to confirm the expression of the soluble HetRV6
RdRp. PageRuler unstained protein ladder (Thermo Fisher) was used to confirm the size of the expressed

proteins.

The clarified bacterial lysates were subjected to Immobilized Metal Affinity Chromatography
(IMAC). The fractions of the control sample analyzed on SDS-PAGE gels showed a single protein
of about 20 kDa without visible contaminations. However, fractions collected during HetRV6 RdRp
purification contained multiple proteins of smaller size, which could originate from uncontrolled

HetRV6 RdRp degradation under the applied purification conditions (Figure 2).
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Figure 2. Purification of bacterial lysates using IMAC. The clarified bacterial lysates from control strain
(left) and HetRV6 RdRp expression strain (right) were loaded onto HisTrap HP column, the peak fractions
were collected and analyzed in 16% SDS-PAGE gel. PageRuler unstained protein ladder (Thermo Fisher) was
used to confirm the size of the expressed proteins.
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The fractions 11-17 after HetRV6 RdRp purification were combined for the concentration
and buffer exchange with Amicon Ultra centrifugal filter devices. Then polymerase assays containing
0.5, 1 and 3 pl of the HetRV6 RdRp preparation were set up to check for activity (Figure 3). I used
two heterologous (+)ssRNA templates of 710 bp (As”) and 2948 bp (s*) derived from the S segment
of bacteriophage phi6 genome (please see 2.5 and appendices for more details). Both templates
carried the same nucleotide sequence at the 3’ end, where a nascent RNA synthesis starts, and both

appeared to be suitable templates for HetRV6 RdRp despite a significant size difference (Figure 3).
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Figure 3. Polymerase activity of the purified HetRV6 RdRp with polyhistidine tag. The IMAC fractions
containing HetRV6 RdRp were combined, concentrated and put into the buffer without imidazole. Full-length
(+)ssRNA of the bacteriophage phi6 (s*) and its truncated version (As") were used as templates for the
replication reactions containing increasing amounts of the HetRV6 RdRp preparation. The template ssSRNAs
As" and s* are also shown on the gel. The amounts of HetRV6 RdRp preparation added to the template is
shown on top of the gel. GeneRuler DNA ladder mix was used to confirm the size of the nucleic acids.

Together with a polyhistidine tag, a recombinant HetRV6 RdRp expressed from the
pET-32b(+) vector contained about 150 extra amino acids at the N-terminus originating from the
expression region of the vector (see appendix 3 for clarification), which potentially could interfere
with the protein folding and affect some of its enzymatic activities. Therefore, I tried to remove this
sequence with enterokinase cleavage (Figure 4). The cleavage was performed both at room
temperature and at 4°C. The samples were analyzed after 2 h, 6 h and 24 h after the beginning of
cleavage. The best results were achieved after 2—4 h of incubation at 4°C in the presence of 2—5 units
of enterokinase and 0.5 M urea, when the N-terminal sequence was removed from almost half of the
input protein (Figure 4A and C). Nevertheless, the cleavage was, in general, inefficient, leading to
unspecific protein degradation after only 2 h of incubation at room temperature, and at later time

points also at 4°C (Figure 4B, C, E).
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Figure 4. Enterokinase cleavage of the N-terminal extra sequence from HetRV6 RdRp containing
polyhistidine tag. Purified HetRV6 RdRp was incubated with variable amounts of enterokinase to cleave off
the extra 150 amino acids at the N-terminus. The incubation was carried out at room temperature (RT) and
4°C with or without 0.5 M urea. The amounts of enterokinase (U in 50 pl reaction) are indicated on the top of

SDS-PAGE gels.

I tried to optimize the incubation time with enterokinase to achieve more efficient cleavage
of the non-specific N-terminal sequence from the HetRV6 RdRp. To this end, I incubated the purified
protein in 50 pl reaction with either 0.5 U or 2 U of enterokinase at 4°C for 3, 5, 6, 7 or 24 h. Similar
to the previous experiments, I achieved only ~50% cleavage after 3 h of incubation using 0.5 U of
enterokinase. The increase in either enerokinase amount or incubation time resulted only in abundant
non-specific cleavage of the polymerase, but not in the improved target-specific cleavage of the

N-terminal sequence (Figure 5).
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Figure 5. Enterokinase cleavage of the N-terminal polyhistidine tag from HetRV6 RdRp construct.
Purified HetRV6 RdRp was incubated with variable amounts of enterokinase to cleave off the extra 150 amino
acids at the N-terminus. The incubation was carried out at 4°C. The amounts of enterokinase (U in 50 pl
reaction) are indicated on the top of SDS-PAGE gels.

Thus, after performing the initial experiments it became clear that recombinant HetRV6 RdRp
can be expressed and purified from bacterial cells as a soluble protein, which is active in vitro and
catalyzes dsRNA synthesis on heterologous templates of variable size in a primer-independent
manner. However, for unbiased biochemical studies and possible future crystallization experiments,
the non-specific N-terminal sequence should be removed from the protein. It was impossible to cleave
off this sequence efficiently with enterokinase. Therefore, at the next step I expressed HetRV6 RdRp

without any tags and developed a chromatographic method for its purification.

3.1.2. Purification of the recombinant HetRV6 RdRp without any tags
The recombinant HetRV6 RdRp that did not contain any additional sequences was expressed

in E. coli cells similarly to its counterpart with a polyhistidine tag using the expression plasmid
pET-28a(+) containing a cDNA copy of the HetRV6 gene (see 2.1.1). The tagless polymerase was

expressed in high amounts as a soluble protein (Figure 6).
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Figure 6. Expression of tagless HetRV6 RdRp. The tagless HetRV6 RdRp was expressed from pET-28a(+)
vector in E. coli bacterial cells. The control E. coli cells were transformed with an empty expression vector.
The bacterial lysates were clarified by high-speed centrifugation followed by filtration.

To purify tagless HetRV6 RdRp, I tested resins used for dye-ligand affinity chromatography
such as Cibacron blue 3GA, Reactive brown 10 and Reactive green 19 agarose. However, the
polymerase did not bind significantly to any of them and eluted in the flowthrough or during the
washing step (Figure 7).
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Figure 7. Binding of HetRV6 RdRp to affinity dye ligands. The tagless HetRV6 RdRp was expressed from
pET-28a(+) in E. coli cells (Cells), which were disrupted by sonication and the lysate was clarified by high-
speed centrifugation and filtration (Clarified lysate). The clarified lysate was loaded onto gravity flow columns
containing either Cibacron blue 3GA (Blue), Reactive green 19 (Green) or Reactive brown 10 (Brown)
agarose. The flowthrough, wash and elution fractions were analyzed by SDS-PAGE. The position of the
recombinant HetRV6 RdRp is marked with an eclipse.
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After unsuccessful attempts to purify HetRV6 RdRp with dye affinity chromatography, I
decided to use heparin column as an initial purification step. The SDS-PAGE showed that HetRV6
RdRp binds efficiently to the Heparin column (Figure 8). The optimal results were obtained when
purification of the HetRV6 RdRp on HiTrap Heparin HP column was followed by the HiTrap Q HP
anion exchange column (Figure 8 and 9). Size exclusion chromatography (SEC) was used as a final

polishing step (Figure 10).
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Figure 8. Purification of tagless HetRV6 RdRp by heparin affinity chromatography. The clarified
bacterial lysate after protein expression was loaded onto 1 ml HiTrap Heparin HP column followed by the
column wash and elution with a linear gradient of 35 column volumes from 0 mM NaCl to 1 M NaCl at
1 ml/min. Fractions of 1 ml were collected and those corresponding to the peak area were analyzed on 16%

polyacrylamide gel.
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Figure 9. Purification of the recombinant HetRV6 RdRp by ion-exchange chromatography. Fractions
from the heparin column containing HetRV6 RdRp were combined, diluted 10-fold and loaded onto Q column
followed by the elution with a linear gradient of 35 column volumes from 0 mM NaCl to 1 M NaCl at 1 ml/min.
Fractions of 1 ml fractions were collected and those corresponding to the peak area were analyzed onto 16%
polyacrylamide gel.

18



HetRV6 RdRp eluted from the heparin column at ~400 mM NaCl (Figure 8), and from the Q
anion exchange column at ~300 mM NacCl (Figure 9). The purity and identity of the HetRV6 RdRp
was conclusively indicated with SEC, SDS-PAGE and western blotting (Figure 10). The protein
eluted as a monomer from the SEC column (Levanova et al., 2021), and the experimentally observed
molecular weight of the protein corresponded to the theoretically calculated value of 69.3 kDa (see

2.1.4 for details).
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Figure 10. Size-exclusion chromatography (SEC) and verification of HetRV6 RdRp identity and purity.
(A) Chromatogram showing elution profile of the HetRV6 RdRp after HiLoad 26/600 Superdex 200 prep
grade column (GE Healthcare). (B) Analysis of the SEC fractions with 16% SDS-PAGE. The input sample is
shown in the second well of the gel. The peak fraction 1 corresponds to the elution volume of 42 ml. (C)
Western blotting with rabbit anti-HetRV6 RdRp polyclonal antibodies verified the identity of HetRV6 RdRp
(modified from Levanova et al., 2021).

The activity of HetRV6 RdRp polymerase fractions was initially tested under the conditions
described for the polymerase of a dSRNA virus phi6 (Makeyev and Bamford, 2000). As a template,
a full-length native (+)ssRNA1 produced from the cDNA of the dsSRNA1 genome segment of HetRV6

was used (Figure 11).
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Figure 11. In vitro polymerase activity of the HetRV6 RdARp on the native template. The polymerase
reactions with increasing volumes of the HetRV6 RdRp-containing fractions after SEC. The native HetRV6

(+)ssRNA1 was used as a template.
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The purified enzyme was active and full-length dSRNA was observed on the gel for the
reactions, where 2—8 pl SEC fractions were used (Figure 11). The SEC fractions were concentrated,
put into the storage buffer with glycerol and incubated with ssRNA at 37°C. No visible degradation
of RNA was detected after the incubation with the purified HetRV6 RdRp (Figure 12), which

confirmed that it is free of RNases.
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Figure 12. RNase contamination assay with HetRV6 RdRp. A HetRV6 (+)ssRNA1 was incubated with
water, polymerase storage buffer or buffer with HetRV6 RdRp at 37°C for 1 h.

3.2. Optimization of the reaction buffer composition
To dissect the role of critical buffer components on polymerase activity and determine their

optimal content in the reaction mixture, I set up polymerase assays, in which the concentration of a
single reagent was systematically changed, while the rest remained constant (please see 2.6 for the
basic composition of the reaction). When the incubation time was over, the sSRNA and dsRNA were
fractionated by LiCl precipitation (see 2.8) and the amount of dsRNA in the sample was determined
spectrophotometrically. The highest activity of the HetRV6 RdRp was observed in Hepes-KOH
buffer at pH 8.0. Tris-HCI buffer substantially inhibited the replicase activity of the enzyme. This
Tris-HCI intolerance distinguishes the enzyme from the previously characterized phi6 RdRp
(Makeyev and Bamford, 2000). Ammonium ions in the concentration of 40 mM and 1-5 mM Mg?*

ions enhanced the dsRNA production, while Mn*" ions in the concentration 1-2 mM were

indispensable for the RdRp activity (Figure 13).
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Figure 13. Optimization of the reaction conditions for HetRV6 RdRp. The polymerase reactions were set
up with the native HetRV6 (+)ssRNA1 template. The influence of one reaction component at a time was
studied, while the others remained unchangeable. (A) Impact of the buffer and its pH on the dsRNA production;
(B) Mg*" ions and reaction efficiency; (C) Role of Mn?* ions in the dSRNA production; (D) Optimal amount
of ammonium acetate (NH4OAc). The figure is modified from Levanova et al., 2021.

3.3. Influence of the incubation temperature on the polymerization rate of the HetRV6 RdRp
To select the optimal incubation temperature for nucleotide polymerization, I studied the

kinetics of polymerase reaction at 24°C (room temperature), 30°C, and 37°C (Figure 14) under
optimized buffer conditions. The enzyme was active at all three temperatures. However, as expected,
the temperature increase resulted in significant rise in the polymerization rate. Thus, full-length
product was detected after 180 min at 24°C, after 90 min at 30°C and after 60 min at 37°C (Figure 14).
The calculated polymerization rate was 2-fold and 3-fold higher at 30°C and 37°C, respectively,
compared to that observed at 24°C (Table 1). Furthermore, after 180 min incubation at 24°C only a
tiny fraction of sSRNA template was replicated to dSRNA and the reaction should be incubated about
300 min to get a reasonable amount of dSRNA (Figure 14A). Typically, replication rate and efficiency
of dsRNA synthesis, as judged by the intensity of dSRNA bands, were the largest at 37°C. However,
this temperature is far from that at which HetRV6 RdRp operates naturally. Therefore, 1 selected

30°C as an optimal temperature for further experiments.
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Figure 14. Optimization of the reaction temperature for the HetRV6 RdRp. 100 pul polymerase reaction
was set up at 24°C (A), 30°C (B), and 37°C (C). At regular time intervals, an aliquot of 6.5 ul was taken for
the analysis in 0.8% native agarose gel. Time point at which full-length dsSRNA was detected is in bold.
Modified from Levanova et al., 2021.

Table 1. Polymerization rate of the HetRV6 RdRp-catalyzed reaction at different incubation temperatures
Temperature 24°C 30°C 37°C

Polymerization rate 11 nt/min 23 nt/min 34 nt/min
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3.4. Impact of NTP concentration on the polymerization rate of HetRV6 RdRp
To understand how NTP concentration influences the HetRV6 RdRp-catalyzed replication, I

set up the polymerase reactions under the optimal conditions described in chapters 3.2 and 3.3 with
variable NTP concentrations. In literature, NTPs in the final concentration of 0.2 mM and 1 mM are
commonly applied in polymerase assays (e.g., Makeyev and Bamford, 2000). The native HetRV6
(+)ssRNA1 template has a 5’-...GCUG-3’ sequence at the 3’ end. Thus, the first two nucleotides to
be included in the nascent strand are cytidylate (CMP) and adenylate (AMP), which I used in excess

for certain reactions (Figure 15).
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1 mM of each rNTP 0.2 mM of CTP, GTP and UTP
ccc = £ E £ EE £ E E g £ £ £ £ ¢ E E E
EEEEEEEECEC S gggfEEEEEECLL
c-rwlPasaeredY2 oc-w 2L ZIZLEFYLR
C 1 mM of CTP and ATP D
0.2 mM of each rNT
0.2 mM of GTP and UTP c e e
c L. EcEEEE£SESEEE cccEEEEEEEEEE
E'EEEEEEEEEOOO EEE S howuowo QB33
O‘_mgggggﬁgggg O =~ 0 =~ O F O N O +~ — —

Figure 15. Impact of NTP concentration on the kinetics of polymerization. The polymerase assays were
setup using [a->*P]JUTP under optimal conditions described in 3.2 and 3.3 with the native HetRV6 (+)ssRNA1
as a template and incubated for 3 h at 30°C. At the indicated time points, aliquots of the reaction were taken
for the analysis in native agarose gel following by autoradiography. The autoradiograms of the gels are
presented. The time points, when the full-length dsRNA can be detected, are shown in bold.

The fastest kinetics for NTP incorporation was observed when all four NTPs were used in the
polymerase assay at the concentration of 0.2 mM or only ATP was present at a higher | mM
concentration (Figure 15, Table 2). With the increase of equimolar NTP concentration to 1 mM, the
polymerization rate decreased 2-fold (Table 2). When the starting NTPs (ATP and CTP) were present
in the reaction mixture at 1 mM, while GTP and UTP were kept at 0.2 mM, the polymerization rate

was between the highest and the lowest ones observed (Table 2).
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Table 2. Influence of NTP concentration on the polymerization rate

NTP concentration 1 mM 1 mM A+ C, 1 mM A, 0.2 mM
A,C,G,U! 02mMGtU  0.2mM C,G,U A,C,G,U
Polymerization rate 23 nt/min 34 nt/min 46 nt/min 46 nt/min

'A - ATP, C - CTP, G- GTP, U - UTP

3.5. HetRV6 performs dsRNA replication on heterologous templates
In the chapter 3.1.1, I showed that HetRV6 RdRp carrying polyhistidine tag at its N-terminus

was capable of replicating heterologous ssRNA templates originated from the bacteriophage phi6
(Figure 3). To confirm that recombinant HetRV6 RdRp without extra amino acid sequences can
utilize heterologous (+)ssRNA templates, I produced by in vitro transcription a number of
heterologous templates of variable length and sequences (please see appendices 1 and 2 for details).
The native template HetRV6 (+)ssRNA1 was efficiently replicated, while the RNA synthesis
productivity was variable on heterologous templates (Figure 16). All the derivatives from the phi6
As” ssRNA were suitable templates for the HetRV6 RdRp However, the enzyme was not fully
processive on (+)ssRNA2 from a picobirnavirus (PBV). Furthermore, dSRNA molecules were hardly
synthesized on the luciferase (+)ssRNA (luc_4) containing two AMPs at the very 3’ end (Figure 16).

The other luciferase templates were replicated to some extent. (Figure 16).
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Figure 16. HetRV6 RdRp-catalyzed dsRNA synthesis on heterologous templates. The polymerase assay
under optimal conditions contained native HetRV6 (+)ssRNA1 or heterologous templates with variable 3’ ends
shown on the uppermost gel (please see appendix 2 for details). The reaction products were analyzed by native
gel agarose electrophoresis following by autoradiography (intermediate and bottom picture, respectively).
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3.6. HetRV6 RARp has terminal nucleotidyl transferase (TNTase) activity
To examine if HetRV6 RdRp can catalyze template-independent nucleotide addition to the

3’-end of RNA molecules, i.e. terminal nucleotidyl transfer (Poranen et al., 2008a), I set up
polymerase assays where only a single UTP was present. Similar to phi6 RdRp, for which TNTase
activity was extensively studied (Poranen et al., 2008a), HetRV6 RdRp catalyzed addition of an
[a-33P]-UTP to the ssRNA templates (Figure 17).
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Figure 17. TNTase activity of HetRV6 RdRp. As™ ssRNA was used as a template in TNTase and polymerase
assays catalyzed either by phi6 or HetRV6 RdRp. After incubation the reactions were analyzed by native
agarose gel electrophoresis and autoradiogram of the gel shows label incorporation from [a->*P]-UTP.

4. DISCUSSION

In the present study, I expressed a recombinant HetRV6 polymerase as a soluble protein in
bacterial cells and developed a method for its purification, which kept the enzyme RNase-free and
active. Enzymatically active recombinant viral RdRps subunits have been previously obtained for
(+)ssRNA viruses such as picornaviruses (Ferrer-Orta et al., 2015) and flaviviruses (Duan et al.,
2019), some (-)ssRNA viruses [vesicular stomatitis virus (Morin et al., 2012)] and dsRNA viruses
[phi6 and some other cystoviruses (Makeyev and Bamford, 2000; Yang et al., 2001), human
picobirnavirus (Collier at al,, 2016), infectious pancreatic necrosis virus (Graham et al., 2011)].
However, isolated viral polymerase subunits are not necessarily active in vitro. Thus, the B-subunit,
RdRp from the (+)ssRNA bacteriophage QB, requires additional host factors to assemble an active
replicase complex (Takeshita and Tomita, 2012). Furthermore, most viral RdRp subunits that
demonstrated some activity in vitro are not fully processive, even on the native templates.

My work started with the cloning of the DNA insert representing a full-length copy of the
HetRV6 RdRp gene into an expression vector pET-32b(+). The optimal expression temperature
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appeared to be 17°C, which extended time of expression to 18—20 h, but allowed to obtain substantial
amounts of a soluble polymerase, which were easily detectable by SDS-PAGE (Figure 1 and 6).

Protein purification is often achieved by affinity chromatography via expression of a specific
tag fused to a protein of interest. Therefore, initially the protein was expressed with a polyhistidine
(6xHis) tag and could be purified with IMAC, for which I used HisTrap HP column packed with
precharged Ni-Sepharose. The control purification of the small product expressed from the expression
vector pET-32b(+) provided a ~20 kDa protein of high purity. On the contrary, HetRV6 RdRp
purified on HisTrap HP column contained multiple proteins of smaller size (Figure 2), which might
indicate uncontrollable degradation of the polymerase under purification conditions. Furthermore, the
performance of IMAC columns can be variable and additional purification steps might be sometimes
needed to achieve a pure protein (Riguero et al., 2020). Thus, all the proteins of smaller size were
efficiently removed from the HetRV6 RdRp with Amicon filter device (Figure 4 and 5, control
bands). The polyhistidine tag could be left on the protein, but it can potentially interfere with certain
experiments (Shahravan et al., 2008). Therefore, I decided to make use of the consensus enterokinase
recognition sequence (DDDDK) engineered between the desired protein and the N-terminal tag
sequence (appendix 3), and applied different amounts of enterokinase and variable incubation times
at two different temperatures (4°C and 24°C) to cleave out the N-terminal tag. However, it was not
possible to achieve a significant cleavage specificity at the consensus recognition sequence for
enterokinase. Any attempt to increase an enzyme amount or incubation time resulted in substantial
non-specific protein cleavage rather than in increase of the amounts of the tagless protein (Figure 4
and 5). There are published reports confirming that enterokinase does not exhibit high stringent
sequence specificity (Liew et al., 2005; Shahravan et al., 2008). Therefore, I re-cloned the HetRV6
RdRp cDNA into pET-28a(+) vector to get a protein without any extra sequences.

As the first step of the native HetRV6 RdRp purification, I decided to use dye-ligand affinity
chromatography since this approach was successfully implemented as the first step in the purification
of the recombinant RdRp from bacteriophage phi6 (Makeyev and Bamford, 2000). The dye-ligand
affinity chromatography is based on the high affinity of immobilized dyes for many proteins
(Stellwagen, 2001). It is fast, cost-effective and versatile method, which is potentially applicable even
for the purification of crude bacterial lysates. In my experiments, I applied an approach described by
(Stellwagen, 2001), when a small volume of clarified bacterial lysate was loaded onto a series of
small gravity flow columns, each containing a certain immobilized dye, Cibacron blue 3GA, Reactive
green 19 or Reactive brown 10. However, neither of the dye ligands had affinity to the HetRV6 RdRp
(Figure 7).

26



At the next stage, [ used affinity chromatography based on heparin, which is a polysaccharide
belonging to the family of glycosaminoglycans. Heparin interacts with a wide range of biomolecules,
including nucleic acid-binding proteins (Bolten et al., 2018; Staby et al., 2005). Heparin affinity
chromatography was used to purify RNA polymerase from E. coli (Sternbach et al., 1975) and a
recombinant RdRp from the human picobirnavirus (Collier et al., 2016). The heparin affinity
chromatography is very straightforward since it does not require any affinity tags on the target protein
and the heparin-binding domains of different proteins are typically easily accessible (Bolten et al.,
2018). Heparin acts as an analogue of nucleic acids and shows a stoichiometric binding affinity for
nucleic acid proteins (Singh and Jones, 1984). Since heparin contains anionic sulphate groups, it can
also serve as a cation exchanger (Xiong et al., 2008). However, I believe that the separation of
HetRV6 RdRp on heparin agarose is based on affinity rather than ion exchange chromatography. The
calculated pI of the HetRV6 RdRp is 5.62, which means that under the separation conditions in the
buffer with pH 8.0, the surface of the protein is predominantly negatively charged and repulsive forces
might occur between the protein and the column matrix. Nevertheless, I observed efficient binding
of the HetRV6 RdRp to the heparin column with its subsequent elution at the increased ionic strength
(Figure 8). Since heparin binds many different proteins, it is not possible to purify HetRV6 RdRp
from the bacterial lysate in a single step. Therefore, the protein purification of heparin column was
followed by the anion exchange chromatography using strong anion exchange Q column. The use of
heparin-agarose rather than ion exchange chromatography as the first purification step has certain
advantages. Thus, the heparin agarose has a very high binding capacity allowing using relatively
small column bed volumes and, hence, eluting the enzyme in very small volumes. Furthermore, most
bacterial nucleases potentially present in the lysate either do not bind to heparin agarose or elute at
very low 1onic strength (Bickle et al., 1977).

I need to mention, that the recombinant tagless HetRV6 RdRp enzyme had some issues with
the stability and became inactive after approximately 6 months of storage at -20°C (the activity of the
His-tagged protein was not monitored). As one potential solution to the stability problem, a bovine
serum albumin can be added to the storage buffer to stabilize the polymerase.

The RdRps from dsRNA viruses possess at least transcription and replication activities. The
former one is required to synthesize (+)ssRNAs to direct production of the viral proteins, while the
latter activity is essential for the generation of viral genomic dsRNA on ssRNA template. A
transcription activity supporting a semi-conservative mechanism of mRNA synthesis was detected
for the recombinant HetRV6 RdRp (Levanova et al., 2021). Both His-tagged and tagless HetRV6
RdRps were able to catalyze RNA replication using native and heterologous ssRNA templates in the

absence of oligonucleotide primer and accessory proteins. The enzyme was fully processive on almost
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all templates used in the study. In general, recombinant RdRps do not have template-specificity in in
vitro assays, and catalyze RNA synthesis on any heterologous template that has a suitable 3’ end (e.g.,
contains a specific promoter sequence) or is annealed with a primer. The interaction with other viral
proteins are required to gain specificity towards the RNA template (Ferrari et al., 1999; Kao et al.,
2001). HetRV6 RdRp was able to initiate RNA replication without any primers, i.e. de novo. The de
novo mechanism of initiation has been demonstrated for all other studied to date RdRps from dsRNA
viruses, such as phi6 bacteriophage (Makeyev and Bamford, 2000; Butcher et al., 2001; Laurila et
al., 2002) and similar cystoviruses (Yang et al., 2001), picobirnavirus (Collier et al., 2016), reovirus
(Tao et al., 2002) and rotavirus (Lu et al., 2008). This mode of initiation is common also for viruses
with positive and negative RNA genomes (Kao et al., 2001; van Dijk et al., 2004). In general, de novo
initiation requires a higher concentration of one (NTP;) or two (NTP;+NTP;+1) first nucleotides, which
participate in the formation of a stable initiation complex (Kao et al., 2011; van Dijk et al., 2004;
Laurila et al., 2002; Morin et al., 2012). Surprisingly, HetRV6 RdRp operated better in the presence
of the increased concentration of the second NTP to be incorporated into the growing chain, ATP
(Figure 15). This raises the question of possible internal initiation used by HetRV6 RdRp. Thus, RdRp
from a negative-sense RNA virus, vesicular stomatitis virus, can initiate RNA synthesis both at the
very 3’ end of the template and internally, but the latter mechanism is substantially less efficient
(Morin et al., 2012). Further biochemical and structural studies are needed to understand the role of
NTPj+1 in the formation of the HetRV6 RdRp initiation complex.

I studied the role of divalent cations, Mg*" and Mn?*, on the activity of HetRV6 RdRp. While
presence of 2-4 mM Mg?" in the HetRV6 RdRp reaction buffer only slightly enhanced the dsRNA
synthesis, Mn?" ions were indispensable for HetRV6 polymerase activity in vitro (Figure 13)
suggesting its important role for catalysis. Viral RdRps share a catalytic mechanism common for all
polynucleotide polymerases, including DNA polymerases, RNA polymerases and reverse
transcriptases (Steitz, 1998). Based on the proposed two-metal-ion mechanism (Steitz, 1998; Genna
et al., 2018), the addition of an incoming NTP occurs at the 3’ end of the nascent strand via Sn2-like
phosphoryl transfer reaction. The two catalytic metal ions are coordinated by two invariant aspartate
residues in the catalytic center of RdRp. One metal ion (referred to as metal ion A, MeA) decreases
the affinity of the primer’s 3’-OH group for the hydrogen, assisting in the 3’ O™ nucleophilic attack
on the a-phosphate of the incoming NTP. The second metal ion (metal ion B, MeB) aids in the
leaving of pyrophosphate group, and both metal ions stabilize the pentacovalent transition state
(Figure 18). A third divalent cation (metal ion C, MeC) located close to the catalytic site was initially
identified in the structure of bacteriophage phi6 RdRp. It was defined as a non-catalytic ion (Butcher

et al., 2001), taking part in the correct orientation of the incoming triphosphate in the catalytic site
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and increasing flexibility of the enzyme, which is essential for its function (Poranen et al., 2008b).
Later the third divalent ion was identified in the structures of other viral RdRps (Monttinen et al.,
2012) and DNA polymerases (e.g., Nakamura et al., 2012; Gao and Yang, 2016). Based on structural,
kinetic and mutagenesis studies it seems that MeC plays a key catalytic role and a new “three-metal-
ion mechanism” of catalysis for DNA polymerases has been proposed (Gao and Yang, 2016; Tsai,
2019; Yang et al., 2016), which is likely applicable to RNA polymerases. Although there is some
argument over the catalytic role of MeC (Tsai, 2019; Wang and Smithline, 2019), nobody denies that
MeC ion stabilizes pyrophosphate (Figure 18).
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Figure 18. The presumptive three-metal-ion mechanism of RNA polymerase. (Reproduced with
modifications from (Tsai, 2019) using ChemDraw 19.1).

I optimized the reaction temperature since (Yang et al., 2003) reported that the temperature
has a significant effect onto initiation step. Although Heterobasidion host normally grows in the
laboratory at room temperature, the polymerization rate at 24°C was rather slow (~11 nt/min)
requiring roughly 3 h to replicate a viral genome. This slow rate of replication might be responsible
for the cryptic nature of the HetRV6 mycovirus. Although the highest replication rate was observed
at 37°C, this temperature is too different from the temperature range at which HetRV6 normally
operates. Furthermore, the mycoviruses are typically cleared from their hosts after incubation at 37°C
(Vainio et al., 2018). To find a compromise between the natural temperatures of HetRV6 functioning

and the RdRp polymerization rate, I conducted polymerization reactions at 30°C.
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Similar to several other dSRNA viruses characterized to date (Poranen et al., 2008a; Collier et
al., 2016; Graham et al., 2011), HetRV6 RdRp has TNTase activity. The precise function of this
activity is still enigmatic. However, it was hypothesized that TNTase activity is required to maintain

integrity of the 3’ ends of the viral RNA genomes (Ranjith-Kumar et al., 2001).

5. CONCLUSIONS

In the course of the experimental work, which is presented in the thesis and published last
year as an article (Levanova et al., 2021), I expressed, purified and characterized in vitro activities of
HetRV6 RdRp. The purification method that I developed to purify a tagless HetRV6 RdRp permit
the preparation of a highly active enzyme free from RNases within three working days. The enzyme
is mostly dependent on Mn?" ions rather than Mg?*, active on multiple heterologous templates as a
replicase and possesses a TNTase activity. The HetRV6 RdRp was the first biochemically
characterized RNA polymerase from the recently established family of dsRNA viruses

Curvulaviridae and the first polymerase from mycoviruses, in general.
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APPENDICES

Appendix 1.0ligonucleotodes used in the study (modified from Levanova et al., 2021)

Name Sequence!? Description Reference
Fwd HRV6 Ncol GCACCATGGCTTCAACTCCATCCTCATTTCA Cloning primer, Ncol site Levanova
G etal., 2021
Rev_ HRV6 HindIll GCAAAGCTTCTATCCTCGCCGCTCGGATCAA Cloning primer, HindIII site Levanova
T etal., 2021
HRV6 T7 Fwd full TAATACGACTCACTATAGGGCAATAAAGAA  Preparation of cDNA template  Levanova
GGGACTCAGG for HetRV6 RNAI* production et al., 2021
HRV6 Rev full CAGCAACCCGAGGACCTTC Preparation of cDNA template ~ Levanova
for HetRV6 RNA1" production et al., 2021
3’ end AGAGAGAGAGCCCCCGA Primer for preparation of cDNA  Yang et al.,
templates for phi6 s*, As* RNA, 2001
and all luc ssRNAs production
T7-1 CGCGTAATACGACTCACTATAG Preparation of cDNA template  Yang et al.,
for phi6 s™ and As” RNA 2001
production
3'end 6 GGGAGAGAGAGAGCCCCCGA Preparation of cDNA template ~ Wright et
for phi6 As'ccc RNA production  al., 2012
PBV2 T7 Fwd CGCGTAATACGACTCACTATAG Preparation of cDNA template  Collier et
TAAAATTTTCGAATTTTATAATAATTAAG for PBV RNA2* production al., 2016
PBV2 Rev GCAGTTGGGACTGTTAGTCCCAATG Preparation of cDNA template Collier et
for PBV RNA2" production al., 2016
pT7 3’end TAAGCTTGGGCTGCAGGT Preparation of cDNA template  Yang et al.,
for luc” 0 RNA 2001
pT7 3’end 2 CTAAGCTTGGGCTGCAGGT Preparation of cDNA template  Yang et al.,
for luc” 2RNA 2001
pT7 3’end 3 GTAAGCTTGGGCTGCAGGT Preparation of cDNA template  Yang et al.,
for luc® 3 RNA 2001
pT7 3’end 4 TTAAGCTTGGGCTGCAGGT Preparation of cDNA template  Yang et al.,
for luc® 4 RNA 2001

! Restriction enzyme cut sites are in bold
2T7 polymerase promoter sequence is underlined
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Appendix 2. SSRNA templates used in the polymerase assays (modified from Levanova et al., 2021)

SsRNA name Plasmid used for 3’-end sequence; description Length,
preparation nt
HetRV6 RNATY pCR2.1-TOPO- 5’-...GCUG-3’; native HetRV6 RNA1* 2050
HetRV6-RNALI
(Vainio et al., 2012)
PBV2* pMA-RQ PBV2 5’-...UAC-3’; native human PBV RNA2* 1745
(Collier et al., 2016)
phi6 s* pLM659 5’-...CUCU-3’; native phi6 S-segment sSRNA 2948
(Gottlieb et al., 1992)
phi6 As* (phi6 S-segment pEMI15 5’-...CUCU-3’; s with deletion of nts 593—2830 710
A593—2830) (Makeyev and
Bamford, 2000)
phi6 As'i3 the same 5’-...AUCCCC-3’; sA" with a 13-nt-long extension 723
forming a hairpin at the 3’-end
phi6 As*ccc the same 5’-...CUCUCUCCC-3’; As" with three nt extension at 713
the 3’-end
phi6 As'pp pEM19 5’-...UUCGCCCC-3’; sA" with a 13-nt stable 725
(Laurila et al., 2002) tetraloop at the 3’-end
luct 0 pT7luc 5’...UUA-3’; firefly luciferase mRNA 1824
(Kolb et al., 2000)
luct 2 the same 5’...UUAG-3’; firefly luciferase with 3’G extension 1825
luc” 3 the same 5°...UUAC-3’; firefly luciferase with 3’C extension 1825
luc” 4 the same 5’...UUAA-3’; firefly luciferase with 3’ A extension 1825
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Appendix 3. A fragment of pET-32b(+) expression region at the N-terminus of the HetRV6 RdRp!

T7 promoter

—_— > lac operator Xba | rbs
TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGARATAATTTTGTTTAACTTTAAGAAGGAGA

Trx+Tag Msc| His+Tag

ACATAT 315bp CTGGCCGGTTCTGGTTCTGGCCATATGCACCATCATCATCATCATTCTTCTGGTCTGGTGCCACGCGGTTI
Me 105aa. . .LeuA i aGlySerGlySerGiyH sMetH sH sHisHisHisH sSerSerGlyLeuValProAraGlySer
B & ¥ —_—
SeTag NspV Eeing %rgntler %Egg? . thrombin
GGTATGAAAGAAACCGCTGCTGCTAAATTCGA AGCACAT GATCTGGGTAC ACAAG
GlyMetLysG uThrAlcAlaAlal G AsplLeuGlyTh

—Hl enterokinase

I the full map of the pET-32a-c(+) vectors is accessible via  https://www.helmholtz-
muenchen.de/fileadmin/PEPF/pET vectors/pET-32a-c_map.pdf
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