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Abstract: The nodavirus flock house virus (FHV) and the alphavirus Semliki Forest virus (SFV)
show evolutionarily intriguing similarities in their replication complexes and RNA capping enzymes.
In this study, we first established an efficient FHV trans-replication system in mammalian cells,
which disjoins protein expression from viral RNA synthesis. Following transfection, FHV replicase
protein A was associated with mitochondria, whose outer surface displayed pouch-like invaginations
with a ‘neck’ structure opening towards the cytoplasm. In mitochondrial pellets from transfected
cells, high-level synthesis of both genomic and subgenomic RNA was detected in vitro and the
newly synthesized RNA was of positive polarity. Secondly, we initiated the study of the putative
RNA capping enzyme domain in protein A by mutating the conserved amino acids H93, R100,
D141, and W215. RNA replication was abolished for all mutants inside cells and in vitro except for
W215A, which showed reduced replication. Transfection of capped RNA template did not rescue
the replication activity of the mutants. Comparing the efficiency of SFV and FHV trans-replication
systems, the FHV system appeared to produce more RNA. Using fluorescent marker proteins,
we demonstrated that both systems could replicate in the same cell. This work may facilitate the
comparative analysis of FHV and SFV replication.

Keywords: RNA replication; nodavirus; alphavirus; RNA capping enzyme; replication complex

1. Introduction

Flock house virus (FHV), a member of the family Nodaviridae, was first isolated from a grass grub
(Costelytra zealandica) in New Zealand [1]. It is a small non-enveloped virus comprising an icosahedral
protein capsid and a single-stranded RNA genome of positive polarity [2,3]. Studies on FHV infection
and the replication of its genome have provided valuable insights about virus entry and assembly [3],
and antiviral immune response [4]. FHV has recently been used as a platform for the development of
novel vaccines [5–9].

The FHV genome is bipartite (Figure 1a). Both RNA1 (3.1 kb) and RNA2 (1.4 kb) are flanked by
untranslated regions (UTRs), are capped but not polyadenylated, and act as mRNA [9]. Protein A
(998 amino acids (aa)) is translated from RNA1 and is a prerequisite for viral replication to occur.
The C-terminal part of protein A exhibits motifs typical for RNA-dependent RNA polymerases (RdRps)
and the polymerase activity of the protein has been demonstrated [10]. During virus replication,
a subgenomic RNA3 is produced, from which proteins B1 and B2 are expressed. While the functions
of B1 are unclear, protein B2 contains a double-stranded RNA (dsRNA) binding domain and has
been shown to act as a silencing suppressor during insect cell infection [4]. RNA2 encodes the capsid
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protein α. Although FHV only infects insects in nature, the viral RNA replication process can take place
in many cell types including mammalian cells, plant cells, and even the baker’s yeast Saccharomyces
cerevisiae [11–13]. Thus, the host factors necessary for FHV replication must be generally available,
which makes it an attractive, versatile model system [14].
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Figure 1. Trans-replication of flock house virus (FHV). (a) Depiction of the bipartite FHV genome. 
Both RNA1 and RNA2 are capped, positive sense RNAs flanked by untranslated regions (UTRs). The 
replicase protein A is translated from RNA1. The subgenomic RNA3 arises from the subgenomic 
promoter (SGP) and is used for the production of the small proteins B1 and B2. RNA2 codes for the 
capsid protein α. The dotted lines denote the complementary negative strands generated during 
replication. (b) The plasmids for the trans-replication system produce RNAs from the T7 polymerase 
promoter, ending with the T7 terminator (T7 term) and/or ribozyme (Rz) elements. The locations for 
the polymerase inactivating mutation and the frameshift mutation are shown in red. (c) BSR T7/5 cells 
were transfected with the indicated plasmids and luciferase activity was measured 40 h post-
transfection. Luciferase signals are shown as mean (corrected for mock transfected background) from 
two independent experiments. Error bars represent the standard deviation. *** designates p < 0.001 
(Student’s t test). RLU: relative light units. (d) Replicase expression following transfections in BSR 
T7/5 cells was detected by Western blotting with anti-hemagglutinin (HA) antibodies. The expression 
of the cellular protein succinate dehydrogenase (SDHA) is shown as a control. (e) Viral RNA synthesis 
was analyzed by Northern blotting using probes designed to detect negative and positive strands 
RNAs. The asterisk marks an uncharacterized RNA product that was sometimes observed during 
minus strand detection. Rluc: Renilla luciferase 

Insect nodaviruses have been classified in the genus Alphanodavirus, whereas fish nodaviruses, 
some of which are economically important pathogens in aquaculture, have been classified in the 
genus Betanodavirus. However, recent studies indicate that nematodes and other organisms have 
nodavirus-like viruses [15]. Based on the similarities of RdRp sequences, metagenomic surveys of 
RNA viruses have placed nodaviruses and their relatives together with another group of simple 

Figure 1. Trans-replication of flock house virus (FHV). (a) Depiction of the bipartite FHV genome.
Both RNA1 and RNA2 are capped, positive sense RNAs flanked by untranslated regions (UTRs).
The replicase protein A is translated from RNA1. The subgenomic RNA3 arises from the subgenomic
promoter (SGP) and is used for the production of the small proteins B1 and B2. RNA2 codes
for the capsid protein α. The dotted lines denote the complementary negative strands generated
during replication. (b) The plasmids for the trans-replication system produce RNAs from the T7
polymerase promoter, ending with the T7 terminator (T7 term) and/or ribozyme (Rz) elements.
The locations for the polymerase inactivating mutation and the frameshift mutation are shown
in red. (c) BSR T7/5 cells were transfected with the indicated plasmids and luciferase activity
was measured 40 h post-transfection. Luciferase signals are shown as mean (corrected for mock
transfected background) from two independent experiments. Error bars represent the standard
deviation. *** designates p < 0.001 (Student’s t test). RLU: relative light units. (d) Replicase expression
following transfections in BSR T7/5 cells was detected by Western blotting with anti-hemagglutinin
(HA) antibodies. The expression of the cellular protein succinate dehydrogenase (SDHA) is shown as a
control. (e) Viral RNA synthesis was analyzed by Northern blotting using probes designed to detect
negative and positive strands RNAs. The asterisk marks an uncharacterized RNA product that was
sometimes observed during minus strand detection. Rluc: Renilla luciferase

Insect nodaviruses have been classified in the genus Alphanodavirus, whereas fish nodaviruses,
some of which are economically important pathogens in aquaculture, have been classified in
the genus Betanodavirus. However, recent studies indicate that nematodes and other organisms
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have nodavirus-like viruses [15]. Based on the similarities of RdRp sequences, metagenomic
surveys of RNA viruses have placed nodaviruses and their relatives together with another
group of simple positive-strand RNA viruses, the plant tombusviruses and their relatives [16,17].
This still rather tentative large group or superfamily of RNA viruses is called the tombus–noda
clade. All positive-strand viruses replicate their RNA in association with cellular membranes [18],
and interestingly both the tombusviruses and the nodaviruses induce similar, small membrane
invaginations (termed spherules) as their replication sites [19–21].

The alphavirus-like superfamily is a separate, well-characterized superfamily of positive-strand
RNA viruses, whose existence and monophyly are supported by the recent metagenomic studies [17,22].
Although there is no close relationship between the RdRps of alpha-like viruses and nodaviruses,
these groups unexpectedly share a conserved domain at the N-terminus of their replicase proteins [23].
In the animal alphaviruses, it has been biochemically characterized as the enzyme responsible for
viral RNA capping, and, therefore, we will refer to it as the RNA capping enzyme domain [23–25],
although we stress that this activity has not been established for the FHV protein. The capping enzyme
does not exist in the tombusviruses, whose genomes are uncapped. Thus, it is possible that the
shared capping enzyme domain represents ancient lateral gene transfer between alpha-like virus and
nodavirus ancestors.

We have studied the replication complexes and replication enzymes of alphaviruses [26].
Intriguingly, the alphavirus replication sites are also characterized as spherule invaginations on
membranes, which look quite similar to the nodavirus spherules in electron microscopic images
and low-resolution tomographic reconstructions [19,27–29]. To understand the deep roots of RNA
virus evolution, it would, therefore, be crucial to study, whether the spherules of alpha-like viruses
and noda–tombus-like viruses have only superficial similarity that arose via convergent evolution to
fulfill similar needs. Alternatively, it remains possible that they could display underlying structural
and functional similarities. In recent years, we have extensively used trans-replication systems to
characterize the replication complex spherules of alphaviruses [30]. In these systems, the replicase
proteins are expressed from a plasmid construct, and a replication-competent template RNA is
produced from a second plasmid. Therefore, the two components can be independently modified to
study, for instance, the requirements for spherule formation [31,32].

To facilitate the comparison between alphaviruses and FHV, we report here an efficient FHV
trans-replication system in mammalian cells, which is exactly analogous to the alphavirus system.
As a result, the replication of FHV and Semliki Forest virus (SFV) can now be compared side by side
to understand whether the spherules are formed by different or similar processes e.g., in terms of
host factor requirements. Secondly, we used the trans-replication system for initial characterization
of the conserved, putative RNA capping enzyme domain in protein A through mutational analysis.
Alteration of the most conserved residues in the putative capping domain completely abolished
RNA synthesis.

2. Materials and Methods

2.1. Plasmid Constructs

Plasmid containing the sequence of FHV RNA1 was a kind gift from Dr. Xi Zhou (Wuhan
University, China). All the constructs used in this study are under the bacteriophage T7 promoter
(Figure 1b). The P_HA replicase construct consists of an internal ribosome entry site (IRES) element
followed by FHV protein A, a spacer (GGSGGSGG), the influenza hemagglutinin (HA) tag and the
T7 terminator. P_GAA replicase construct was created with the same features as P_HA except that
a double mutation was introduced at positions 692/693 ((DD to AA) of protein A, resulting in an
inactivated polymerase. The replicase construct P_GAA_Vis was made by adding a second open
reading frame after the T7 terminator of P_GAA, encoding the fluorescent marker mCherry fused to
a nuclear localization signal (NLS), driven by a second the T7 promoter. P_GAA_Vis was used as a
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control for correlative light electron microscopy (CLEM) experiments to visualize the expression of the
polymerase defective protein after transfection, analogous to Kallio et al. [33]. The T_Rluc template
construct is flanked by FHV UTRs and contains the protein A sequence and Renilla luciferase (after
aa 100 of protein B2) under the control of the subgenomic promoter. A frameshift was introduced in
protein A as described by Miller et al. [12] to prevent protein A expression. Briefly, the complementary
DNA (cDNA) of RNA1 was digested at position 373 of RNA1, filled in with a T4 DNA polymerase
and re-ligated. The template T_eGFP was constructed by substituting Renilla luciferase with enhanced
green fluorescent protein (eGFP). The template FHV_T was created by cutting out GFP from T_eGFP
using the restriction enzyme NarI. The replicase capping mutants H93A, R100A, D141A and W215A
were generated using site-directed mutagenesis by polymerase chain reaction (PCR). The ∆2-35A
mutant was generated by introducing a NcoI site at position 35 of protein A during PCR followed by
restriction digestion. The SFV replicase constructs used have been previously described [30,34].

2.2. Cells, Transfection and Renilla Luciferase Assay

BSR T7/5 cells [35] were grown at 37 ◦C in a cell culture medium consisting of Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum (Gibco, Baltimore, MD, USA),
2% bacto tryptose phosphate broth (Difco, Becton, Dickinson and Company, Franklin Lakes, NJ, USA),
2 mM L-glutamine, 1% non-essential amino acids, 1 mg/mL G418, 100 U/mL penicillin and 100 µg/mL
streptomycin (Gibco) [35]. Polyethylenimine (PEI), linear molecular weight (MW) 25,000 (Polysciences,
Inc., Warrington, PA, USA) was used for the transfection of FHV constructs into BSR T7/5 cells at a 2:1
ratio of DNA to PEI in 150 mM NaCl. PEI was dissolved in sterile water to a final concentration of
1 mg/mL, the pH was adjusted to 7.2 with 1 M hydrochloric acid, sterilized by filtration through a
0.22 µm cellulose acetate filter and stored at −80 ◦C. Three cycles of freezing and thawing were done
before using the PEI transfection mixture. All transfections involving the SFV constructs were done
using Lipofectamine LTX & PLUS (Thermo Fisher Scientific, Waltham, MA, USA) and incubated at
37 ◦C. For 96-well plates, each well was co-transfected with 50 ng of FHV replicase plasmid and 50 ng
of FHV template plasmid or 40 ng of SFV replicase plasmid and 50 ng of SFV template plasmid. The
total amount of plasmid transfected was scaled up according to the surface area of the plate used.
Following transfections with FHV, cells were incubated at 28 ◦C up to 40 h. The medium was replaced
by cell culture medium at 20 h. The transfection of SFV constructs has been described previously [32].
At 40 h (FHV) or 16 h (SFV) post-transfection, the cells were lysed with Renilla luciferase (Rluc) assay
lysis buffer (Promega, Madison, WI, USA) and luminescence was measured using Rluc Assay Kit
(Promega) as per the manufacturer’s instructions.

2.3. Antibodies

Mouse monoclonal antibody against the flavoprotein subunit of the succinate dehydrogenase
involved in mitochondrial complex II (anti-SDHA) was purchased from Abcam. Mouse monoclonal
against the human influenza virus hemagglutinin tag (anti-HA tag) was purchased from Sigma-Aldrich.
Rabbit polyclonal anti-Tom20 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) was used as a primary
antibody for the detection of mitochondria in the immunofluorescence experiments. Mouse monoclonal
J2 antibody (Scion, Budapest, Hungary) was used for the detection of dsRNA. Secondary antibodies
used for immunofluorescence and conjugated with Alexa Fluor 488/568/647 were obtained from
Molecular Probes (Invitrogen, Carlsbad, CA, USA). IRDye 800 CW donkey anti-mouse IgG (H + L)
secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA) were used for Western blotting.

2.4. Western Blotting

BSR T7/5 cells, grown at 37 ◦C to confluency in 6-well plates, were co-transfected with 1.25 µg
of plasmid expressing FHV protein A and 1.25 µg of plasmid producing the FHV RNA template.
40 h post-transfection, the cells were washed with cold phosphate-buffered saline (PBS) and lysed in
2 × Laemmli buffer containing β-mercaptoethanol. The proteins were separated on a 10% sodium
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dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a Hybond
ECL nitrocellulose membrane (GE Healthcare Life Sciences, Chicago, IL, USA). The nitrocellulose
membrane was blocked in Tris-buffered saline (TBS) and 5% skim milk for 2 h at room temperature.
The membrane was then incubated with anti-HA tag and anti-SDHA antibodies in Tris-buffered
saline containing 0.1% Tween and 5% skim milk for an hour and washed several times to remove the
unbound the antibodies. Detection was done by incubating the membrane with secondary antibodies
for an hour at room temperature, followed by several washes. The proteins were visualized using
Odyssey infrared imaging system (LI-COR Biosciences).

2.5. Isolation of Crude Mitochondrial Pellet

Following transfection, BSR T7/5 cells were washed once with PBS, detached using a cell scraper
and transferred to a 50 mL Falcon tube. The cell suspension was centrifuged at 600× g for 10 min
at 4 ◦C. The supernatant was discarded and the cells were re-suspended in 3 mL homogenisation
buffer (10 mM Tris-MOPS (3-(N-morpholino)propanesulfonic acid), pH 7.4; 1 mM ethylene glycol
tetraacetic acid (EGTA); 200 mM sucrose; Pierce protease inhibitor, ethylenediaminetetraacetic acid
(EDTA)-free (Thermo Fisher Scientific); 0.2 U/µL RiboLock). Homogenisation was done with a 7 mL
Kimble Chase glass dounce tissue grinder (Sigma-Aldrich, St. Louis, MS, USA) with a glass B pestle
until approximately 90% of the cells appeared lysed under the light microscope. The lysate was
centrifuged at 600× g for 10 min at 4 ◦C to separate the cell debris and nuclear fraction from the
cytosolic fraction. The supernatant was collected and centrifuged at 7000× g for 10 min at 4 ◦C to
obtain a crude mitochondrial pellet (CMP). The CMP was washed with 200 µL WS buffer (50 mM
Tris-HCl, pH 7.5; Pierce protease inhibitor, EDTA-free; 0.2 U/µL RiboLock-Thermo Fisher Scientific)
and resuspended in 250 µL WS buffer. To preserve the integrity of the membranes in the CMP,
15% glycerol (v/v) was added to samples before storage in aliquots at −80 ◦C.

2.6. In Vitro Transcribed RNA Template

Ten µg of T_Rluc plasmid was linearized with EcoRI and electrophoresed in a 1% agarose gel.
The DNA band was excised from the gel and extracted using GeneJET gel extraction kit (Thermo Fisher
Scientific) as per the manufacturer’s instructions. In vitro transcribed uncapped T_Rluc and FHV_T
RNA were made by assembling on ice 750 ng linearized DNA, a final concentration of 1 mM (each)
ATP/CTP/GTP/UTP, 5 mM dithiothreitol (DTT), transcription buffer (Promega), 0.2 U/µL RNasin
ribonuclease inhibitor (Promega) and 40 U T7 RNA polymerase (Promega) in a final volume of 50 µL.
In vitro transcribed capped T_Rluc and FHV_T RNA were made similarly except for an rNTP mixture
comprising 1 mM ATP/CTP/UTP, 0.5 mM GTP and the addition of cap analog m7G(5′)ppp(5′)G
(New England BioLabs, Ipswich, MA, USA) to a final concentration of 1 mM. The reaction was
incubated for 2 h at 37 ◦C, after which 2 µL of RNase-free DNaseI (Promega) was added and further
incubated for 35 min. The reaction was stopped by adding 5 µL of DNase STOP solution (Promega)
and heating for 10 min at 65 ◦C. The newly transcribed RNA was precipitated by adding 7.5 M lithium
chloride (with 50 mM EDTA, pH 8.0) to a final concentration of 2.5 M lithium chloride. The mixture
was incubated overnight at −20 ◦C, followed by centrifugation for 20 min at 15,000× g at 4 ◦C.
The supernatant was carefully removed and discarded. The RNA pellet was washed with 70% ethanol
and centrifuged again. The ethanol was removed and the pellet allowed to air dry. The RNA template
was resuspended in 20 µL of 1 mM sodium citrate (pH 6.4) and kept on ice. The concentration was
measured with Nanodrop spectrophotometer and the integrity of the RNA was assessed by agarose
gel electrophoresis.

2.7. Flock House Virus In Vitro Replication Assay and Agarose Gel Electrophoresis

The FHV in vitro replication assay (IVRA) described here was adapted from Short et al. [36].
Briefly, 8 µL of CMP was added to a replication buffer (50 mM Tris, pH 8.0; 18 mM MgCl2; 30 mM KCl;
16 mM NaCl; 250 mM sucrose; 10 µg/mL actinomycin D; 0.2 U/µL RiboLock; 1 mM ATP/GTP/UTP;
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10 µM CTP; 5 µCi of CTP[α-32P] (specific activity, 3000 Ci/mmol, Perkin Elmer) to a final volume
of 50 µL. The reaction was incubated for 90 min at 30 ◦C and the unincorporated nucleotides
were removed using Micro Bio-Spin P-30 gel columns, Tris buffer, RNase-free (Bio-Rad, Berkeley,
CA, USA). RNA isolation was performed as described by Scholte et al. [37]. In brief, acid phenol
(Ambion) was used for the extraction following which RNA was precipitated with isopropanol,
washed with 75% ethanol, and re-suspended in 20 µL of 1 mM sodium citrate (pH 6.4). A denaturing
mixture (67% formamide, 23% formaldehyde, 6.7% glycerol, 13 mM MOPS (pH 7.2), 6.7 mM NaAc,
2.7 mM EDTA, 0.07% SDS, and 0.03% bromophenol blue) [37] was added to the RNA samples,
incubated at 75 ◦C for 15 min, briefly vortexed and put on ice. RNAs were separated in a 1% denaturing
formaldehyde agarose gel for 2 h at 100 V. The gel was dried and exposed to a phosphorimaging plate.
Detection was performed using Typhoon Trio (GE Healthcare Life Sciences).

2.8. Northern Blotting

Northern blotting was performed as described in Kallio et al. [31]. In brief, BSR T7/5 cells,
grown 37 ◦C to confluency in 6-well plates, were co-transfected with 1.25 µg of plasmid expressing FHV
protein A and 1.25 µg of plasmid producing the FHV RNA template. Cells were lysed and collected
with TRIsure reagent (Bioline Reagents Ltd, London, UK), followed by phenol-chloroform RNA
isolation. 2 µg of total RNA isolated were separated on a 1% denaturing agarose gel and transferred to
a positively charged Amersham Hybond-N+ nylon filter (GE Healthcare Life Sciences) by capillary
blotting overnight. RNA was cross-linked to the membrane with Stratalinker (Stratagene, La Jolla,
CA, USA). 32P-labeled antisense probes were made by in vitro transcription with T7 RNA polymerase
from PCR-amplified DNA fragments containing sequences of the Rluc gene and the T7 promoter.
The probe for positive-strand RNA detection corresponded to nucleotides 32 to 676, and the probe for
negative-strand RNA detection corresponded to nucleotides 38 to 623 of the Rluc gene as present on
template constructs. Hybridization was performed at 60 ◦C overnight with 106 cpm of the RNA probe.
The membrane was washed as described previously [38] and exposed to a phosphorimaging plate for
24 h. Detection was performed using Typhoon Trio (GE Healthcare Life Sciences).

2.9. Confocal Microscopy and Correlative Light Electron Microscopy

BSR T7/5 cells were seeded on glass coverslips and incubated overnight at 37 ◦C. The cells were
co-transfected with 250 ng of P_HA and 250 ng of T_eGFP using PEI reagent and the medium was
replaced after 20 h. At 40 h post-transfection, the cells were fixed with 4% paraformaldehyde for
20 min, washed three times with PBS, quenched with NH4Cl, washed three times with Dulbecco’s PBS
containing 0.2% bovine serum albumin (BSA) and permeabilized with 0.1% Triton X-100. The samples
were incubated with primary antibodies for 1 h, washed three times with Dulbecco’s PBS containing
0.2% BSA and incubated with secondary antibodies for 1 h followed by further washes. ProLongGold
containing DAPI (Molecular Probes, Eugene, OR, USA) was used for mounting. Imaging was done
with Leica (Wetzlar, Germany) TCS SP5 confocal microscope (HCX APO 63×/1.30 Corr glycerol
objective) or Leica TCS Sp5II HCS A confocal microscope (HCX PL APO 63×/1.2 WCorr/0.17 CS
water objective). The images were analyzed using ImageJ software.

For correlative light electron microscopy (CLEM), 7.5 × 104 BSR T7/5 cells were seeded on 35 mm
glass-bottom P35G-2-14-C Grid dishes (MatTek Corporation, Ashland, MA, USA) and incubated
overnight at 37 ◦C. Cells were co-transfected with 1 µg of P_HA + 1 µg of T_eGFP or P_GAA_Vis +
T_eGFP, using PEI reagent. Transfection of P123HA4 + Tmed + P_HA + T_eGFP (1 µg each) was
done with Lipofectamine LTX & PLUS (Thermo Fisher Scientific). For all samples, the medium was
replaced by cell culture medium after 20 h. At 40 h post-transfection, the cells were fixed with 2%
glutaraldehyde in 0.1 M sodium-cacodylate buffer (NaCac, pH 7.4) for 20 min at room temperature,
washed three times with 0.1 M NaCac buffer and left in the last wash. Cells expressing GFP were
imaged using fluorescent and differential interference contrast (DIC) settings on a Leica TCS Sp5II
HCS A confocal microscope with the HC PL APO 20×/0.7 CS (air) objective lens and the gridded
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dishes were marked accordingly. The samples were prepared for transmission electron microscopy
as previously described [39]. The positive cells observed during fluorescent and DIC imaging were
located using a Jeol JEM-1400 transmission electron microscope (Jeol USA Inc, Peabody, MA, USA),
and Gatan Orius (Gatan Inc., Pleasanton, CA, USA) SC 1000B bottom mounted CCD-camera was used
for imaging.

2.10. Polarity of RNA Products Detected with Capture Probes

EcoRI-linearized FHV_T_Rluc and FHV_T_minus and XhoI-linearized pEAV221∆ [34] plasmids
were used as templates for in vitro transcription. Transcripts of FHV_T_Rluc and FHV_T_minus
corresponding to capture probes for minus and plus strands, respectively, and a transcript containing
nucleotides 1-2042 of equine arteritis virus (EAV) genome were prepared using mMESSAGE
mMACHINE T7 Transcription Kit (Ambion) according to the manufacturer’s instructions. In vitro
transcription reactions to prepare 32P-labeled transcripts of FHV_T_Rluc and FHV_T_minus consisted
of 750 ng of the respective linearized plasmid, transcription buffer (Promega), 800 U/mL T7 RNA
polymerase (Promega), 1000 U/mL RiboLock (Thermo Fisher Scientific), 5 mM DTT, 1 mM ATP,
UTP, GTP and CTP, and 0.133 µM α-32P-CTP (20 µCi) (Perkin Elmer, Ayer Rajah, Singapore).
The reactions were incubated for 2 h at 37 ◦C followed by RQ1 RNase-free DNase treatment (40 U/mL;
Promega) for 35 min at 37 ◦C and inactivation by RQ1 DNase STOP solution (Promega) for 10 min
at 65 ◦C. Unincorporated label was removed using RNase-free Micro Bio-Spin P-30 Gel Columns
(Bio-Rad). Hybridization with the 32P-labeled RNA transcripts and IVRA products was performed as
described [34].

3. Results

3.1. Flock House Virus Trans-Replication System that Disassociates Viral Protein Expression and RNA Synthesis

The FHV trans-replication system was designed as depicted in Figure 1b, using bacteriophage
T7 promoter, with the aim of using it in BSR T7/5 cells, a subclone of baby hamster kidney (BHK)
cells expressing T7 polymerase [35]. We focused only on the replication and production of RNA1
and RNA3; RNA2 was not used in any experiment. The expression of protein A was boosted by
encephalomyocarditis virus internal ribosome entry site (IRES) and the protein was fused C-terminally
to influenza hemagglutinin (HA) tag, to produce the replicase plasmid termed P_HA. A second
replicase plasmid producing P_GAA contained a double missense mutation (DD to AA at positions
692/693 of protein A) with the intention of inactivating the polymerase. This mutation targets one of
the most conserved sites in polymerases [40]. The mRNAs for P_HA and P_GAA can be transcribed
intracellularly by the T7 polymerase present in BSR T7/5 cells, but they lack the viral UTRs required
for RNA replication. The template plasmid T_Rluc contains the UTRs and includes a frameshift that
prevents the expression of protein A. The gene encoding Rluc was inserted under the control of the
subgenomic promoter, in fusion with the B2 open reading frame.

The replicase and template constructs were transfected into BSR T7/5 cells and luciferase activity
was measured 40 h post-transfection (Figure 1c). High levels of luciferase were obtained from the P_HA
+ T_Rluc combination, as opposed to the background obtained from the inactive replicase P_GAA +
T_Rluc combination or T_Rluc alone. Protein expression was analyzed by Western blotting as seen
in Figure 1d. The inactivating polymerase mutation in P_GAA did not hinder protein A expression,
whereas the frameshift mutation in the T_Rluc template prevented it as expected. The analysis of viral
RNAs by Northern blotting revealed both genomic RNA1 and subgenomic RNA3 synthesis with the
active replicase (Figure 1e). The amplification of the RNA by protein A is considerable, as the initial
amount of positive-strand RNA1 produced by T7 polymerase was only detected in long exposures.
An additional band, not reported in infected cells, was detected by the minus strand probe. Its origin is
unknown, but replication systems can yield artefactual RNAs arising by various mechanisms [31,41].
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3.2. Flock House Virus Replicates in Close Association with Outer Mitochondrial Membranes in BSR T7/5 Cells

To better visualize FHV replication using microscopic techniques, the template plasmid T-eGFP
was created by substituting Rluc with eGFP, under the control of the subgenomic promoter (Figure 2a).
Following co-transfection with P_HA and T_eGFP, BSR T/5 cells with active trans-replication
displayed strong green fluorescence. Using antibodies, we observed a close association between
protein A and mitochondria as shown in Figure 2a. Secondly, the co-localization of dsRNA and the
mitochondrial marker Tom20 clearly showed that mitochondria are the site of RNA replication for
FHV in BSR T7/5 cells. The same combination of replicase and template plasmid constructs were
used in CLEM experiments where replication-positive cells were identified by eGFP fluorescence
and the samples were then further processed for electron microscopy. Mitochondria had undergone
severe morphological changes during FHV replication (Figure 2b). The cristae were barely visible,
and plentiful spherule invaginations were observed arising from the outer membrane. In contrast,
cells co-transfected with the polymerase defective replicase plasmid and template showed healthy
looking mitochondria (Figure 2b bottom right panel).
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Figure 2. FHV uses the mitochondria of BSR T7/5 cells as replication niche. (a) The template T_eGFP
expresses enhanced green fluorescent protein (eGFP) under the subgenomic promoter. BSR T7/5
cells were co-transfected with P_HA and T_eGFP. In the upper row, protein A (shown in cyan)
was detected with anti-HA antibodies whereas mitochondria (shown in red) were detected with
anti-Tom20 antibodies. In the lower row, double-stranded RNA (dsRNA, shown in yellow) was
detected together with Tom20 (shown in red). In both rows, the cytoplasmic green fluorescence due to
eGFP is shown on the left and the merged image on the right. The scale bars are 10 µM. (b) BSR T7/5
cells showing active replication were identified by green fluorescence and analyzed using correlative
light electron microscopy (CLEM). Spherules were observed on the outer mitochondrial membranes
in RNA replicating cells, as shown in different magnifications (three panels on the left). The black
arrowhead indicates the neck structure of a spherule. No spherules were detected in cells transfected
expressing P_GAA_Vis (which produces a red fluorescent marker from a second open reading frame)
and T_eGFP (rightmost panel).
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3.3. In Vitro Replication Based on the Trans-Replication System Yields Positive-Strand RNA

Following co-transfection of P_HA + T_Rluc in BSR T7/5 cells, a crude mitochondrial pellet
fraction was isolated by differential centrifugation and analyzed in an in vitro replication assay (IVRA).
We observed a re-activation of viral RNA replication with high synthesis of both genomic RNA1 and
subgenomic RNA3 (Figure 3a) when the reaction was allowed to proceed for 90 min at 30 ◦C. Clearly,
the replication complexes formed in cells remained active following crude mitochondrial pellet (CMP)
isolation and were able to replicate the T_Rluc template provided during transfection. As expected,
the polymerase-defective replicase control did not display any activity. RNA products were already
generated within the first 30 min of the reaction (Figure 3b). The reaction conditions used in the IVRA
were based on previous studies done using FHV [36] or alphaviruses [42,43]. Additionally, we wanted
to investigate the effect of varying temperatures on FHV replication in vitro. At 25 ◦C, visibly fewer
RNA products were generated whereas a considerable boost in RNA synthesis was observed at 37 ◦C
compared to IVRA at 30 ◦C (Figure 3c). In these experiments, the endogenous template present in the
CMP was replicated. Adding additional in vitro transcribed template had a slight boosting effect on
the activity, especially when added at high concentrations (Figure 3d).

To verify, whether the exogenously added template was able to replicate, we prepared a template
of different length. In the template FHV_T, the reporter gene has been deleted, and thus it is somewhat
shorter than T_Rluc, and corresponds to RNA1 (Figure 1a). FHV_T was also able to replicate under
the IVRA conditions, when it had been originally transfected to the cells (Figure 3e, second lane).
As expected, a CMP preparation containing protein A only did not show activity in the IVRA.
We then added in vitro transcribed T_Rluc RNA (either capped or not capped during the transcription
reaction) into these three types of CMP preparations. However, no additional bands were detected
(Figure 3e), and thus we conclude that the CMP preparations can only replicate the endogenous
template. This result has been reproduced with several protein A preparations not containing any
endogenous template.

To study the polarity of the FHV RNA synthesized, 32P-labeled IVRA products were hybridized
with a membrane containing capture probes specific to FHV RNA of positive or negative polarity and
a capture probe corresponding to EAV genomic fragment as a negative binding control. (Figure 3f).
The IVRA products from mock samples did not show significant binding while the RNA synthesized
in vitro by the isolated CMP strongly hybridized with the capture probe specific for the plus-strand
RNA. Minor binding to the capture probe specific for the minus-strand RNA was observed (Figure 3f).
32P-labeled plus- and minus-RNA transcripts of the FHV template showed binding to both capture
probes and thus the signals were quantified (Figure 3g). A strong hybridization was detected with
the probe recognizing the plus strand and RNA synthesized in the IVRA from P_HA + T_Rluc (76%).
The signal observed by the probe recognizing the minus strand (24%) was similar to the binding
of minus transcript and therefore considered as background binding. This demonstrates that RNA
products produced in vitro are mainly of positive polarity.
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Figure 3. FHV RNA replication in vitro. (a) BSR T7/5 cells were transfected with P_HA + T_Rluc and
P_GAA + T_Rluc. A crude mitochondrial pellet (CMP) was isolated by differential centrifugation 40 h
post-transfection. CMP was incubated in an in vitro replication assay (IVRA) for 90 min at 30 ◦C and
the RNA products were analyzed by electrophoresis and phosphorimaging. (b) The IVRA reactions
from P_HA + T_Rluc transfected cells were incubated for different time periods. (c) The IVRA reactions
were incubated at different temperatures for 90 min. (d) Different amounts of in vitro transcribed
T_Rluc RNA were added to the IVRA performed as in panel (a). (e) CMP preparations from cells
transfected with P_HA alone or with P_HA + T_Rluc (as before) or with P_HA + a shorter template
FHV_T (lacking the marker gene) were analyzed for IVRA activity as in panel (a). The reactions were
supplemented with 250 ng in vitro transcribed T_Rluc RNA (capped or uncapped), as indicated. (f)
RNA probes recognizing positive or negative T_Rluc strands were transcribed in vitro and immobilized
on membranes, followed by hybridization with IVRA from P_HA + T_Rluc transfected and mock
cells. Equine arteritis virus (EAV) transcript was used as a control. (g) Binding of T_Rluc plus and
minus transcripts as well as IVRA products to the capture probes was quantified in two independent
experiments. Blue indicates binding to the capture probe for the plus strand and magenta to the capture
probe for the minus strand.

3.4. Mutations in the RNA Capping Enzyme Domain of Flock House Virus Protein A Strongly Affect Replication

The role and importance of the putative RNA capping enzyme domain of protein A for FHV
replication has not been studied in detail. We therefore individually mutated four of the most
conserved amino acid residues in this domain, which were selected based on conservation in different
nodaviruses, as well as between nodaviruses and the alphavirus superfamily [23]. The homology
between the alphavirus and nodavirus enzymes is extremely low and based on family-level alignments,
only these four residues can be considered to be properly conserved between the two groups. The
putative roles of the residues are explained in the Discussion. The polymerase inactivating mutation
(P_GAA), and a small deletion at the membrane binding site of protein A (∆2-35) [44] were used as
controls. The deletion mutant produced a very low amount of RNA in the yeast system [44], and
the polymerase mutant is expected to have no replication activity. The sites of mutations are shown
schematically in Figure 4a. Cells were co-transfected with the various replicase protein mutants and
T_Rluc template, and the luciferase activity was measured (Figure 4a). All the capping mutants
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abolished viral replication except for the W215A mutant, which showed a reduction in luciferase
activity. The mutations did not seem to affect the protein expression level as shown in Figure 4b.
However, viral RNA synthesis was severely impaired, as detected for both negative and positive
strand levels (Figure 4c), and only the W215A mutant showed significant RNA synthesis above the
background. Finally, CMP fractions prepared from cells containing the mutant proteins and T_Ruc
template were analyzed in IVRA. In concordance with the other results, only the W215A mutant was
capable of in vitro RNA synthesis at reduced levels (Figure 4d). The mutant reproducibly synthesized a
slightly lower proportion of RNA3 relative to RNA1, when compared to the wild type control reaction.Viruses 2018, 10, x FOR PEER REVIEW  11 of 18 
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could be rescued by the transfection of capped RNA template for replication. For wild type protein 
A, replication was equally efficient, when the template was provided from DNA (as before) or by 
transfection of either capped or uncapped RNA (Figure 5a, the first three lanes). When the mutant 
proteins were provided with capped RNA, they did not display any additional replication activity, 
and only the mutant W215A showed a low level of RNA synthesis (Figure 5a). Luciferase activity 
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equal expression of the proteins, when capped RNA template was co-transfected with the protein 
expression plasmids (Figure 5c). 

Figure 4. Mutational analysis of the FHV RNA capping enzyme. (a) BSR T7/5 cells were co-transfected
with each FHV protein A mutant construct and template construct T_Rluc. Rluc activity was measured
40 h post-transfection. Mock values have been subtracted, error bars represent the standard deviation
and ** designates p < 0.01 (Student’s t test). The location of the mutations is shown schematically on
the right. RLU: relative light units. (b) Expression of protein A variants as detected by Western blotting
with anti-HA antibodies; SDHA was used as a control. (c) Viral RNA synthesis detected by Northern
blotting for minus and plus strands as indicated. (d) CMP fractions were isolated from transfected cells
and used in the IVRA. The spike-in of short radioactive RNA was used to ensure equal isolation and
loading of RNA. The relative density of the bands was measured with ImageJ software.

To understand the action of the mutants further, we studied whether their replication activity
could be rescued by the transfection of capped RNA template for replication. For wild type protein
A, replication was equally efficient, when the template was provided from DNA (as before) or by
transfection of either capped or uncapped RNA (Figure 5a, the first three lanes). When the mutant
proteins were provided with capped RNA, they did not display any additional replication activity,
and only the mutant W215A showed a low level of RNA synthesis (Figure 5a). Luciferase activity
results were in concordance with the RNA synthesis (Figure 5b), and Western blotting confirmed the
equal expression of the proteins, when capped RNA template was co-transfected with the protein
expression plasmids (Figure 5c).
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Figure 5. Capped RNA does not rescue the replication of the capping enzyme mutants. BSR T7/5
cells were co-transfected with the indicated FHV protein A constructs and either T_Rluc DNA or an
in vitro transcribed FHV_T RNA template (capped or uncapped as indicated). (a) Viral RNA synthesis
was detected by Northern blotting for minus and plus strands. (b) Rluc activity was measured 40 h
post-transfection and the error bars represent the standard deviation. The data shown is a representative
experiment. (c) Expression of protein A as detected by Western blotting with anti-HA antibodies; SDHA
was used as a control. Note the slightly different sample order between panel (a) and panels (b) and (c).

3.5. Comparison of Semliki Forest Virus and Flock House Virus Replication Systems

Trans-replication systems have been used to study the alphaviruses SFV and chikungunya
virus, of which SFV system is better characterized [30,31,39,45,46]. Therefore, we set out to compare
the efficiency of SFV and FHV trans-replication systems. The plasmid constructs used for the SFV
trans-replication system are depicted in Figure 6a. Non-structural proteins (nsPs) 1–4 constitute
the viral replicase proteins required for SFV replication and are expressed from P123HA4, driven by
the T7 promoter with nsP3 fused to the HA tag. Similar to the FHV virus polymerase-defective
plasmid P_GAA, a SFV replicase construct P123HA4_GAA was created by mutating the catalytic
domain of the SFV polymerase in nsP4. The Tmed template construct consists of Rluc under the T7
promoter and a Tomato fluorescent marker under the subgenomic promoter. In contrast, the CFP_Stluc
template construct contains a cyan fluorescent protein (CFP) under the T7 promoter and Rluc under
the subgenomic promoter. P123HA4 or P123HA4_GAA was co-transfected with Tmed or CFP_Stluc in
BSR T7/5 cells and incubated for 16 h. Luciferase activities were high when P123HA4 and the templates
were co-transfected whereas the P123HA4_GAA control only gave rise to background luciferase activity
as shown in Figure 6b. As expected, a larger background was observed with Tmed as compared
to CFP_Stluc because of the T7-driven transcripts generated in the cells can express luciferase in
the former template. However, the fold amplification was rather similar. The FHV trans-replication
(Figure 1c) showed a higher fold amplification than SFV (Figure 6b), but these values cannot be properly
compared, as they are indirect measures requiring protein expression. Therefore, viral RNA synthesis
of both trans-replication systems was analyzed in juxtaposition by Northern blotting (Figure 6c).
After the transfection with either the SFV or the FHV trans-replication systems, the cells were lysed,
RNA isolation was performed by phenol/chloroform extraction and an equal amount of total RNA
(2 micrograms) was separated in a denaturing gel. Since we used probes recognizing a portion of
the Rluc sequence, both genomic and subgenomic RNAs were detected for SFV co-transfections
involving CFP_Stluc and FHV co-transfections and only the genomic RNA was detected with Tmed.
Interestingly, the FHV trans-replication system was seen to generate larger amounts of viral RNA
transcripts (Figure 6c). SFV appears to produce more genomic RNA, whereas FHV produces more
subgenomic RNA.
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all the systems. (d) BSR T7/5 cells were transfected with the two replication systems together (P123HA4+ 
Tmed + P_HA + T_eGFP) using Lipofectamine at 28 °C and RNA replication was detected by microscopy 
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Both SFV and FHV use cellular membranes for their replication [47]. To test whether SFV and 
FHV can replicate in the same cell, we transfected BSR T7/5 cells with P123HA4 + Tmed + P_HA + 
T_eGFP and looked for active viral replication by immunofluorescence 40 h post-transfection. The 
transfection efficiency was relatively low and some cells were seen to display either FHV or SFV 
replication as seen in Figure 6d (left panel). However, a few cells exhibited both green fluorescence, 
coming from the FHV trans-replication system, and red fluorescence, coming from the SFV trans-
replication system (Figure 6d, right panel). This demonstrates that SFV and FHV trans-replication systems 
can function in the same cell to some extent, inducing reporter gene expression from their respective 
templates. Interestingly, there appeared to be a reduction in green and red fluorescence when both 
systems are active in the cell, which can translate to a reduction in replication activity compared to having 

Figure 6. Comparison of Semliki Forest virus (SFV) and FHV trans-replication systems. (a) Graphic
representation of the SFV trans-replication system. In the two templates used here, Rluc is placed
under the genomic or subgenomic promoter. The abbreviations and symbols are as in Figure 1.
Non-structural proteins (nsPs) 1–4 represent the SFV replicase proteins. Tomato and cyan fluorescent
proteins (CFP) are the fluorescent markers present on the templates. (b) BSR T7/5 cells were transfected
with the SFV trans-replication systems and incubated at 37 ◦C for 16 h. Luciferase signals are shown
as means from two independent experiments and the mock values have been subtracted. Error bars
represent the standard deviation. ** designates p < 0.01 (Student’s t test). The templates used are
indicated as superscripts together with the replicase plasmids. (c) Viral RNA synthesis was detected by
Northern blotting using probes designed to detect negative and positive strands, using probes for the
Rluc encoding region, common to all the systems. (d) BSR T7/5 cells were transfected with the two
replication systems together (P123HA4+ Tmed + P_HA + T_eGFP) using Lipofectamine at 28 ◦C and
RNA replication was detected by microscopy 40 h post-transfection. Green fluorescence represents
FHV replication while red fluorescence represents SFV replication.

Both SFV and FHV use cellular membranes for their replication [47]. To test whether SFV and FHV
can replicate in the same cell, we transfected BSR T7/5 cells with P123HA4 + Tmed + P_HA + T_eGFP
and looked for active viral replication by immunofluorescence 40 h post-transfection. The transfection
efficiency was relatively low and some cells were seen to display either FHV or SFV replication as seen
in Figure 6d (left panel). However, a few cells exhibited both green fluorescence, coming from the
FHV trans-replication system, and red fluorescence, coming from the SFV trans-replication system
(Figure 6d, right panel). This demonstrates that SFV and FHV trans-replication systems can function
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in the same cell to some extent, inducing reporter gene expression from their respective templates.
Interestingly, there appeared to be a reduction in green and red fluorescence when both systems are
active in the cell, which can translate to a reduction in replication activity compared to having only
one trans-replication system active at a time. The low transfection efficiency limits the co-replication
experiments, but it should be noted that for comparative studies of FHV and SFV replication, it is
sufficient that the replication is observed in parallel experiments using each system individually.

4. Discussion

Previous work has established that FHV RNA replication can take place in baby hamster kidney
cells and their derivatives, the T7 polymerase-expressing BSR T7/5 cells [13,48]. Since FHV RNA2
is always replicated in trans by protein A, it could be assumed that the expression of protein A can
also be uncoupled from the replication of RNA1. In fact, such a trans-replication system for RNA1
replication has been used to analyze the host factors required for FHV replication in yeast cells [14].
In contrast, the trans-replication system described here utilizes plasmid vectors in BSR cells (Figure 1),
thus creating a system equivalent to the powerful alphavirus replication system we have reported
previously [30].

This system yields high levels of FHV RNA synthesis and amplification, exceeding the level of
alphavirus RNA, and prominent spherules on mitochondrial surfaces (Figures 2 and 6). The system
can be used as a basis for in vitro replication experiments, in which, similar to alphaviruses, mainly
positive strand RNAs are produced (Figure 3) [34,49]. In contrast to a recent study [36], we find that
the endogenous template present inside the cells is sufficient for replication activity in vitro. As a side
note, we have used PEI as a transfection reagent for FHV and it was seen to give good transfection
results. During transfection, DNA and PEI form polyplexes, bind to syndecans, are internalized by the
clathrin-dependent or caveolae-dependent pathway, and are transported to late endosomes. The cell
line and the nature of the polyplex determine which pathway is used most efficiently [50]. In contrast,
the alphavirus system in BSR cells favors lipofectamine to PEI. This disparity could be due to the
different replication sites (plasma membrane for alphaviruses and mitochondria for FHV) [19,51] or
other factors related to the replication of the two viruses.

We have kept the BSR cells at 28 ◦C following transfection with the FHV replication system,
as previously reported [48], because we have observed that incubation at 37 ◦C after transfection did
not yield replication. It seems contradictory that no RNA replication was detected when cells were
kept at 37 ◦C, but replication in vitro was very efficient at this high temperature (Figure 3c). This could
suggest that the assembly of the replicase is temperature-sensitive, but when assembled, its function
can be maintained at higher temperatures. However, a recent study suggests the intriguing alternative
explanation that mitochondria usually operate at considerably higher temperatures compared to the
cell cytoplasm [52]. Thus, the contradiction could be resolved, if the mitochondria (the replication
sites) inside cells incubated at 28 ◦C, in fact, are operating at significantly higher local temperatures.

Although the nodavirus RNAs are capped, and the N-terminal domain of protein A is
related to known capping enzymes, the capping enzyme activity of protein A has not been
reported [23,53,54]. So far, our own attempts to demonstrate either the RNA capping or related
guanine-7-methyltransferase activities for protein A have not been successful. Therefore, to start
analyzing the significance of this enzyme for RNA replication, we mutated the most conserved amino
acids of the capping domain. The sequence conservation between the nodavirus and alpha-like virus
capping enzyme domain is quite limited [23], and so only four sites were initially selected for mutation.
H93 corresponds to the proposed covalent guanylate binding site during RNA capping [55,56] and
R100 is a highly conserved charged residues whose function remains uncertain [23]. The D141 residue
is proposed to bind the methyl donor S-adenosylmethionine [55], and W215 corresponds to a conserved
essential tyrosine in alphaviruses [23,55,57]. Of these, the W215A mutant is active in RNA synthesis at
reduced levels (Figure 4), and so it seems that this residue is less important for FHV than the conserved
tyrosine is in alphaviruses [33,57]. Interestingly, the three other FHV mutants fail to make any RNA
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(Figure 4), whereas the corresponding alphavirus and brome mosaic virus (BMV) mutants are active in
at least minus strand synthesis [33,58]. This indicates mechanistic differences in RNA synthesis/RNA
capping in the two virus groups. Furthermore, transfection of capped RNA template cannot rescue the
replication activity of the mutants (Figure 5). It is currently unknown, why mutations at the putative
capping enzyme active site seem to prevent all forms of FHV RNA synthesis. It is possible that the
capping enzyme would be involved in the RNA binding/recruitment of the positive-sense RNA
when the replication complexes are formed. There are other possibilities, such as the tight coupling
of the RNA capping step and RNA replication, or very high sensitivity of the uncapped RNAs for
degradation, but as mechanistic knowledge of the FHV polymerase remains sparse, these and further
possibilities remain speculative. This result is a good example of the value of trans-replication systems
in functional analysis, since the capping enzyme mutants are simply lethal in alphavirus genomes,
precluding further experiments [57]. The RNA capping enzyme of the alpha-like group is a promising
antiviral target due to the enzyme’s unusual mechanism [24,59], and, therefore, it is important to
continue the structural and functional analysis of this viral enzyme family.

Beyond the individual enzymes, the entire replication complex or spherule is of general interest
from the perspective of virus evolution, as explained in the Introduction. SFV and FHV use different
cellular compartments for their replication [19,51]. The low-resolution structure of FHV replicase was
recently revealed to be a ‘crown’ of twelve-fold symmetry located at the neck of the spherule [60].
It would be important to analyze whether the alphavirus-like spherules have any similarity to
this structure, and whether similar host factors are required for spherule biogenesis in these two
groups of viruses. Based on luciferase activity and detection of viral synthesis by Northern blotting,
we established that the FHV trans-replication system is more efficient than the SFV trans-replication
system (Figure 6b,c). We wondered whether both systems could coexist in the same cell. Hence, both
the SFV and FHV trans-replication systems were co-transfected using lipofectamine and incubated at
28 ◦C. While this temperature is optimal for FHV replication, it slows down but does not block SFV
replication [61]. Three clear phenotypes were observed (Figure 6d): FHV only replicated, SFV only
replicated, or both viruses replicated in the same cell, although only a few cells exhibiting both
green and red fluorescence were identified, which could be due to the low transfection efficiency.
When we attempted CLEM with the same set of constructs, we could not observe FHV spherules
(in mitochondria) together with SFV spherules (on the plasma membrane) in the same cell. A possible
explanation would be that usually only one system could establish a high-level replication in an
individual cell.

Author Contributions: T.Q. and T.A. conceived and designed the experiments; T.Q., Y.C. and M.K.P. performed the
experiments; T.Q. and T.A. wrote the paper; all the authors participated in data analysis and manuscript revision.

Funding: This research was funded by Academy of Finland (grant 307802 to T.A) and Suomalainen Tiedeakatemia
(Vilho, Yrjö ja Kalle Väisälä Fund, to T.Q.). T.Q. was also supported by a fellowship from the Doctoral Programme
in Microbiology and Biotechnology from the University of Helsinki.

Acknowledgments: The authors thank Dr. David Karlin and Dr. Kirsi Hellström for valuable discussions.
We thank the electron microscopy unit at the University of Helsinki for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Scotti, P.D.; Dearing, S.; Mossop, D.W. Flock house virus: A nodavirus isolated from Costelytra zealandica
(white) (coleoptera: Scarabaeidae). Arch. Virol. 1983, 75, 181–189. [CrossRef] [PubMed]

2. Nangia, S.; May, E.R. Influence of membrane composition on the binding and folding of a membrane lytic
peptide from the non-enveloped flock house virus. Biochim. Biophys. Acta 2017, 1859, 1190–1199. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/BF01315272
http://www.ncbi.nlm.nih.gov/pubmed/6188442
http://dx.doi.org/10.1016/j.bbamem.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28395954


Viruses 2018, 10, 483 16 of 18

3. Odegard, A.L.; Kwan, M.H.; Walukiewicz, H.E.; Banerjee, M.; Schneemann, A.; Johnson, J.E. Low endocytic
pH and capsid protein autocleavage are critical components of flock house virus cell entry. J. Virol. 2009, 83,
8628–8637. [CrossRef] [PubMed]

4. Chao, J.A.; Lee, J.H.; Chapados, B.R.; Debler, E.W.; Schneemann, A.; Williamson, J.R. Dual modes of
RNA-silencing suppression by flock house virus protein B2. Nat. Struct. Mol. Biol. 2005, 12, 952–957.
[CrossRef] [PubMed]

5. Zhou, Y.; McCormick, A.A.; Kearney, C.M. Plant expression of trans-encapsidated viral nanoparticle vaccines
with animal RNA replicons. Methods Mol. Biol. 2017, 1499, 77–86. [PubMed]

6. Destito, G.; Schneemann, A.; Manchester, M. Biomedical nanotechnology using virus-based nanoparticles.
Curr. Top. Microbiol. Immunol. 2009, 327, 95–122. [PubMed]

7. Zhou, Y.; Kearney, C.M. Chimeric flock house virus protein a with endoplasmic reticulum-targeting domain
enhances viral replication and virus-like particle trans-encapsidation in plants. Virology 2017, 507, 151–160.
[CrossRef] [PubMed]

8. Manayani, D.J.; Thomas, D.; Dryden, K.A.; Reddy, V.; Siladi, M.E.; Marlett, J.M.; Rainey, G.J.; Pique, M.E.;
Scobie, H.M.; Yeager, M.; et al. A viral nanoparticle with dual function as an anthrax antitoxin and vaccine.
PLoS Pathog. 2007, 3, 1422–1431. [CrossRef] [PubMed]

9. Venter, P.A.; Schneemann, A. Recent insights into the biology and biomedical applications of flock house
virus. Cell. Mol. Life Sci. 2008, 65, 2675–2687. [CrossRef] [PubMed]

10. Wu, W.; Wang, Z.; Xia, H.; Liu, Y.; Qiu, Y.; Liu, Y.; Hu, Y.; Zhou, X. Flock house virus RNA polymerase
initiates RNA synthesis de novo and possesses a terminal nucleotidyl transferase activity. PLoS ONE 2014, 9,
e86876. [CrossRef] [PubMed]

11. Selling, B.H.; Allison, R.F.; Kaesberg, P. Genomic RNA of an insect virus directs synthesis of infectious virions
in plants. Proc. Natl. Acad. Sci. USA 1990, 87, 434–438. [CrossRef] [PubMed]

12. Price, B.D.; Rueckert, R.R.; Ahlquist, P. Complete replication of an animal virus and maintenance of
expression vectors derived from it in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 1996, 93, 9465–9470.
[CrossRef] [PubMed]

13. Ball, L.A. Cellular expression of a functional nodavirus RNA replicon from vaccinia virus vectors. J. Virol.
1992, 66, 2335–2345. [PubMed]

14. Hao, L.; Lindenbach, B.; Wang, X.; Dye, B.; Kushner, D.; He, Q.; Newton, M.; Ahlquist, P. Genome-wide
analysis of host factors in nodavirus RNA replication. PLoS ONE 2014, 9, e95799. [CrossRef] [PubMed]

15. Felix, M.A.; Ashe, A.; Piffaretti, J.; Wu, G.; Nuez, I.; Belicard, T.; Jiang, Y.; Zhao, G.; Franz, C.J.; Goldstein, L.D.;
et al. Natural and experimental infection of Caenorhabditis nematodes by novel viruses related to nodaviruses.
PLoS Biol. 2011, 9, e1000586. [CrossRef] [PubMed]

16. Shi, M.; Lin, X.D.; Tian, J.H.; Chen, L.J.; Chen, X.; Li, C.X.; Qin, X.C.; Li, J.; Cao, J.P.; Eden, J.S.; et al. Redefining
the invertebrate RNA virosphere. Nature 2016, 540, 539–543. [CrossRef] [PubMed]

17. Dolja, V.V.; Koonin, E.V. Metagenomics reshapes the concepts of RNA virus evolution by revealing extensive
horizontal virus transfer. Virus Res. 2018, 244, 36–52. [CrossRef] [PubMed]

18. Salonen, A.; Ahola, T.; Kaariainen, L. Viral RNA replication in association with cellular membranes. Curr. Top.
Microbiol. Immunol. 2005, 285, 139–173. [PubMed]

19. Miller, D.J.; Schwartz, M.D.; Ahlquist, P. Flock house virus RNA replicates on outer mitochondrial membranes
in Drosophila cells. J. Virol. 2001, 75, 11664–11676. [CrossRef] [PubMed]

20. Di Franco, A.; Russo, M.; Martelli, G.P. Ultrastructure and origin of cytoplasmic multivesicular bodies
induced by carnation Italian ringspot virus. J. Gen. Virol. 1984, 65, 1233–1237. [CrossRef]

21. Barajas, D.; Martin, I.F.; Pogany, J.; Risco, C.; Nagy, P.D. Noncanonical role for the host Vps4 AAA+ ATPase
ESCRT protein in the formation of tomato bushy stunt virus replicase. PLoS Pathog. 2014, 10, e1004087.
[CrossRef] [PubMed]

22. Koonin, E.V.; Dolja, V.V. Evolution and taxonomy of positive-strand RNA viruses: Implications of
comparative analysis of amino acid sequences. Crit. Rev. Biochem. Mol. Biol. 1993, 28, 375–430. [CrossRef]
[PubMed]

23. Ahola, T.; Karlin, D.G. Sequence analysis reveals a conserved extension in the capping enzyme of the
alphavirus supergroup, and a homologous domain in nodaviruses. Biol. Direct 2015, 10, 16. [CrossRef]
[PubMed]

http://dx.doi.org/10.1128/JVI.00873-09
http://www.ncbi.nlm.nih.gov/pubmed/19553341
http://dx.doi.org/10.1038/nsmb1005
http://www.ncbi.nlm.nih.gov/pubmed/16228003
http://www.ncbi.nlm.nih.gov/pubmed/27987143
http://www.ncbi.nlm.nih.gov/pubmed/19198572
http://dx.doi.org/10.1016/j.virol.2017.04.018
http://www.ncbi.nlm.nih.gov/pubmed/28437636
http://dx.doi.org/10.1371/journal.ppat.0030142
http://www.ncbi.nlm.nih.gov/pubmed/17922572
http://dx.doi.org/10.1007/s00018-008-8037-y
http://www.ncbi.nlm.nih.gov/pubmed/18516498
http://dx.doi.org/10.1371/journal.pone.0086876
http://www.ncbi.nlm.nih.gov/pubmed/24466277
http://dx.doi.org/10.1073/pnas.87.1.434
http://www.ncbi.nlm.nih.gov/pubmed/2296598
http://dx.doi.org/10.1073/pnas.93.18.9465
http://www.ncbi.nlm.nih.gov/pubmed/8790353
http://www.ncbi.nlm.nih.gov/pubmed/1548766
http://dx.doi.org/10.1371/journal.pone.0095799
http://www.ncbi.nlm.nih.gov/pubmed/24752411
http://dx.doi.org/10.1371/journal.pbio.1000586
http://www.ncbi.nlm.nih.gov/pubmed/21283608
http://dx.doi.org/10.1038/nature20167
http://www.ncbi.nlm.nih.gov/pubmed/27880757
http://dx.doi.org/10.1016/j.virusres.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29103997
http://www.ncbi.nlm.nih.gov/pubmed/15609503
http://dx.doi.org/10.1128/JVI.75.23.11664-11676.2001
http://www.ncbi.nlm.nih.gov/pubmed/11689648
http://dx.doi.org/10.1099/0022-1317-65-7-1233
http://dx.doi.org/10.1371/journal.ppat.1004087
http://www.ncbi.nlm.nih.gov/pubmed/24763736
http://dx.doi.org/10.3109/10409239309078440
http://www.ncbi.nlm.nih.gov/pubmed/8269709
http://dx.doi.org/10.1186/s13062-015-0050-0
http://www.ncbi.nlm.nih.gov/pubmed/25886938


Viruses 2018, 10, 483 17 of 18

24. Ahola, T.; Kaariainen, L. Reaction in alphavirus mRNA capping: Formation of a covalent complex of
nonstructural protein nsP1 with 7-methyl-GMP. Proc. Natl. Acad. Sci. USA 1995, 92, 507–511. [CrossRef]
[PubMed]

25. Li, C.; Guillen, J.; Rabah, N.; Blanjoie, A.; Debart, F.; Vasseur, J.J.; Canard, B.; Decroly, E.; Coutard, B. mRNA
capping by Venezuelan equine encephalitis virus nsP1: Functional characterization and implications for
antiviral research. J. Virol. 2015, 89, 8292–8303. [CrossRef] [PubMed]

26. Kaariainen, L.; Ahola, T. Functions of alphavirus nonstructural proteins in RNA replication. Prog. Nucleic
Acid Res. Mol. Biol. 2002, 71, 187–222. [PubMed]

27. Grimley, P.M.; Berezesky, I.K.; Friedman, R.M. Cytoplasmic structures associated with an arbovirus infection:
Loci of viral ribonucleic acid synthesis. J. Virol. 1968, 2, 1326–1338. [PubMed]

28. Kopek, B.G.; Perkins, G.; Miller, D.J.; Ellisman, M.H.; Ahlquist, P. Three-dimensional analysis of a viral RNA
replication complex reveals a virus-induced mini-organelle. PLoS Biol. 2007, 5, e220. [CrossRef] [PubMed]

29. Froshauer, S.; Kartenbeck, J.; Helenius, A. Alphavirus RNA replicase is located on the cytoplasmic surface of
endosomes and lysosomes. J. Cell Biol. 1988, 107, 2075–2086. [CrossRef] [PubMed]

30. Spuul, P.; Balistreri, G.; Hellstrom, K.; Golubtsov, A.V.; Jokitalo, E.; Ahola, T. Assembly of alphavirus
replication complexes from RNA and protein components in a novel trans-replication system in mammalian
cells. J. Virol. 2011, 85, 4739–4751. [CrossRef] [PubMed]

31. Kallio, K.; Hellstrom, K.; Balistreri, G.; Spuul, P.; Jokitalo, E.; Ahola, T. Template RNA length determines
the size of replication complex spherules for Semliki Forest virus. J. Virol. 2013, 87, 9125–9134. [CrossRef]
[PubMed]

32. Hellstrom, K.; Kallio, K.; Utt, A.; Quirin, T.; Jokitalo, E.; Merits, A.; Ahola, T. Partially uncleaved alphavirus
replicase forms spherule structures in the presence and absence of RNA template. J. Virol. 2017, 91, e00787-17.
[CrossRef] [PubMed]

33. Kallio, K.; Hellstrom, K.; Jokitalo, E.; Ahola, T. RNA replication and membrane modification require the
same functions of alphavirus nonstructural proteins. J. Virol. 2016, 90, 1687–1692. [CrossRef] [PubMed]

34. Pietila, M.K.; Albulescu, I.C.; Hemert, M.J.V.; Ahola, T. Polyprotein processing as a determinant for in vitro
activity of Semliki Forest virus replicase. Viruses 2017, 9, 292. [CrossRef] [PubMed]

35. Buchholz, U.J.; Finke, S.; Conzelmann, K.K. Generation of bovine respiratory syncytial virus (BRSV) from
cDNA: BRSV NS2 is not essential for virus replication in tissue culture, and the human RSV leader region
acts as a functional BRSV genome promoter. J. Virol. 1999, 73, 251–259. [PubMed]

36. Short, J.R.; Speir, J.A.; Gopal, R.; Pankratz, L.M.; Lanman, J.; Schneemann, A. Role of mitochondrial
membrane spherules in flock house virus replication. J. Virol. 2016, 90, 3676–3683. [CrossRef] [PubMed]

37. Scholte, F.E.; Tas, A.; Martina, B.E.; Cordioli, P.; Narayanan, K.; Makino, S.; Snijder, E.J.; van Hemert, M.J.
Characterization of synthetic chikungunya viruses based on the consensus sequence of recent E1-226V
isolates. PLoS ONE 2013, 8, e71047. [CrossRef] [PubMed]

38. Tarn, W.Y.; Steitz, J.A. A novel spliceosome containing U11, U12, and U5 snRNPs excises a minor class
(AT-AC) intron in vitro. Cell 1996, 84, 801–811. [CrossRef]

39. Hellstrom, K.; Vihinen, H.; Kallio, K.; Jokitalo, E.; Ahola, T. Correlative light and electron microscopy enables
viral replication studies at the ultrastructural level. Methods 2015, 90, 49–56. [CrossRef] [PubMed]

40. Argos, P. A sequence motif in many polymerases. Nucleic Acids Res. 1988, 16, 9909–9916. [CrossRef]
[PubMed]

41. Price, B.D.; Roeder, M.; Ahlquist, P. DNA-directed expression of functional flock house virus RNA1
derivatives in Saccharomyces cerevisiae, heterologous gene expression, and selective effects on subgenomic
mRNA synthesis. J. Virol. 2000, 74, 11724–11733. [CrossRef] [PubMed]

42. Albulescu, I.C.; Tas, A.; Scholte, F.E.; Snijder, E.J.; van Hemert, M.J. An in vitro assay to study chikungunya
virus RNA synthesis and the mode of action of inhibitors. J. Gen. Virol. 2014, 95, 2683–2692. [CrossRef]
[PubMed]

43. Lemm, J.A.; Bergqvist, A.; Read, C.M.; Rice, C.M. Template-dependent initiation of Sindbis virus RNA
replication in vitro. J. Virol. 1998, 72, 6546–6553. [PubMed]

44. Van Wynsberghe, P.M.; Chen, H.R.; Ahlquist, P. Nodavirus RNA replication protein a induces membrane
association of genomic RNA. J. Virol. 2007, 81, 4633–4644. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.92.2.507
http://www.ncbi.nlm.nih.gov/pubmed/7831320
http://dx.doi.org/10.1128/JVI.00599-15
http://www.ncbi.nlm.nih.gov/pubmed/26041283
http://www.ncbi.nlm.nih.gov/pubmed/12102555
http://www.ncbi.nlm.nih.gov/pubmed/5750316
http://dx.doi.org/10.1371/journal.pbio.0050220
http://www.ncbi.nlm.nih.gov/pubmed/17696647
http://dx.doi.org/10.1083/jcb.107.6.2075
http://www.ncbi.nlm.nih.gov/pubmed/2904446
http://dx.doi.org/10.1128/JVI.00085-11
http://www.ncbi.nlm.nih.gov/pubmed/21389137
http://dx.doi.org/10.1128/JVI.00660-13
http://www.ncbi.nlm.nih.gov/pubmed/23760239
http://dx.doi.org/10.1128/JVI.00787-17
http://www.ncbi.nlm.nih.gov/pubmed/28701392
http://dx.doi.org/10.1128/JVI.02484-15
http://www.ncbi.nlm.nih.gov/pubmed/26581991
http://dx.doi.org/10.3390/v9100292
http://www.ncbi.nlm.nih.gov/pubmed/28991178
http://www.ncbi.nlm.nih.gov/pubmed/9847328
http://dx.doi.org/10.1128/JVI.03080-15
http://www.ncbi.nlm.nih.gov/pubmed/26792749
http://dx.doi.org/10.1371/journal.pone.0071047
http://www.ncbi.nlm.nih.gov/pubmed/23936484
http://dx.doi.org/10.1016/S0092-8674(00)81057-0
http://dx.doi.org/10.1016/j.ymeth.2015.04.019
http://www.ncbi.nlm.nih.gov/pubmed/25916619
http://dx.doi.org/10.1093/nar/16.21.9909
http://www.ncbi.nlm.nih.gov/pubmed/2461550
http://dx.doi.org/10.1128/JVI.74.24.11724-11733.2000
http://www.ncbi.nlm.nih.gov/pubmed/11090172
http://dx.doi.org/10.1099/vir.0.069690-0
http://www.ncbi.nlm.nih.gov/pubmed/25135884
http://www.ncbi.nlm.nih.gov/pubmed/9658098
http://dx.doi.org/10.1128/JVI.02267-06
http://www.ncbi.nlm.nih.gov/pubmed/17301137


Viruses 2018, 10, 483 18 of 18

45. Utt, A.; Quirin, T.; Saul, S.; Hellstrom, K.; Ahola, T.; Merits, A. Versatile trans-replication systems for
chikungunya virus allow functional analysis and tagging of every replicase protein. PLoS ONE 2016, 11,
e0151616. [CrossRef] [PubMed]

46. Rausalu, K.; Utt, A.; Quirin, T.; Varghese, F.S.; Zusinaite, E.; Das, P.K.; Ahola, T.; Merits, A. Chikungunya
virus infectivity, RNA replication and non-structural polyprotein processing depend on the nsP2 protease's
active site cysteine residue. Sci. Rep. 2016, 6, 37124. [CrossRef] [PubMed]

47. Romero-Brey, I.; Bartenschlager, R. Membranous replication factories induced by plus-strand RNA viruses.
Viruses 2014, 6, 2826–2857. [CrossRef] [PubMed]

48. Albarino, C.G.; Price, B.D.; Eckerle, L.D.; Ball, L.A. Characterization and template properties of RNA dimers
generated during flock house virus RNA replication. Virology 2001, 289, 269–282. [CrossRef] [PubMed]

49. Pietila, M.K.; van Hemert, M.J.; Ahola, T. Purification of highly active alphavirus replication complexes
demonstrates altered fractionation of multiple cellular membranes. J. Virol. 2018, 92, e01852-17. [CrossRef]
[PubMed]

50. Jäger, V.; Büssow, K.; Schirrmann, T. Transient recombinant protein expression in mammalian cells.
Anim. Cell Cult. 2015, 9, 27–64.

51. Spuul, P.; Balistreri, G.; Kaariainen, L.; Ahola, T. Phosphatidylinositol 3-kinase-, actin-, and
microtubule-dependent transport of Semliki Forest virus replication complexes from the plasma membrane
to modified lysosomes. J. Virol. 2010, 84, 7543–7557. [CrossRef] [PubMed]

52. Chretien, D.; Benit, P.; Ha, H.H.; Keipert, S.; El-Khoury, R.; Chang, Y.T.; Jastroch, M.; Jacobs, H.T.; Rustin, P.;
Rak, M. Mitochondria are physiologically maintained at close to 50 ◦C. PLoS Biol 2018, 16, e2003992.
[CrossRef] [PubMed]

53. Dasgupta, R.; Ghosh, A.; Dasmahapatra, B.; Guarino, L.A.; Kaesberg, P. Primary and secondary structure of
black beetle virus RNA2, the genomic messenger for BBV coat protein precursor. Nucleic Acids Res. 1984, 12,
7215–7223. [CrossRef] [PubMed]

54. Dasmahapatra, B.; Dasgupta, R.; Ghosh, A.; Kaesberg, P. Structure of the black beetle virus genome and its
functional implications. J. Mol. Biol. 1985, 182, 183–189. [CrossRef]

55. Ahola, T.; Laakkonen, P.; Vihinen, H.; Kaariainen, L. Critical residues of Semliki Forest virus RNA capping
enzyme involved in methyltransferase and guanylyltransferase-like activities. J. Virol. 1997, 71, 392–397.
[PubMed]

56. Lin, H.Y.; Yu, C.Y.; Hsu, Y.H.; Meng, M. Functional analysis of the conserved histidine residue of bamboo
mosaic virus capping enzyme in the activity for the formation of the covalent enzyme-m7GMP intermediate.
FEBS Lett. 2012, 586, 2326–2331. [CrossRef] [PubMed]

57. Wang, H.L.; O’Rear, J.; Stollar, V. Mutagenesis of the Sindbis virus nsP1 protein: Effects on methyltransferase
activity and viral infectivity. Virology 1996, 217, 527–531. [CrossRef] [PubMed]

58. Ahola, T.; den Boon, J.A.; Ahlquist, P. Helicase and capping enzyme active site mutations in brome mosaic
virus protein 1a cause defects in template recruitment, negative-strand RNA synthesis, and viral RNA
capping. J. Virol. 2000, 74, 8803–8811. [CrossRef] [PubMed]

59. Delang, L.; Li, C.; Tas, A.; Querat, G.; Albulescu, I.C.; De Burghgraeve, T.; Guerrero, N.A.; Gigante, A.;
Piorkowski, G.; Decroly, E.; et al. The viral capping enzyme nsP1: A novel target for the inhibition of
chikungunya virus infection. Sci. Rep. 2016, 6, 31819. [CrossRef] [PubMed]

60. Ertel, K.J.; Benefield, D.; Castano-Diez, D.; Pennington, J.G.; Horswill, M.; den Boon, J.A.; Otegui, M.S.;
Ahlquist, P. Cryo-electron tomography reveals novel features of a viral RNA replication compartment. Elife
2017, 6, e25940. [CrossRef] [PubMed]

61. Keranen, S.; Kaariainen, L. Functional defects of RNA-negative temperature-sensitive mutants of Sindbis
and Semliki Forest viruses. J. Virol. 1979, 32, 19–29. [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0151616
http://www.ncbi.nlm.nih.gov/pubmed/26963103
http://dx.doi.org/10.1038/srep37124
http://www.ncbi.nlm.nih.gov/pubmed/27845418
http://dx.doi.org/10.3390/v6072826
http://www.ncbi.nlm.nih.gov/pubmed/25054883
http://dx.doi.org/10.1006/viro.2001.1125
http://www.ncbi.nlm.nih.gov/pubmed/11689050
http://dx.doi.org/10.1128/JVI.01852-17
http://www.ncbi.nlm.nih.gov/pubmed/29367248
http://dx.doi.org/10.1128/JVI.00477-10
http://www.ncbi.nlm.nih.gov/pubmed/20484502
http://dx.doi.org/10.1371/journal.pbio.2003992
http://www.ncbi.nlm.nih.gov/pubmed/29370167
http://dx.doi.org/10.1093/nar/12.18.7215
http://www.ncbi.nlm.nih.gov/pubmed/6548308
http://dx.doi.org/10.1016/0022-2836(85)90337-7
http://www.ncbi.nlm.nih.gov/pubmed/8985362
http://dx.doi.org/10.1016/j.febslet.2012.05.024
http://www.ncbi.nlm.nih.gov/pubmed/22641040
http://dx.doi.org/10.1006/viro.1996.0147
http://www.ncbi.nlm.nih.gov/pubmed/8610444
http://dx.doi.org/10.1128/JVI.74.19.8803-8811.2000
http://www.ncbi.nlm.nih.gov/pubmed/10982322
http://dx.doi.org/10.1038/srep31819
http://www.ncbi.nlm.nih.gov/pubmed/27545976
http://dx.doi.org/10.7554/eLife.25940
http://www.ncbi.nlm.nih.gov/pubmed/28653620
http://www.ncbi.nlm.nih.gov/pubmed/541824
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

