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Abstract  

Nidoviruses are enveloped, positive stranded RNA viruses that are among the most 

complex plus-strand RNA viruses known. My work has discovered the sequence of a 

new, highly divergent virus, tentatively named Abyssovirus, in a pool of sequenced 

intracellular RNA from a metazoan. Based on comparison of the genomic organization 

and replicase subunits, Abyssovirus appears to belong to a new family of nidoviruses. 

The aim of the present project was to validate the sequence data by studying the 

function of the predicted unusual translational stop-start signal located in the replicase 

gene, and to express predicted viral proteases and test their catalytic activity in Sf9 

insect cells, E. coli and mammalian expression systems. The translational stop-start 

signal was found to allow ribosomes to readthrough the natural stop codon in the 

expression systems tested.  Additionally, Abyssovirus Main Protease (MPro) showed 

evidence of cleavage of fragments from both ends of the expressed protease, as is 

typical for polyprotein-embedded Nidovirus proteases. These results suggest that the 

Abyssovirus RNA sequence encodes biologically functional proteins, and therefore that 

the RNA sequence likely does represent an extant virus with some Nidovirus-like 

features and an Abyssovirus-specific mechanism to translate the second half of the 

replicase open reading frame. 
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Chapter 1 

1. Introduction  

 

Nidoviruses are enveloped, positive stranded RNA viruses that are among the most 

complex plus-strand RNA viruses known (Seybert et al., 2005; Posthuma et al., 

2005; Pasternak et al., 2006). Nidoviruses are grouped together based on 

similarities in their genome organization, similar strategies for nonstructural and 

structural protein expression, and structurally and functionally similar replicative 

enzymes (Cavanagh et al., 1997; Cowley et al., 2000; den Boon et al., 1991; 

Gorbalenya et al., 1989; Snijder et al., 2005). Nidoviruses mostly infect mammals 

(coronaviruses, toroviruses and arteriviruses) however nidoviruses can also infect 

avian (coronaviruses) or invertebrate (roniviruses, mesoniviruses) hosts. This order 

causes a variety of diseases that can range from asymptomatic, persistent carrier-

states to fatal infections. In 2003, Severe Acute Respiratory Syndrome coronavirus 

(SARS-CoV) was discovered and spread worldwide (Drosten et al., 2003; Ksiazek 

et al., 2003; Peiris et al., 2003), followed by the discovery and ongoing spread of 

Middle Eastern Respiratory Syndrome coronavirus (MERS-CoV) in 2012 (Zaki et 

al., 2012). In the wake of SARS-CoV, a number of novel coronaviruses, including 

two that infect humans, HCoV-NL63 and HCoV-HKU1 (van der Hoek et al., 2004; 

Fouchier et al., 2004; Woo et al., 2005), were recognized and added to the growing 

list of nidoviruses first characterized during the past two decades. This list 

continues to grow and it is likely there are many more nidoviruses than are 

currently known. In this study we used BLAST searches to scan the publicly 

available transcriptomes and expressed sequence tag libraries available at the US 

National Center for Biotechnology Information to reveal novel nido-like virus 
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sequences from several transcriptome studies dealing with the marine gastropod 

Aplysia californica, the sea hare (Fiedler et al., 2010; Heyland et al., 2011; Moroz 

et al., 2006).  

 

1.1  Taxonomy 

 

Nidoviruses encode up to thirty proteins that are produced by ribosomal 

frameshifting, cleavage by multiple proteases and subgenomic RNA synthesis, 

making them among the most complex single stranded RNA (ssRNA) viruses. The 

name of the order, Nidovirales, is derived from the Latin word nidus which means 

“nest” as all viruses in this order synthesize a nested set of subgenomic RNAs 

(sgRNAs) during their replication process. Nidovirus genomes possess a linear 5'-

capped positive sense single stranded, non-segmented RNA with two large open 

reading frames (ORFs) 1a and 1b located at the 5’-end of the virus genome. A set 

of smaller open reading frames are encoded in the 3’ end of the genome. In the past, 

the order Nidovirales included three families, Coronaviridae, Roniviridae and 

Arteriviridae, the first two families with large genome size (26.3-31.3 kb) and the 

third family with a smaller genome size (12.7-15.7 kb). In recent times however a 

fourth family has been added to the Nidovirales, the Mesonviridae, with an 

intermediate genome size between those of the Coronaviridae and Arteriviridae 

(Gorbalenya et al., 2006;Lauber et al., 2012; Nauwynck et al., 2012; 

ICTV:http://ictvonline.org/virusTaxonomy.asp). 
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1.2 Morphology 

 

All members of the order Nidovirales are enveloped viruses with rod-shaped or 

pleomorphic architecture (Fauquet et al., 2005). It has been shown that two genera 

of the family Coronviridae (Coronavirus and Torovirus), as well as members of the 

families Roniviridae and Mesoniviridae, have large projections (peplomers) 

protruding from the virus envelope that are formed, especially in the 

Coronaviridae, by trimers of the spike protein S (Fauquet et al., 2005). This gives 

the virion a crown-like morphology in electron microscope images, hence the name 

coronavirus. The typical virions of coronaviruses are broadly spherical but fairly 

pleomorphic with an average diameter of 50-150 nm (Neuman, 2008). In 

Toroviruses, the nucleocapsid has a torus-shape, hence the name (Duckmanton et 

al., 1997; Dervas et al., 2017) and the virion size, along with the related 

bafiniviruses, is similar to coronaviruses. Roniviruses however have a bacilliform 

shape with a long nucleocapsid (150-200 nm) with helical symmetry and a diameter 

of 20-30 nm (Fauquet et al., 2005). Virions of the arteriviruses are spherical and 

significantly smaller than the other members of the nidoviruses with a complete 

particle of 50-70 nm diameter and a nucleocapsid of 25-23 nm in diameter. While 

arteriviruses were originally described as possibly having an icosahedral core shell 

(Fauquet et al., 2005), recent cryo-electron tomography has shown that the 

arterivirus Porcine Reproductive and Respiratory Syndrome Viruses (PRRSV) is 

pleomorphic (Snijder et al., 2013). Heterotrimeric spikes can be occasionally found 

on the surface of arteriviruses (Figure 1.1) (Fauquet et al., 2005).	
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Figure 1.1 Schematic representations of coronavirus, torovirus, arterivirus and 

ronivirus which belong to the order Nidoviridae. N, nucleocapsid protein; S, spike 

protein; M, membrane protein; E, envelope protein; HE, hemagglutinin-esterase. 

The M protein in coronavirus cooperates with the N protein. In arterivirus, GP5 and 

M are major envelope proteins, however GP2, GP3, GP4, and E are minor envelope 

proteins. Both of toro- and roniviruses are lacks of the E protein, which is present in 

Corona and arteriviruses. An equivalent of the M protein has not yet been 

recognized in roniviruses (Taken from: Gorbalenya et al., 2006). 
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The Mesoniviridae were founded with one species, which is represented by two 

viruses, Cavally Virus (CavV) and Nam Dinh Virus (NDiV). CavV represented the 

first insect associated nidovirus (Zirkel et al., 2011), while NDiV was recognized in 

mosquitoes in Vietnam. Together, these viruses are the prototypes of a novel virus 

family in the Nidovirales (Nga et al., 2011). Electron microscopy images of 

mesoniviruses show prominent club-shaped surface projections protruding from 

spherical enveloped virions (Figure 1.2) (Zirkel et al., 2013) and immature 

particles, possibly representing CavV nucleocapsids,	
  50 to 60 nm in diameter, have 

been observed in infected cells.  NDiV virions were described as enveloped and 

spherical but with a lack of projections (Nga et al., 2011). The genome size of the 

Mesoniviridae (CavV and NDiV) is approximately 20 kb, and falls between the 

large Nidoviruses (Coronovirus (CoV), Torovirus (ToV), and Ronivirus (RoV), 26 

to 32 kb) and the small Nidoviruses (Arterivirus (ArV), 13 to 16 kb), hence the 

name Mesoniviridae (Lauber et al., 2012). 
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Figure 1.2. Schematic diagram of Mesonivirus showing the conserved 

structural components. (Adapted from Viral Zone 

http://viralzone.expasy.org/all_by_species/4776.html). 

 

 

1.3 Nidovirales genome  

	
  

All the members of the Nidovirales order have a 5’-capped, 3’-polyadenylated 

single stranded genome of positive polarity that can function as mRNA upon entry 

into the infected cell (Nga et al., 2011). More than a hundred genetically distinct 

full-length nidovirus genomes and over a thousand partial genome sequences have 

been identified (Gonzalez et al., 2003). The genome also includes untranslated 

regions at the 5' and 3' termini (Gorbalenya et al., 2006). 

Spike&glycoprotein&(S)&

Nucleocapsid&protein&(N)&&

Genomic&RNA&

Lipid&bilayer&membrane&&&&&
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The genome of coronaviruses contains up to 15 genes with multiple ORFs encoding 

both structural and non-structural proteins (Sawicki et al., 2005; Ziebuhr, 2005). At 

the 5’ end there is a leader sequence followed by an untranslated region (UTR). The 

first gene (the replicase) comprises two-thirds of the genome with two large ORFs 

(ORF 1a and ORF 1b) that are translated later to polyprotein 1a and polyprotein 1ab 

through a programmed ribosomal -1 frameshift mechanism (Gorbalenya et al., 

2006). The replicase is the only translated product derived from the genomic RNA. 

The last third of the genome encodes the structural proteins with the order S-E-M-

N, which are expressed following the production of several subgenomic RNAs. 

Between these genes there are a variable number of ORFs, depending on the virus, 

encoding accessory proteins (Sawicki et al., 2007). The transcriptional regulatory 

sequences (TRSs) that are present at the 3’ end of each gene represent a signal for 

subgenomic RNA transcription. At the 3’end of the genome there are 270-500 

nucleotides of untranslated region (UTR) followed by a poly A tail (Figure 1.3.).  

 

The arterivirus genome is also a polycistronic positive sense RNA, capped at the 5’ 

terminus and polyadenylated at the end 3’ but is only 12-16 kb long (Snijder et al., 

2013). Whole genome sequences of many arterivirus are available for European and 

North American EAV (Equine Arteritis Virus) isolates, a large number of genotype 

1 and 2 PRRSVs (Porcine Reproductive and Respiratory Syndrome Viruses), two 

LDV (Lactate Dehydrogenase Elevating Virus) strains, five distantly related 

monkey viruses, tentatively grouped under the name SHFV (Simian Hemorrhagic 

Fever Virus) and Wobbly Possum nidovirus (Snijder et al., 2013). The genome 

contains 5’ (156–224 nt) and 3’ (59–117 nt) NTRs (nontranslated regions). The 

genome sequence contains 10-15 known ORFs. ORF 1a and 1b are the large	
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replicase that is located in the 5’ proximal three-quarters of the genome (Snijder et 

al., 2013) (Figure 1.3.). The 3’ of the genome contains sequences for the structural 

proteins, which are translated from a nested set of subgenomic mRNAs (Kuhn et 

al., 2016).  
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Figure 1.3. Shows four nidovirus genomic organizations and key encoded domains.  

The coding regions on the genomes are divided into ORF1a (yellow), ORF1b 

(violet) and the 3’ORFs (blue). Black squares represent ribosomal frameshifting 

sites. Inside ORFs (white rectangles) and coloured patterns highlight domains 

recognized in: all nidoviruses [TM2, TM3 (transmembrane domains), 3CLpro (or 

MPro), RdRp, and Zn-cluster binding domain fused with HEL1 (ZmHEL1) (van 

Dinten et al., 2000)- light and dark blue], large nidoviruses (ExoN 

(exoribonuclease), OMT (2’-O-methyltransferase) - orange), certain clades (NMT 

(N7-methyltransferase), NendoU (uridylate-specific endonuclease) - red; 

Ronivirus-specific domain (RsD) - light green; arterivirus-specific domain (AsD) - 

dark green) (taken from Lauber et al., 2013). 
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The genome of both CAVV and NDIV mesoniviruses are similarly single stranded 

RNA, positive sense and contain seven ORFs. The bigger ORF1a and ORF1b in the 

5’ of the genome and the smaller ORF2a, ORF2b, ORF3a, ORF3b and ORF4 

located at the 3’ of the genome (Zirkel et al., 2013). As in other nidoviruses, 

ORF1a and ORF1b overlap by a few nucleotides and encode the two replicase 

polyproteins which are processed into the viral polymerase (RdRp) and other non-

structural proteins. (http://viralzone.expasy.org/all_by_species/4776.html; Zirkel et 

al., 2011; Nga et al., 2011). The translation of ORF1a and ORF1b is regulated by a 

ribosomal frameshift sequence GGAUUUU (Zirkel et al., 2011; Nga et al., 2011). 

At the 5’ of the genome there is a leader sequence, as in some Nidoviridae families 

(Zirkel et al., 2011; Pasternak, 2006; Schutze et al., 2006). The 3’ of the CavV and 

NDiV genomes encode the structural proteins including a spike (S) glycoprotein 

(ORF2a), a nucleocapsid (N) protein (ORF2b), two proteins with membrane-

spanning regions (ORF3a and -3b), and a small protein with unknown function 

(ORF4) (Figure 1.3) (Zirkel et al., 2011; Nga et al., 2011). 

 

Okavirus is a genus of the family Roniviridae which includes two genotypes, Gill-

Associated Virus (GAV) and Yellow Head Virus (YHV). As in other nidoviruses, 

the Okavirus genome is a linear positive sense single stranded RNA encoding a 

large replicase polyprotein that is expressed from ORF1a and ORF1b by ribosomal 

frameshifting (Firth and Atkins, 2009). As before the structural proteins are located 

at the 3’ end of the genome (Figure 1.3). Unusually, in the Okavirus case the ORFs 

encoded in the 3’ end of the gnome are in the form of a polyprotein (ORF3; ~1650 

codons) that generates 3 mature proteins (envelope glycoproteins gp116 and gp64, 
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and an ~25 kDa N-terminal fragment), a nucleocapsid (ORF2; ~145 codons), and 

an extra short ORF (ORF4) located at the 3’ sequence of ORF3. 

 

1.4 Nidovirales replication 

 

The genome of all nidoviruses acts as a messenger RNA (mRNA), which means 

that the genome is translated directly into viral proteins by host ribosomes. The 

common feature of nidoviruses, and all positive stranded RNA viruses, is that 

replication takes place in the cytoplasm of the infected cell, in cooperation with the 

modification of intracellular membranes which act as a platform for the RNA viral 

replication complexes (RCs) that are involved in RNA synthesis (Knoops et al., 

2012; Ulasli et al., 2010). 

The nidovirus genome is polycistronic and employs a unique mechanism of 

discontinuous RNA synthesis in order to express the ORFs that occur downstream 

of ORF1ab. These ORFs, encoding the structural and some accessory proteins are 

translated from a nested set of subgenomic mRNAs (sgRNAs). The sgRNAs 

contain a short common 5’ leader sequence and are 3’ co-terminal. The 3’ end of 

the leader sequence includes the transcriptional regulatory sequence (TRS-L), 

which is also present in the genome just upstream of the coding sequence for each 

transcription unit (TRS-B (body)), where it acts as a cis-regulator of transcription. 

The leader and body segments of the sgRNAs are linked during discontinuous 

negative strand RNA synthesis to produce a subgenome-length template for each 

sgRNA (Sawicki et al., 1995; Pasternak et al., 2006). After entry, the nidovirus 

genome is translated to produce ppa1 and pp1ab via a -1 ribosomal frameshift 

(RFS) that is located at the 3’ end of ORF1a (den Boon et al., 1991; Brierley et al., 

1989). Both pp1a and pp1ab polyproteins are processed into subunits by nsp3 (a 
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papain-like proteinase) and nsp5 (the main proteinase).  The RNA-dependent RNA 

polymerase (RdRp) is contained within nsp12 and together up to 16 mature proteins 

derive from ORF 1ab, 11 non-structural proteins from pp1a and 5 additional non-

structural proteins from the 1b region of pp1ab (Fung and Liu, 2014).  

The product of replication, full length negative strand RNA acts as the template to 

synthesize both more full-length genomic RNA and the sgRNAs that translate to 

give the structural proteins (Sawicki et al., 2007). Discontinuous RNA synthesis is 

governed by the interaction of the replicase with the transcription-regulating 

sequences, TRSs or intergenic sequences, IGs, that are repeated at the 

transcriptional start sites for each sgRNA (La Monica et al., 1992). However, only 

one protein is translated from each sgRNA even if the sequence of other ORFs is 

present. The 5’ ORF is translated while and the downstream ORFs are silent and 

the sgRNAs are therefore functionally monocistronic (Lia and Anderson, 2007). 

After translation of the structural proteins (S, E and M proteins), N protein wraps 

the newly formed genomic RNA in order to form the nucleocapsid and the other 

structural proteins (include the HE protein in some species) coalesce in areas of the 

endoplasmic reticulum (ER). The structural proteins and the nucleocapsid come 

together in the endoplasmic reticulum Golgi intermediate compartment (ERGIC) 

where virion assembly occurs, driven by the M and E proteins (Hsieh et al., 2005; 

Tseng et al., 2010). At the end of the assembly process, virions are released from 

the cell by the secretory pathway (Figure 1.4; Snijder et al., 2013).	
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Figure 1.4. The life cycle of an arterivirus as a typical member of the Nidovirales. 

Following entry by receptor-mediated endocytosis and release of the genome into 

the cytosol of the host cell, genome translation produces the replicase polyproteins 

(pp1a and pp1ab; yellow bars). After the cleavage of the polyproteins by multiple 

proteases, the viral nonstructural proteins assemble into a replication and 

transcription complex (RTC) that performs minus-strand RNA synthesis. Both full-

length and subgenome-length minus strands are produced, with the latter templating 

the synthesis of subgenomic messenger RNAs (mRNAs) required to express the 

structural protein genes encoded in the 3′of the genome. Finally, novel genomes are 

packaged into nucleocapsids that become enveloped by budding from smooth 

intracellular membranes, after which the new virions leave the cell by following the 

exocytic pathway (taken from Snijder et al., 2013). 
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1.5 Proteins 

 

1.5.1 Structural Proteins 
	
  

The virion envelope of coronavirus contains at least 3 viral proteins including the 

spike protein (S), the membrane protein (M) and the envelope protein (E). Some 

coronaviruses also contain a Hemagglutinin-Esterase (HE). The spike protein (S) 

consists of a single protein with type I transmembrane topology, ranging from 

1,160 to 1,400 amino acids in length that is highly glycosylated with 21 to 35 N-

glycosylation sites (Belouzard et al., 2012). The spike protein (S) is located on the 

surface of the virion and is essential for the virus to attach and enter the host cell 

(Kleine-weber et al., 2018). The Coronavirinae are further divided into four 

groups, the alpha, beta, gamma and delta coronaviruses (Fehr and Perlman, 2015). 

In most Alphacoronaviruses and the Betacoronaviruses the spike protein (S) is 

uncleaved, however, in some Betacoronaviruses and all Gammacoronaviruses the 

spike protein is cleaved to two domains S1 and S2 through furin or another Golgi-

resident host protease (Belouzard et al., 2012). The S1 subunit forms the globular 

head of the spike, which binds to host receptors while S2 forms the stalk region of 

the spike and is anchored in the membrane. It contains two heptad repeats HR1 and 

HR2, which are typical features of class I viral fusion proteins, a putative fusion 

peptide FP and one short transmembrane domain (Kirchdoerfer et al., 2016, Shang 

et al., 2018). S2 mediates fusion of viral and host membranes and syncytium 

formation (Belouzard et al., 2012; Li, 2015). The Hemagglutinin-Esterase protein 

(HE) present in some coronaviruses may also play a role in the attachment of the 

virus to host cells (Bakkers et al., 2016).   
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The nucleocapsid protein (N) is a multifunctional phosphoprotein (Mcbride et al., 

2014) with a typical molecular mass of 50-60 kDa and can form dimers and higher 

order oligomers. In MHV (Mouse Hepatitis Virus) the N protein has 3 domains, an 

RNA binding domain, an oligomerization domain and a flexible linker which 

connects the two (Tan et al., 2006). The primary function of the N protein is 

packaging the RNA genome into a helical ribonucleoprotein (Barcena et al., 2009). 

N protein also has an important role in replication and discontinuous transcription 

(Wu et al., 2014) and the multifunctional properties of coronavirus N proteins have 

led to suggestions that it represents an attractive target for the development of 

antiviral compounds (Grossoehme et al., 2009).   

 

The envelope protein (E) is a small (76–109 amino acid) protein with a single 

predicted hydrophobic domain (HD). E protein has ion channel activity in vitro 

suggesting that the E protein has an essential function for efficient trafficking of 

virions through the secretory pathway (Ruch and Machamer, 2012). The expression 

of E protein only or E together with M protein is sufficient for the synthesis of virus 

like particles (VLP) although other reports also suggest that M and N (Huang et al., 

2004), M and E (Hsieh et al., 2005) and M protein only are able to drive the release 

of vesicles in different expression systems and cell types (Tseng et al., 2010).  

 

The membrane protein (M) is the most abundant protein in the virus particle and in 

infected cells and contains a short amino terminus located outside the virion, 

followed by three transmembrane domains (TM), and a large carboxy-terminal 

domain located inside the virion (Hogue and Machamer, 2008). As noted above, 



16 
 

coronavirus M proteins play key roles in virion assembly, budding and maturation 

(Wang et al., 2009).  

 

Toroviruses and mesoniviruses encode a coronavirus-like array of structural 

proteins but the structural apparatus of the Arteriviridae is quite different. Some 

arteriviruses such as EAV and PRRSV contain up to 6 envelope proteins, which 

might be common to all arteriviruses. These include a disulfide-linked heterodimer 

of non-glycosylated membrane proteins M (16-20 kDa) and GP5, cross the 

membrane 3 times, and are functionally analogous to the M protein of 

coronaviruses (Zhengchun et al., 2012; Fauquet et al., 2005). 

Yellow Head Virus (YHV) contains 3 structural proteins including gp116 protein 

(110-135 kDa), gp64 protein (63-67 kDa) and p20 protein (20-22 kDa). The first 

two proteins are glycosylated and appear to be envelope proteins that form 

peplomers on the virion surface while p20 is related to the nucleoprotein and 

appears to function as the nucleocapsid, binding the RNA genome (Seibert et al., 

2012). 

 

1.5.2 Non-structural proteins 

    

ORF1 encodes the viral replicase proteins which are essential for RNA synthesis 

and virus replication (Freeman et al., 2014). The translation of both ORF1a and 

ORF1b, which encode all the required proteins for RNA synthesis, produces 2 large 

polyproteins pp1a and pp1ab, the translation of the pp1ab polyprotein being 

achieved via a programmed ribosomal frameshifting event (Nakagawa et al., 2016). 

The frameshift site consists of a ‘‘slippery site’’ (UUUAAAC) followed by a 

pseudoknot structure (Hu et al., 2016). The two polyproteins, pp1a and pp1ab, are 
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processed by a papain-like proteinase(s) (PLpro) and the 3C-Like main proteinase 

(MPro) to produce 16 non-structural proteins (nsp) 1 to 16 (Lei & Hilgenfeld, 2017), 

nsp1–nsp11 encoded in ORF1a and nsp12–16 encoded in ORF1b (Tanaka et al., 

2013).  

 

1.5.2.1 ORF1a activities 

 

The first protein in ORFa1 is nsp1 and it has several functions including inhibition 

of host gene translation by binding to the 40S ribosomes to inactivate their 

translation functions and induce host mRNA degradation (Narayanan et al., 2015). 

This is part of the virus suppression of the host antiviral signaling pathways 

(Jauregui et al., 2013) and prevents type I interferon production in infected cells 

(Zhang et al., 2016). Nsp2 acts as a cofactor for the function of nsp4 (Rascon-

Castelo et al., 2015) while nsp3 is a large multidomain protein that has the ability to 

interact with other proteins involved in the replication and transcription processes 

(Lei et al., 2018). Several domains have been identified in nsp3 including an N 

terminal-acidic domain (AC), ADP-ribose1-phosphatase (ADRP) and poly-ADP-

ribose binding, PL2pro and Y domain (Angelini et al., 2013). The function of PLPs 

(papain-like protease) is cleavage of the three earliest processing events in the 

replicase (Niemeyer et al., 2018; Gadlage et al., 2010). The ADRP is associated 

with proteins involved in ADP-ribosylation or poly (ADP-ribose) polymerization 

and ATP-dependent chromatin re-modeling (Egloff et al., 2004; Saikatendu et al., 

2005). By contrast there is no clear function for the Y domain (Lei et al., 2018). 

 

Nsp4 is about 500 amino acids in length and contains four transmembrane helices 

and an internal carboxy-terminal domain (Sakai et al., 2017; Gonzalez-Ochoa et al., 
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2013). This protein is fundamental for cytoplasmic membrane modification to form 

the replication-transcription complex (RTC), with the assistance of nsp2 and nsp6 

(Angelini et al., 2013).   

 

Nsp5, also known as 3CLPro or MPro, contains 3 domains including a chymotrypsin-

like fold, which is located in the first two domains, while the function of the third 

domain is still unclear (Stobart et al., 2013). 

 

Nsp6 plays an important role in the generation of the RTCs, also described as 

double membrane vesicles (DMVs). It has also been associated with the formation 

of autophagosomes from the ER (endoplasmic reticulum) via an omegosome 

intermediate (Cottam et al., 2014). Nsp8 (22kDa) has up to seven subdomains and 

has been reported to bind to the eight subunit nsp7 (10 kDa) to form hexadecameric 

structures that have a positively charged channel which mediates RNA binding 

(Velthuis et al., 2012). Similarly, it has been shown that nsp9 binds to RNA within 

the viral replication complex and interacts with other complex associated proteins 

(Zeng et al., 2018). Nsp10 contains two zinc fingers, has an identifiable helicase 

domain in the N-terminus, a ß-strand and a loop in the C-terminus but despite these 

structural features no distinct enzymatic activity has been reported for it (Krishna et 

al., 2003; Bouvet et al., 2014). Recently however, it has been shown that nsp10 

activates nsp16-mediated 2′-O-MTase activity (Bouvet et al., 2014). 
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1.5.2.2 ORF1b activities 

    

ORF1b is translated as part of the pp1ab polyprotein with the frameshift event 

leading to a level of 1b products being about 25% of the domains translated from 

1a. Nsp12 clearly contains the RNA-dependent RNA polymerase (RdRp) and is 

essential in the virus life cycle for the production of negative strand RNA (–RNA), 

new genomes and subgenomic (sg) messenger RNAs (mRNAs) (Sexton et al., 

2016; Velthuis et al., 2010). Nonstructural protein 13 (nsp13) contains an N-

terminal zinc-binding domain and a C-terminal superfamily 1 helicase domain 

which is able to unwind both dsRNA and dsDNA in a 5’-to-3’ direction (Lee et al., 

2017). Nsp14 has a reported 3’→5’exonuclease domain (ExoN) that is capable of 

hydrolyzing both ssRNA (single stranded RNA) and dsRNA (double stranded 

RNA) to final oligoribonucleotide products of ≈8–12 nucleotides length (Becares et 

al., 2016). Inactivation of Nsp14 in the context of a replicating virus leads to a 

higher mutation rate consistent with it acting directly or indirectly as part of a proof 

reading mechanism for coronaviruses (Denison et al., 2011).      

 

Nsp15 encodes an endoribonuclease (Bhardwaj et al., 2012) and forms hexamers 

(Deng et al., 2017). The endoribonuclease function cleaves RNAs immediately 3’ 

of uridylates and is stimulated by Mn²+ (Zhang et al., 2018).  

 

Nsp16 has an S-adenosyl-L-methionine (AdoMet)-dependent RNA (nucleoside-

2’O) methyltransferase (2’OMTase) activity which is able to form the cap-1 

methylated structures typical of host mRNA (Aouadi et al., 2017). Inactivation of 

nsp16 leads to enhanced interferon production in infected cells suggesting that the 



20 
 

cap structure acts as a cloaking device to avoid triggering innate receptors (Aouadi 

et al., 2017) which, in turn, has suggested nsp16 mutants as rationally attenuated 

strains for vaccine use (Menachery et al., 2018).  

 

The diversity and depth of the nidovirales family shows them to be a highly flexible 

platform enabling rapid adaptation to new hosts. This is consistent with the species 

jumping observed for new coronaviruses like SARS-CoV and MERS-CoV but it 

also suggests there may be many more members of the family yet to be found. 

Indeed, screening programs based on primers to conserved proteins, such as the 

RdRp and the main protease, have been used to discover new family members in 

birds (Lau et al., 2018) and bats (Gouilh et al., 2011). With the advent of cheaper 

and faster sequencing technologies, transcriptomic data has also been used for the 

identification of novel nidoviruses and this approach is likely to increase with time 

(Shi et al., 2018). In it, no selection is made at the time of sequence generation, all 

nucleic acid present in a sample is sequenced - the metagenome. Bioinformatics is 

then used to discover target virus-like sequences. Thus, transcriptomics has the 

potential to discover new RNA virus genomes following the sequencing of total 

intracellular RNA pools.	
  	
  	
  

 

Previously, the discovery of new RNA viruses preceded based on the appearance of 

an unexpected disease, antibody cross-reactivity or enough conserved motifs for 

successful amplification by reverse transcriptase polymerase chain reaction. 

However, with improvements in RNA transcriptome sequencing and homology-

based search methods, complete infecting RNA viromes of an organism can be 
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discovered by trawls through deep-sequenced total intracellular RNA pools 

(Miranda et al., 2016; Shi et al., 2018, 2016). 

 

These recent sequencing and bioinformatics methods have brought a great change 

to the order Nidovirales and many studies have revealed several highly divergent 

nido-like viruses (Lauck et al., 2015; O'dea et al., 2016; Saberi et al., 2018; Shi et 

al., 2018, 2016; Tokarz et al., 2015; Vasilakis et al., 2014; Wahl-Jensen et al., 

2016), which have been proposed, subject to ICTV review, to add four new virus 

families to the Nidovirales (Gorbalenya et al., 2017). 

 

1.6 The Discovery of Abyssovirus  

	
  

At the outset of the work described in this thesis bioinformatic analysis had been 

used on a pool of intracellular RNA sequences derived from the deep sea metazoan 

Aplysia californica, the Californian sea hare. This analysis revealed the sequence of 

what appeared to be a new, highly divergent member of the nidoviruses. 

Fortuitously, a complete virus sequence could be assembled from the contigs 

deposited suggesting the likelihood of an extant virus, in addition to which two 

independent manuscripts described the findings, effectively corroborating each 

other  (Bukhari et al., 2018; Debat, 2018). The virus was tentatively named Aplysia 

Abyssovirus by one of the discovering groups (Bukhari et al., 2018).    

The etymology of the name is from the word abyss, a reference to the aquatic 

environment where Aplysia lives, to the Sumerian god of watery depths Abzu, and 

to its discovery in an RNA transcriptome obtained by “deep” sequencing 

technology.  
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The new nido-like virus sequence was identified by tBLASTn analysis of the 

transcriptome shotgun assembly (TSA) and expressed sequence tag (EST) 

databases for sequences similar to the main proteinase (MPro), polymerase and 

helicase of several nidovirus strains. This led to the discovery of a 35.9 kb 

transcript and 243 other fragments from Aplysia. Putative virus transcripts were 

then compared to DNA sequences from the same organisms by nucleotide BLAST 

and no evidence of either virus was found, supporting the likelihood that the 

Abyssovirus transcript comes from a novel RNA viruses associated with its host 

transcriptome. 

 

The Abyssovirus genome is represented in its longest and most complete available 

form by the transcriptome shotgun assembly sequence GBBW01007738 which 

represents a reverse-complementary genomic sequence. The Abyssovirus genome 

organization has several alphavirus-like features (see below) that have not been 

detected in the nidoviruses before, including a replicase gene interrupted by a stop 

codon rather than a nidovirus-like ribosomal frameshift signal, and a single 

structural polyprotein gene. Further differences were present at the junctions of the 

domains likely cleaved by the MPro. Nidovirus main proteases generally recognize a 

glutamine or occasionally a glutamate-containing motif at the cleavage site (Ulferts 

et al., 2011) but few of these were present, although a possible glutamate-alanine 

cleavage site occurs near the beginning of the conserved MPro region, suggesting 

that an alternate cleavage motif was recognized in Abyssovirus.   

A further unusual feature was the presence of an in-frame stop codon separating the 

pp1a and pp1b genes, rather than the usual ribosomal frameshift signal (see above) 

suggesting that Abyssovirus might use a translational termination-suppression 
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signal to control expression of the pp1b region. As the discovery of Abyssovirus 

was virtual, the question of functionality cannot be addressed by culture of the virus 

directly. Accordingly, these unusual features, the main protease, the stop 

readthough sequence and the trypsin-like protease or Structural Protease (SPro), 

were noted for experiments designed to test their biological activity.      

	
  

1.6.1 Main Protease (MPro) 

 

Since its discovery (Rota et al., 2003, Marra et al., 2003), Severe Acute Respiratory 

Syndrome Coronavirus (SARS-CoV) has become a very well characterized 

member of the Coronaviridae. As the proteolytic processing of both nonstructural 

and structural polyproteins is a vital step for virus replication, the nonstructural 

protein 5 (nsp5) (main protease (MPro) also known as 3C-Like protease (3CLPro)) 

(Anand et al., 2003, Yang et al., 2003) has been extensively analyzed with a view 

to inhibition of the enzyme for the production of an antiviral compound (Deng et 

al., 2014). SARS-CoV MPro employs a Cys-His as a catalytic dyad (Cys145 and 

His41), similar to the porcine Transmissible Gastroenteritis Virus (TGEV) MPro and 

the Human coronavirus 229E MPro (HCoV 229E) which use Cys144 and His41 

(Anand et al., 2003). The structure contains three domains (I, II, and III) and the 

active site is located between domain I and II. The crystal structures of TGEV, 

HCoV 229E and SARS-CoV MPro (Anand et al., 2003, Yang et al., 2003, Anand et 

al., 2002, Zhu et al., 2017) show common features for CoV MPro with two 

chymotrypsin-like 𝛽 -domains (domain I & II) and one a-helical dimerization 

domain (domain III) which is lacking from the Picornavirus MPro enzymes and 

chymotrypsin (Shi et al., 2004). These structures and biochemical details were used 
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as guides for the design of mutations in the Abyssovirus MPro to investigate the 

structure and function of this enzyme.  

1.6.2 Readthrough at the 1a/1b junction 

 

As described above, most nidoviruses use a programmed ribosomal frameshift to 

connect the 1a and 1b open reading frames (Namy et al., 2004, Stahl et al., 2002, 

Dinman et al., 1991, Licznar et al., 2003 and Baranov et al., 2002). In this process, 

the ribosome switches to an alternative frame at a specific site in response to signals 

in the messenger RNA (mRNA). The frameshifting process has two types, but the 

most common is a -1 frameshift, in which the ribosome slips a single nucleotide in 

the upstream direction. Programmed −1 ribosomal frameshifting (−1 PRF) is a 

mechanism known to regulate the expression of many viral genes and some cellular 

genes (Wang et al., 2016). Another type of the frameshifting, +1 frameshifts where 

the ribosome is guided toward a triplet nucleotide by skipping one nucleotide 

downstream, is also known (Ketteler, 2012) but it is much less common than -1 

frameshifts. The -1 frameshift signal contains a slippery sequence and a pseudoknot 

downstream (Ivanov et al., 2000). These canonical sequences are not found in the 

Abyssovirus genome suggesting that an alternate mechanism, stop codon 

readthrough, is used. Protein translation commonly stops at termination codons 

including UAG, UGA and UAA. However, termination can sometimes be weak and 

the translation process continues until a later termination codon is reached, 

producing an extended polypeptide. This event is known as translational 

readthrough (RT) and occurs in both prokaryotic and eukaryotic systems (Li, G. 

and Rice, 1993). This feature was also highlighted for test in the studies described 

here.  
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1.6.3 Structural Protease (SPro) 

 

Alphaviruses are another enveloped, positive-sense, single-stranded RNA virus that 

cause many serious human and livestock diseases.  The genus Alphavirus includes 

members Chikungunya Virus (CHIKV), Eastern, Western, and Venezuelan Equine 

Encephalitis Virus, Aura Virus, Semliki Forest Virus (SFV), and Sindbis Virus 

(SINV) (Rupp et al., 2015).  

The genome of alphaviruses consists of two ORFs, the second of which is 

expressed through production of a subgenomic mRNA from an internal promoter 

on the minus-strand RNA replication intermediate (Strauss et al., 1984). The 

structural proteins are located in the second ORF whereas the non-structural 

proteins, required for RNA synthesis, occur in the first ORF, which is translated 

directly from the genomic RNA (Rupp et al., 2015).  

 The structural polyproteins include capsid protein (CP), E3, E2, 6K, and E1 

(Strauss and Strauss, 1994) and unusually the CP has a chymotrypsin-like serine 

protease activity. The first step in structural polyprotein processing is the 

autocatalytic cleavage of CP in order to release itself from the rest of the 

polyprotein (Choi et al., 1991, Melancon and Garoff, 1987), an activity which is 

much earlier than its role in viral RNA encapsidation and budding (Strauss et al., 

1984, Hardy and Strauss, 1989, Melancon and Garoff, 1987).  

When identifying Abyssovirus through bioinformatics, the pp2 was shown to 

contain a chymotrypsin-like serine proteinase (Birktoft and Blow, 1972), a feature 

similar to the alphavirus capsid proteinase (Melancont and Garoff, 1987). This was 

termed the structural proteinase (SPro). The Abyssovirus SPro was also targeted for 

studies to investigate its potential function. 
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1.7 Aims of this research 

The Abyssovirus sequence represents a novel addition to the nidovirales but lacks 

experiential verification of any sort. To provide a level of verification, that is, that 

some of the novel features described for it are biologically active, genetic 

constructs were designed using the Abyssovirus sequence to enable the test of 

biological activity. The hypothesis is that formal proof of the Abyssovirus features 

as biologically functional would support the case for a novel extant virus circulating 

in Aplasya. Accordingly, the Abyssovirus main protease (MPro), structural protease 

related to alphavirus (SPro) and the readthrough region at the end of ORF1a were 

cloned into reporter systems to be expressed with an amino-terminal herpes simplex 

virus epitope (HSV) tag, and a carboxyl-terminal poly-histidine (HIS) tag. This 

design allows for any translated products to be detected by western blot for either 

tag but importantly also allows for any cleavage product to be recognized by 

western blot for one or other of the epitope tags. To maximize the possibility of 

biological activity it was also considered beneficial to consider expression in a 

variety of cell backgrounds. Therefore, a universal expression vector was used with 

the potential for expression in Spodoptera frugiperda (Sf9) insect cells, E. coli 

(Escherichia coli) and mammalian cells. 

Specifically, to investigate readthrough at the pp1a-pp1b region, the sequence was 

cloned into pTriEx1.1 with amino-terminal HSV and carboxyl-terminal HIS tags in 

a construct that would allow detection and quantification of a ~25 kDa proteins that 

stopped at the natural UGA stop codon and ~32 kDa readthrough products if they 

occurred. Once established this assay was used further to investigate the nature of 

the readthrough stop codon, UGA-C or UAA-A, and the role of a 42 nucleotide 



27 
 

sequence downstream of the readthrough site predicted to form an RNA stem-loop 

structure. 	
  

In the case of the main and structural proteases protein expression using the 

Abyssovirus sequences were assayed for full-length synthesis and also for their 

presumed catalytic activity. Once established these assays too were modified by 

mutagenesis of putative catalytic and cleavage site residues to assess their 

contribution to any activity detected.  

The overall goal of this study was to contribute biological data to the discovery of 

new nido-like viruses and support the contention that additional lineages of nido-

like viruses might be present in diverse hosts. 
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Chapter 2 

 

2. Materials and methods 

 

2.1. Plasmid construction and cloning of desired DNA fragments 	
  

2.1.1 Primers 

The oligonucleotide primers listed in each chapter and used in this study were 

designed using Snapgene software using the sequence of Abyssovirus (GenBank 

accession number GBBW01007738). Primers were purchased from Integrated 

DNA Technology (IDT). Forward and reverse primers were reconstituted as 50 µM 

solutions in nuclease-free water and stored at -20°C.  

2.1.2 PTriEx1.1 vector map  

The pTriEx1.1 vector (Novagen) was kindly provided by Professor Ian Jones. This 

vector contains mammalian, bacterial and insect promoters upstream of the multiple 

cloning site. This vector contains an ampicillin resistance gene for positive colony 

selection, a HSV tag sequence upstream of the cloning site and a 8x HIS tag 

downstream of the cloning site to enable construction of N-terminal HSV-tagged 

and/or C-terminal HIS-tagged fusion proteins if desired - Figure 2.1. All 

Abyssovirus proteins in this study were cloned as N- terminal HSV-tagged and C-

terminal HIS-tagged fusion proteins by insertion between one or two restriction 

sites, as described in each chapter.  
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Figure 2.1. Map of pTriEx1.1 vector showing the restriction site (XhoI) used for 

cloning as well as the HSV and HIS tags and the P10 and T7 promoters, which 

were used for protein expression. 

 

2.1.3 Source and amplification of Abyssovirus DNA fragments  

 

The coding sequences of the wild type Abyssovirus main protease, readthrough 

sequence and structural protease and some mutants were purchased as synthetic 

DNA fragments from IDT (see Appendix 3). If necessary they were modified by 

being amplified by the polymerase chain reaction (PCR) as described in each 
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chapter. The amplification reaction contained the following components 

recommended by the manufacturer’s protocol: Phusion® High-Fidelity PCR Master 

mix (BioLabs), 0.3 µM forward and reverse primers, >100 ng DNA template and 

volume completed to 50 µl with dH2O. Assembled reactions were placed in a 

thermal cycler and subjected to the following thermal cycling protocol: 

 

Step Temperature Time No. of cycles 

Initial denaturation 95℃ 3:00 1X 

Denaturation 98℃ 0:10 30X 

Annealing 53℃ 0:10  

Extension 72℃ 0:30  

Final extension 72℃ 5:00 1X 

 

 

PCR products were purified using a cleanup kit according to the manufacturer’s 

protocol (Thermo Scientific GeneJET PCR Purification Kit) and eluted in ultra-

pure water. The concentrations were determined by ND-1000 Nanodrop 

spectrophotometer and stored at -20°C.  

 

2.1.4 Double digest and gel extraction of pTriEx1.1 vector  

 

The pTriEx1.1 vector was single or double digested with one or two restriction 

enzymes (Thermo Fisher SCIENTIFIC) according to the following protocol: 10x 

Green buffer, template (>150 ng), 1microlitre (10 U/µl) restriction enzyme/s and 

volume completed to 100 µl, with incubation for 30 min at 37°C. After incubation, 



31 
 

100 µl was subjected to agarose gel electrophoresis, extracted and purified by 

cleanup kit (Thermo Scientific GeneJET PCR Purification Kit) following the 

manufacturer’s instructions. The linearized vector was used in either infusion or T4 

ligase dependent cloning as described.   

2.1.5 In-Fusion cloning of fragments into the pTriEx1.1 vector  

Different genes were amplified using primers designed for In-Fusion cloning, as 

listed in each chapter. In a total volume of 10 µl, purified DNA (10-200 ng) was 

mixed with linearized vector (50-200 ng), 2 µl 5X In-Fusion HD Enzyme Premix 

(Clontech) and dH2O following the manufacturer’s protocol. The incubation was 

for 15 min at 50°C.  

2.1.6 Generating mutant Abyssovirus genes using overlap PCR 

In nearly all mutation cases, the wide type of each DNA was used as a template and 

amplified by PCR with forward and reverse primers for each mutant sample in 

reaction PCR1. Another PCR was carried out with the forward primer of each 

mutant sample and a reverse primer in reaction PCR2. The PCR products were 

analyzed by agarose electrophoresis and the correct fragments were obtained for 

both PCR1 and PCR2. The DNA products were purified using a PCR purification 

kit (Thermo Scientific GeneJET PCR Purification Kit) and quantified by Nanodrop 

spectrophotometer. Then, 0.1ng/bp from each PCR product were mixed and 

subjected to a PCR reaction for five cycles without primers. Then, forward and 

reverse primers were added and another thirty cycles were completed. The correct 

size of overlap PCR product was analyzed by agarose gel electrophoresis and 

extracted by gel extraction kit (Thermo Scientific GeneJET PCR Purification Kit). 
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The purified product was quantified by Nanodrop spectrophotometer. The PCR 

product was double digested with restriction enzyme/s (Thermo Fisher 

SCIENTIFIC) for 30 minutes at 37°C and then a clean up kit (Thermo Scientific 

GeneJET PCR Purification Kit) was used to purify the product. The newly digested 

product was extracted by gel extraction kit after agarose gel electrophoresis and 

quantified by Nanodrop spectrophotometer. 

 

2.1.7 Ligation of PCR fragments with pTriEx1.1 	
  

	
  

Ligation reactions were prepared using an approximate 3:1 molar ratio of the insert 

to vector with 1x ligation buffer (Thermo Fisher SCIENTIFIC), and 1 unit T4 DNA 

ligase in a final volume of 10 µl. The reaction was incubated at 22°C for 30 

minutes. The ligation mix was then ready for transformation into Stellar competent 

cells (Clontech).  

 

2.1.8 Transformation of E. coli competent cells  

 

For transformation, 50 µl of Stellar competent cells (Clontech) were thawed on ice 

and 5-50 ng of DNA was added and gently mixed. The DNA mixture was 

incubated for 30 min on ice followed by a heat shock at 42°C for 45 sec, which 

opens pores in the cell membrane to allow DNA entry. The transformation reaction 

was placed back on ice for 1-2 min and 450 µl of pre-warmed SOC (super optimal 

broth) recovery media (Clontech) was added to allow the cells to recover from heat 

shock and to express the antibiotic resistance gene. After 1 hr incubation in the 
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shaker (225 rpm) at 37°C, 100 µl of each transformation reaction were plated onto 

Luria- Bertani (LB) agar supplemented with 100 µg/ml of ampicillin and incubated 

at 37°C overnight.  

 

2.2 DNA agarose electrophoresis  

 

Gel electrophoresis was used to visualize and purify DNA fragments. Agarose was 

dissolved in 1x TAE (Fisher Thermo SCIENTIFIC) buffer by heating in a 

microwave until boiling. After cooling Gel red (Cambridge Bioscience) was added 

to 0.01% (v/v). Electrophoresis was carried out at 100v for 60 min. Gels were 

imaged using a G:BOX Chemi XL imager (Syngene). The approximate size of the 

DNA bands visualized in the agarose gel was determined using a 1kb Hyper Ladder 

(Bioline).  

 

2.3 Colony PCR screening of transformant bacteria  

 

2.3.1 Colony PCR analysis  

Colonies from transformation reactions were selected randomly and then analyzed 

by colony PCR. The colony was patched to a master plate and the remainder 

resuspended in 100 °C of water and heated at 100 °C for 5 min. The sample was 

then spun at 13,000 rpm in a microfuge and 10 µl was used as template for PCR. 

The PCR reaction contained the following components recommended by the 

manufacturer’s protocol: Phusion® High-Fidelity PCR Master mix (BioLabs), 0.5 
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µM forward (TriExUP) and reverse (TriExDown) primers, < 250 ng DNA template 

and volume completed to 50 µl with dH2O. The PCR protocol was 1 cycle at 95°C 

for 2 min, 35 cycles with sequential incubation for 30 sec at 95°C, 30 sec at 52°C 

and 1 min at 72°C. Finally, an extension cycle for 10 min at 72°C was used to 

ensure complete extension of all PCR products.  

2.3.2 Plasmid DNA purification and sequencing  

Colonies identified by colony PCR as containing the correct size insert were 

selected from LB agar plates and inoculated into LB broth containing 100 µg/ml 

ampicillin and incubated overnight in the shaker (225 rpm) at 37°C. A Thermo 

Fisher Scientific Miniprep kit was used for isolation of the plasmid DNA from the 

10 ml cultures according to the manufacturer’s guidelines for plasmid DNA 

purification. The sample concentrations were measured using a NanoDrop 

ND_1000 spectrophotometer. Later, purified plasmid DNA was sent to Source 

BioScience for sequencing. A cell suspension was used to create a stock for each 

clone in 50% glycerol and stored at -80°C.  
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2.4 Transformation of different bacterial strains 

 

2.4.1 Preparing competent cells for the expression system BL21 

(DE3)- pLysS  

 

BL21 (DE3)-pLysS cells were streaked on an LB plate for overnight incubation at 

37℃. The next day, one colony from the plate was placed in 10ml LB media for 

overnight growth and 1ml from the overnight BL21 (DE3)-pLysS culture was 

transferred into 100ml LB media in a 250ml flask to allow cells to grow at 

37℃  until OD600 =0.5 (~3  hours). Cells were transferred to 50ml cold falcon tubes 

and placed on ice for 20-30 minutes. The cells were centrifuged at 4℃, 4000rpm 

for 15 minutes. The media was discarded and cells suspended with 5ml of cold of 

0.1M CaCl2 and placed on ice for 20 minutes. Cells were centrifuged for 15 

minutes at 4℃  at 4000rpm, the supernatant poured off and the cells re-suspended in 

1ml cold 0.1M CaCl2 containing 10% glycerol. 100µμl aliquots were transferred into 

cold (1.5 ml) Eppendorf and frozen in liquid nitrogen. Cells stored at -80℃.     

          

2.4.2 Other E. coli strains  

 

Plasmids were transferred into different E. coli strains including BL21 (DE3)-

pLysS, Origami, Rosetta and Tuner (Invitrogen) (Table 2.1) by transformation. 0.1 

µg plasmid DNA was mixed gently with 50 µl competent cells, incubated on ice for 

30 min, heat shocked for 45 sec at 42°C water bath, replaced on ice for 1-2 min and 

then 450 µl of pre-warmed SOC medium was added to the plasmid-cell mixture and 

incubated in the shaker at 37°C for 1hour (225 rpm). After incubation, 100 µl from 
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the total mixture was plated on LB plates containing 100 µg/ml ampicillin and 

incubated overnight at 37°C.  

 

Table 2.1. E.coli strains used for plasmid transformation and amplification and 

protein expression.   

Strain/Name Genotype Source 

Stellar competent cells  

 

F-, endA1, supE44, thi-1, recA1, relA1, 

gyrA96, phoA, Φ80d lacZΔ M15, 

Δ(lacZYA-argF) U169, Δ(mrr-hsdRMS-

mcrBC), ΔmcrA, λ- 

 

Clontech  

 

BL21 (DE3) pLysS 

 

F– ompT hsdSB(rB – mB – ) gal dcm (DE3) 

pLysS (CamR ) 

 

Novagen 

Origami ∆(ara–leu)7697 ∆lacX74 ∆phoA PvuII 

phoR araD139 ahpC galE galK rpsL 

F'[lac+ lacI )pro] gor522::Tn10 trxB 

(KanR , StrR , TetR )  

 

Novagen 

Rosetta F– ompT hsdSB(rB – mB – ) gal dcm 

pRARE2 (CamR ) 

 

Novagen 

Tuner F–ompT hsdSB(rB–mB–) gal dcm lacY1 Novagen 
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2.5 Induction of protein expression in E. coli T7 compliant strains 

 

An overnight culture was inoculated (200 µl) into a 10 ml fresh LB broth with 

ampicillin (100 µg/ml) and incubated in the shaker at 37°C for 1-3 hr. The 

expression of Abyssovirus proteins was induced when cultures had reached an 

OD600 of 0.6 by adding IPTG (isopropyl-β- D-thiogalactopyranoside) to a final 

concentration of 1 mM. For determining optimal expression, 1 ml was taken at time 

points of 30min, 1, 2, 3 and 4 hr, centrifuged and the cell pellets were subjected to 

western blotting. 

2.6 Transfection of Mammalian cells (17clone-1) 

 

Transfection is a method used to introduce nucleic acids into cells in culture. 17-

clone1 cells were cultured in Dulbecco's modified Eagle medium (DMEM) (Sigma 

Aldrich) supplemented with 10% fetal bovine serum (FBS) (GE Healthcare), and 

antibiotics penicillin/streptomycin (penicillin 100 U/ml, streptomycin 0.1 mg/ml; 

Gibco/Invitrogen) in a 6 well plate and transfected with plasmid DNA for the 

expression of viral proteins by using different transfecting reagents to compare their 

efficiency, Lipofectin and Lipofectamine3000 (Invitrogen), following the 

manufacturer’s instructions for each reagent. After incubation for 24 hour, cell 

culture plates were placed on ice and a plastic cell scraper used to scrape adherent 

cells from each well gently. The suspensions were transferred into pre-cooled tubes, 

centrifuged for 4 min (2000 rpm) at 4°C. Finally, the supernatants were aspirated 

and the pellets re-suspended with 50 µl ice-cold phosphate-buffered saline (PBS) 

and stored at - 20°C.  
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2.7 Transfection of insect cells (Sf9) 

The flashBAC™ GOLD (FBG) baculovirus Expression System (Mirus Bio) was 

used to produce recombinant baculovirus using transfer vector plasmids and 

transfection to produce recombinant baculoviruses. A cell density of 1 x 106 Sf9 

insect cells was seeded in a 6 well tissue culture plate and the cells were left to 

settle for 20 minutes. Cells then washed twice with 2ml fresh media and a 

transfection mixture applied dropwise to the well. The transfection mixture 

consisted of 2µl of the recombinant plasmid (100ng/µl) mixed with 2µl of the FBG 

and 8µl of nuclease free water in one sterile Eppendorf tube. In a second Eppendorf 

tube 8µl of lipofectin transfection reagent was mixed with 4µl of nuclease free 

water. Then the two tubes (12µl each) were mixed and incubated for 15 min at 

room temperature. Following transfection, cells were incubated at 27 C˚ for 5-6 

days and examined under microscopy to visualize the cytopathic effect caused by 

the recombinant virus. Cells were harvested and centrifuged at 2000 rpm/ 5min and 

the supernatant was collected as passage 0 (P0) and stored at 4 C˚. Later a six well 

tissue culture plate was seeded with 1 x 106 Sf9 cells to obtain passage 1 by using 

0.1ml of P0 and incubated at 27℃ for 3-4 days. This process was repeated to obtain 

passages 2 and 3 which had increasingly rapid cpe reflecting a higher titer of virus. 

 

 

2.8 Protein purification from insect cells  

 

Sf9 culture with a cell density of 1.5x106 /ml in a total volume of 300ml with 2% 

FCS media were infected with 10% v/v of recombinant virus stock giving an 

estimated MOI of 1 and incubated at 27 ℃ for 3 days in a rotary shaker. Before 

harvest the number of dead cells was estimated using 0.4% trypan blue exclusion 
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using the Countess® automated cell counter. The cells were harvested by 

centrifugation at 4000rpm for 20 min at 4 ℃. The cell pellets were collected on ice 

and lysed using lysis buffer (50 mM PBS, 500mM NaCl, 1% NP-40, pH 7.4) and a 

cocktail of protein inhibitor (Roche) was added to the lysate. Then sonication was 

performed on ice for 10 min / 20 seconds on/off pulse and 80% amplitude using a 

probe sonicator (Sonics). The cell lysate was centrifuged 15,000 rpm / 20 minutes/ 

4 C˚ using a Sorval RC5B centrifuge. An integrated low pressure purification 

apparatus (BioRad) was used to purify the protein of interest. A 5ml IMAC column 

(GE Lifesciences) was washed with binding buffer (20 mM PBS, 500mM NaCl, 20 

mM Imidazole, 0.1% Tween-20, pH 7.4) at 5ml/min after which the cell lysate was 

loaded into the column. HIS-tagged proteins were eluted using a gradient of 0-

100% elution buffer (20 mM PBS, 500mM NaCl, 500 mM Imidazole, 0.1% Tween-

20, pH 7.4) at a flow rate of 5ml/ min. The eluted fractions containing the protein of 

interest were collected separately and analyzed by SDS=PAGE and by western 

blotting. The fractions containing the protein of interest were pooled and 

concentrated using the viva spin column 10K MWCO (Sartorius) by spinning at 

4000 rpm for 30 minutes at 4 C˚.   

 

2.9 Cell culture  

 

2.9.1   17clone-1 mouse fibroblast cells 

Cells were grown at 37°C in Dulbecco’s modified Eagle medium (DMEM; 

Gibco/Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) and penicillin/streptomycin (penicillin 100 U/ml, streptomycin 0.1 mg/ml; 
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Gibco/Invitrogen). For maintenance, cells were split once they reached ~90% 

confluence. The media was removed and the cells were washed twice with sterile 

1x PBS. The cells were detached from the plastic using 0.2% Trypsin-EDTA (PAA; 

Sigma). The cells were then suspended in fresh DMEM media with serum to 

inactivate the trypsin. An aliquot of the cell suspension was added to a new flask 

containing fresh DMEM media and incubated at 37°C in 5% CO2 as before.  

2.9.2   Sf9 insect cells 

Sf9 insect cell lines were cultured in EX-CELL® 420 Serum-Free Medium 

supplemented with 3% fetal bovine serum (FBS) and penicillin/streptomycin 

(penicillin 100 U/ml, streptomycin 0.1 mg/ml; Gibco/Invitrogen). Cells were split 

once they reached ~90% confluency. Following cell counting a new culture was 

inoculated in a plastic disposable flask with 0.3 x 106 cells /ml and incubated at 

27℃ with shaking for 3 days until confluency again reached 90%.  

 

2.10 Protein analysis   

 

   2.10.1 SDS Polyacrylamide gel electrophoresis (PAGE) 

Proteins were analyzed by SDS-PAGE. Cells were resuspended in 20 µl chilled 

PBS and mixed with 20 µl of LDS sample buffer (980 µl 4x LDS sample buffer 

(Novex) and 20 µl β-mercaptoethanol) and incubated at 100°C for 10 min before 

analysis on a 4-12% SDS-PAGE gel (Life Technologies) assembled in a dual mini 

gel tank (Life Technologies). Samples were centrifuged for 2 min and 10 µl of each 

was loaded per well. Samples were separated at a constant voltage of 170v for 30 

min in 1x MES (50 mM MES, 50 mM Tris, 0.1% SDS, 1% EDTA, pH 7.25) 



41 
 

running buffer (Life Technologies). A sample (10 µl) of Sharp pre-stained protein 

standard or See Blue Plus2 Prestained Standard (Life Technologies) was used for 

molecular size estimation. Following electrophoresis, the gel was stained or 

transferred onto PVDF membranes for Western blotting analysis.  

2.10.2 Protein staining with Coomassie brilliant blue  

Coomassie blue dye was used to visualize proteins separated by SDS-PAGE. After 

electrophoresis, the gel was incubated at room temperature on a rocking platform 

(25 rpm) in a solution of Coomassie brilliant blue stain (0.025% Coomassie Brillant 

Blue R-250, 45% methanol and 10% glacial acetic acid) for 30 min. The gel was 

then washed with a destaining solution (10% methanol, 10% glacial acetic acid) at 

room temperature on the rocker for 10 minutes. The washing step was repeated 

three times and finally overnight.  

2.10.3 Western blot  

Following electrophoresis, SDS-PAGE gels were incubated in transfer buffer (400 

ml 1.5x Tris/glycine (Tris base 25 mM, Glycine 190 mM pH 8.3) buffer, 20% 

methanol for 3 min. The SDS-PAGE gels were then transferred onto PVDF 

membranes (Merck) by being electroblotted for 1 hour and 20 minutes/ at 150mA 

in transfer buffer using a semi-dry Western blotting apparatus (ATTO). Following 

transfer, the membranes were incubated in blocking buffer (5% non-fat milk in 

TBST buffer (500 ml 1xTBS (50 mM Tris-Cl, 150 mM NaCl, pH 7.6) and 2% 

Tween20 overnight. The next day, membranes were washed with TBST buffer 3 

times for 5 min on a rocking platform (25-30 rpm) (Stuart). The primary HSV and 

6x HIS tag antibodies (Abcam) were diluted 1/10,000 in blocking buffer, and added 

to the membrane in a plastic pouch.  
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Membranes were incubated for 1 hr at room temperature on a rocking platform (25-

30 rpm). After incubation, membranes were washed with TBST buffer 3 times for 5 

min. Membranes were then incubated for 1 hr at RT with the secondary antibody 

(polyclonal Goat Anti-mouse Immunoglobulins /HRP) dissolved in 1% TBST-milk 

on rocking platform (25-30 rpm), followed by 3 washing steps in TBST as 

previously described. The protein bands were detected using equal volumes of ECL 

reagents A (0.25 ml) and B (0.25 ml) enhanced chemiluminescent substrate (GE 

Lifesciences) and luminescence from the HSV and HIS tag labeled proteins was 

visualized using a G: BOX Chemi XL (Syngene). 
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Chapter 3 

3. Cloning and expression of Abyssovirus main protease fragments in 

different expression systems.  

 

3.1 Introduction  

 

In a typical and well characterized coronavirus such as Mouse Hepatitis Virus 

(MHV) the ORF 1a portion of gene 1 encodes a 3C-like proteinase (3CLPro), 

nonstructural protein 5, also called the main protease (MPro), which has been 

experimentally confirmed to cleave at least 11 sites in the pp1a and pp1b 

polyproteins (Figure 3.1), 10 of which have a dipeptide consisting of Gln at 

position 1 (P1) and Ser, Asp, Gly, or Cys at P1’ (the amino acids flanking the 

protease cleavage sites are labeled from the N to the C terminus as follows: –P3–

P2–P1 ↓ P1’–P2’–P3’–) (Baker et al., 1993, Denison et al., 1992, Lee et al., 1991). 

 

 

	
  

 

 

 

	
  

	
  

	
  

	
  

	
  



44 
 

	
  

Figure 3.1. The genome of Murine hepatitis virus (MHV) as a typical coronavirus 

with nsp5 location shown.  The genome encodes 7 genes in all. Gene 1, the 

replicase gene encodes 16 non-structural proteins that are processed by viral 

proteases including the nsp5 (aka 3CL or Main) protease. Nsp5 protease is 

responsible for 11 cleavage events between nsp 4 and 16 as marked by asterisks 

(adapted from Stobart et al., 2013). 

	
  

Proteolytic enzymes are widespread and generally have a positive or negative effect 

on biological processes including protein degradation or controlling physiological 

events (Neurath, 1984) and thanks to numerous studies a wealth of information is 

available. The role of coronavirus main protease is clearly degradative, releasing 

the final replicase component proteins from pp1a and pp1ab. 

Proteolytic enzymes have been classified into five classes based on their catalytic 

mechanism: aspartic, cysteine, metallo-, threonine and serine peptidases (Barrett et 

al., 2003) and over one third of all proteolytic enzymes are serine peptidases. The 

family name stems from the nucleophilic Ser amino acid residue at the active site of 

the enzyme which attacks the carbonyl moiety of the substrate peptide bond to form 

an acyl-enzyme intermediate (Hedstrom, 2002). Serine proteases have been well 
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studied and are classified into four groups including chymotrypsin, trypsin, 

elastase, and subtilisin. Based on the structure, Coronavirus main protease belong to 

the cysteine proteinases and feature a serine proteinase (chymotrypsin)-like two-

𝛽barrel fold, but with a Cys–His catalytic dyad instead of the classical Ser–His–

Asp triad (Thiel et al., 2003).  

All coronaviruses have an equivalent main protease, several of which have been 

characterized in detail, and the reported three dimensional structures of those 

coronavirus main proteases that have been solved are similar (Huang et al., 2004). 

Crystal structures have been reported for the 3CL (or MPro) proteins of 

Transmissible Gastroenteritis Virus (TGEV), Human coronavirus 229E (HCoV 

229E), SARS-CoV and HKU1 (Anand et al., 2002, Anand et al., 2003 and Yang et 

al., 2003, Zhao et al., 2008). The common structure of these proteins consists of 

two chymotrypsin-like anti-parallel beta barrels, with a third domain consisting of 

an arrangement of alpha-helices which constitutes a dimerization domain.  The His 

and Cys residues located between the first two domains have been reported as the 

catalytic dyad and mutagenesis of these residues in SARS-CoV, Hokovirus (HoV), 

Avian Infectious Bronchitis (IBV) and MHV MPro have proved them essential for 

protease activity (Liu & Brown, 1995; Lu et al., 1995; Ziebuhr et al., 1995, 1997; 

Tibbles et al., 1996; Seybert et al., 1997, Shi et al., 2004, Fan et al., 2004).  

Unlike classical 3C proteases however the substrate specificity can be different. 

Whereas in the coronaviruses the MPro cleavage site is canonical as described 

above, that is Q followed by S, A, G or C, in the Arteriviruses the cleavage site is E 

followed by S, A, G or sometimes N.  

The conservation of coronavirus main proteases is such that it makes an ideal probe 

for the discovery of distantly related virus family members. Indeed its use to probe 
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the TSA and EST databases using tBLASTn (Altschul et al., 1990) was used for the 

discovery, in the transcriptome of the California sea hare, Aplysia californica, of 

the Abyssovirus described here (Bukhari et al., 2018). A second distant related 

sequence was found in the ornate chorus frog Microhyla fissipes (Bukhari et al., 

2018). Although the Abyssovirus MPro was identified strongly by homology with 

the more well characterized coronavirus MPro proteins (93% probability by 

HHPrep) and was located at an appropriate position in the translated pp1a (residues 

4401-4618) it was nonetheless very divergent (Figure 3.2) and, given the nature of 

the sequences deposited in the TSA database, there was no functional data to 

support its identification. Moreover, when identifying viral proteins through 

bioinformatics there can be no guarantee that the putative function has not been 

falsely assigned from sequence mis-assembly, sequence errors or other artifacts of 

the sequence assembly processes. It was therefore unclear from sequence analysis 

alone if enzyme activity was to be expected or not.  
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Figure 3.2. HHprep output showing the identification of the Abyssovirus MPro 

sequence within the submitted translated 1a region of the TSA sequence 

GBBW01007739.1 as a member of the main coronavirus polyprotein processing 

enzymes. Maximum homology, as shown, was with the MPro of HKU1 coronavirus. 

The nomenclature used is standard, H for helix, C for Coil and E for beta sheet.    
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The exact boundaries of the protein are unclear, however Q/S and E/X codons do 

occur suggesting the use of either the coronavirus Glutamine (Q) or Glutamic acid 

(E) in the P1 position. A further possibility is that, as has been suggested in MHV, 

the processing of pp1a may involve MPro cleavage at a dibasic site (RK) which lies 

upstream of the preferred MPro Q/S substrate (Lee et al., 1991). A dibasic site also 

occurs in the Abyssovirus sequence (Figure 3.3) allowing for the possibility that 

this too could be recognized and cleaved. Whether any of these suggested 

substrates are bona fide processing sites was addressed in this chapter. Overall, the 

purpose of the chapter was to generate constructs for the expression of the 

Abyssovirus MPro in a system that could allow detection of the cleavage products. 

Ideally, the potential protease activity would be tested in different cell backgrounds 

to ensure that a suitable cellular environment for activity was found.   

 

3.2 Results 

3.2.1 Design and construction of tagged Abyssovirus main protease  

The Abyssovirus main protease sequence, as defined in the TSA database sequence 

obtained from the sea hare Aplasya californica (accession no: GBBW01007739.1) 

was ordered as a synthetic DNA fragment of 1251bp and was provided by Dr. 

Geraldine Mulley. The annotated amino acid sequence of the fragment is shown in 

Figure 3.3. 
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Figure 3.3 Location of nsp5 protease reading frame on the Abyssovirus genome 

and choice of mutation. A: A cartoon of the nsp5 (MPro) sequence which is located 

towards the 3’ end of the predicted 1a translation product of gene 1. B: The 

Abyssovirus main protease (MPro) construct, designed as described in the text, has 

the following order: HSV tag – pre-protease sequence (blue) - Main proteinase 

(black) – post protease sequence (green) – HIS tag. The protease is autocatalytic 

and the residues at the possible cleavage junctions are also highlighted (underlined 

or circled). C: Identification of the catalytic dyad residues shown in Red identified 

by alignment with a well characterized HKU4-CoV main protease (John et al., 

2015).  The arrowed conserved His and Cys residues are those in the catalytic site 

mutagenized as part of this study.	
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To provide tags for the facile detection of the translated product the synthetic 

fragment was cloned by in-Fusion technology into the vector pTriEx1.1 which is 

able to express proteins in a number of different phyla by virtue of the multiple 

promoters upstream of the inserted sequence. These include the T7 promoter for 

expression in E. coli, the p10 promoter for expression in the baculovirus/insect cell 

system and the hybrid CAG promoter for expression in mammalian cells (Jarvis, 

2009). The in-fusion methodology allows directional cloning of one or more DNA 

fragments into any vector with high cloning efficiency. The strategy adds specific 

15 bp overlap sequences to the termini of the DNA fragment to be cloned which are 

homologous to specific sequences in the linearized vector. When mixed together 

these overlap sequences recombine, catalyzed by enzymes	
   able to carry out 

sequence specific recombination in vitro (Jacobus & Gross, 2015). To enable the 

cloning, the vector was linearized with restriction enzyme XhoI and mixed with the 

synthetic DNA fragment flanked with sequences that, once recombined, would 

allow expression of MPro appended to an N-terminal HSV and a C-terminal HIS tag, 

both already present in the pTriEx1.1 vector.  The 15 bp overlap sequences were 

added to the synthetic DNA by PCR amplification and are shown with vector and 

MPro homologies identified (Table 3.1).  
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Table 3.1. Oligonucleotides used for in-Fusion cloning of wild Abyssovirus main 

protease in pTriEx1.1 plasmid. Yellow color represents vector sequence. 

Primer Sequence bp 

Fw_Main 

protease_Infu 

5'CCCCGAGGATCTCGAGTTGCGAATGATTTTGTCTA

CC ’ 3 

37 

Rv_main 

protease_ Infu 

5'GATGGTGGTGCTCGAGACACAGACAACACAACAA

AAA ’3 

37 

 
	
  
After transformation of the infusion mix into Stellar E. coli competent cells and 

overnight incubation on selective agar, 6 colonies were selected at random, 

transferred onto LB with ampicillin and grown overnight at 37°C with shaking. 

Plasmid DNA was extracted from the 6 candidates and analyzed by PCR using the 

primers used for the generation of the infusion fragment (Table 3.1). DNA which 

amplified to give the correct size of insert was digested with restriction enzyme 

XhoI to confirm its presence and the positives sent to Source BioScience for DNA 

sequencing to confirm the identity of the cloned sequence. All sequences obtained 

were as designed with no evidence of mutations and the reading frame was open 

through the sequence and encoded each of the elements described above. The 

predicted molecular weight of the complete translated product by use of the 

Compute pI/MW tool at Expasy (https://web.expasy.org/compute_pi/) is 46.4kDa 

and the predicted cleavage products are ~13kDa for the HSV tagged N terminal 

fragment and ~6 kDa for the HIS tagged C-terminal fragment. The	
   assembled 

plasmid map with key features annotated is shown in Figure 3.4.  	
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Figure 3.4. Plasmid map showing the complete Abyssovirus MPro sequence 

assembled into the pTriEx1.1 vector. Note the XhoI sites flank the wild type main 

protease. The SacII and Eco81I restrictions sites and NotI and AleI sites used for 

cloning the mutated proteases as well as the sequences encoding the HSV and HIS 

tags used for protein detection are also shown.  
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3.2.1.1 Generation of mutants in the Abyssovirus main   

proteases by overlap PCR 

	
  
In SARS-CoV MPro, His41 and Cys145 were identified as essential for catalysis 

(Huang et al., 2004). The equivalent residues in the Abyssovirus main protease 

were identified by alignment (Figure 3.2) and targeted for mutagenesis to test the 

role of this catalytic dyad in any activity of the Abyssovirus main protease. To 

determine their relative impact each of the active site residues was mutated to 

Alanine, the active site 1 mutation was Cys to Ala at position 302 and the active 

site 2 mutation a combined mutant His to Ala at position 193 in addition to active 

site 1. To accommodate the several possibilities for the N terminal cleavage 

junction, as discussed above, residues predicted as essential for the auto-cleavage 

reaction, all located between the HSV-tag and the N-terminus of the MPro sequence, 

were mutated at each position. Four of the resulting mutants were	
  made singly by 

changing the resident amino acid to Alanine using the overlap PCR method (Figure 

3.5) using designing additional	
  forward (Fw_) and reverse (Rv_) primers as shown 

in Table 3.2. A later mutant at the possible Q/S site was made by gene synthesis to 

include the change of Q to A at position 153 and the mutant fragment exchanged 

for the resident wild type fragment by use of unique flanking restriction sites NotI 

and AleI. 
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Figure 3.5. Generation of mutant Abyssovirus main protease fragments by overlap 

extension PCR. The final amplified DNA fragments were digested and inserted 

between the SacII and Eco81I restrictions sites in the pTriEx1.1 vector.  
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The PCR product and the pTriEx1.1 vector were double digested with SacII and Eco81I  
restriction enzymes  

v 

Ligase the fragment into  pTriEx1.1 using T4 DNA ligase  
v 

The ligation mix was transformed into StellarTM E. coli competent cells  
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Table 3.2. Oligonucleotides used for cloning in pTriEx1.1 plasmid. Highlighted 

sequence represents mutation sites. 

Primer Sample Mutant Sequence bp 

Fw_A1  

First active 

site (A1) 

 

TG→GC 

5'-GCTTTAGAGGGTGGCGATGCTGGTACGCCGTTGT-3' 34 

Rve_A1 5'-ACAACGGCGTACCAGCATCGCCACCCTCTAAAGC-3' 34 

Fw_A2  

Second 

active site 

(A2) 

 

CA→GC 

5’-CACTATTGTTGTTCCACGTGCTCTGTTTTTAACGTCTGGC-

’3 

40 

Rve_A2 5’-

GCCAGACGTTAAAAACAGAGCACGTGGAACAACAATAGTG-

’3 

40 

Fw_1 First 

cleavage site 

(1) 

 

CG→GC 

5’GGGCAACTACAACGGGGGGCGCTAAGAATGAAGC’3 34 

Rve_1 5’GCTTCATTCTTAGCGCCCCCCGTTGTAGTTGCCC’3  34 

Fw_2 Second 

cleavage site 

(2) 

 

AA→GC 

5’CAACGGGGGGCCGTGCGAATGAAGCAATGC’3 30 

Rve_2 5’GCATTGCTTCATTCGCACGGCCCCCCGTTG’3 30 

Fw_3 Third 

cleavage site 

(3) 

 

AA→GC 

5’CGGGGGGCCGTAAGGCTGAAGCAATGCTTG’3 30 

Rve_3 5’CAAGCATTGCTTCAGCCTTACGGCCCCCCG’3 30 

Fw_4 Forth 

cleavage site 

(4) 

 

GA→GC 

5’GCCGTAAGAATGCAGCAATGCTTGAATCTCAGC’3 33 

Rve_4 5’GCTGAGATTCAAGCATTGCTGCATTCTTACGGC’3 33 
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For the mutations made by overlap PCR, the wild type main protease DNA, cloned 

as described above, was used as template and amplification by PCR used a forward 

primer (Fw_SacII, Table 3.3) which primed 5’ to the MPro sequence and a reverse 

primer which included the mutation to be introduced in each case (Rv_X see Table 

3.2) in reaction PCR1. A second PCR reaction was carried out with a forward 

primer which included the mutation to be introduced (Fw_X see Table 3.2) and a 

reverse primer (Rve_ TriExDown, Table 3.3) which hybridized to a sequence 3’ to 

the cloned MPro sequence, reaction PCR2.  

	
  

The PCR products of these first round PCR reactions for the two active site and the 

four cleavage sites mutations were analyzed by agarose electrophoresis, and the 

correct sizes (PCR1: 1344, 1017, 846, 849, 852 & 855bp and PCR2: 617, 944, 

1115, 1112, 1109 and 1106bp) were obtained for both PCR1 and PCR2 respectively 

Figures 3.6, 3.7 and 3.8. 

	
  

Table 3.3. Flanking oligonucleotides used to generate mutant main protease in all 

cases. 

Primer Sequence bp 

Fw_SacII 5’- TGGCTGCGTGAAAGCCTTG-‘3 19 

Rve_TriExDown 5’-TCGATCTCAGTGGTATTTGTG-‘3 21 
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Figure 3.6. Gel electrophoresis of PCR products following amplification of 

Abyssovirus MPro first active site mutation using specific primers. Lane 1 and 3: 

Marker (1kb) DNA ladder, Lane 2: PCR1 (1344bp), Lane 4: PCR2 (617bp).  

 

 
	
  

 

 

 

 

 

Figure 3.7. Gel electrophoresis of PCR products following amplification of the 

Abyssovirus MPro second active site mutation using specific primers. Lane 1 and 3: 

Marker (1kb) DNA ladder, Lane 2: PCR1 (1017bp), Lane 4: PCR2 (944bp).  
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Figure 3.8. Gel electrophoresis of PCR products following amplification of four 

individual cleavage site mutations using mutation-specific primers.  Marker (1kb) 

DNA ladder in the left side, Lanes 2, 4, 6 & 8: PCR1 (846, 849, 852 & 855bp), 

Lane 3, 5, 7 & 9: PCR2 (1115, 1112, 1109 and 1106bp) for the four mutant 

cleavage sites respectively.  

 

The amplified products were purified by gel elution kit and quantified by Nanodrop 

spectrophotometer. Then 0.1ng/bp of each PCR product were mixed and subjected 

to amplification in a PCR reaction for five cycles without any primer addition. The 

forward primer (Fw_SacII) and the reverse primer (Rve_TriExDown) were then 

added and a further thirty cycles were completed. The presence of the correctly 

sized 1958bp overlap PCR product was assessed by agarose gel electrophoresis as 

before and the desired band extracted by gel extraction kit Figure 3.9. 
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Figure 3.9. Agarose gel electrophoresis of overlap product of Abyssovirus two 

active sites (lanes 2&3) and four-cleavage sites mutants (lanes 5, 7, 9 & 11) 

amplified by PCR. Lanes 1, 4, 6, 8, 10: Marker (1kb) DNA ladder. Lanes 2, 3, 5, 7, 

9, and 11: PCR1+PCR2 overlap product for all Abyssovirus main protease 

mutations (1958bp). 

 

The purified product was quantified by Nanodrop spectrophotometer and double 

digested with SacII and Eco81I (Bsu36I) restriction enzymes for 30 minutes at 

37°C and the digested DNA recovered by use of a clean up kit.  Unmodified 

pTriEx1.1 plasmid was also digested with SacII and Eco81I restriction enzymes 

(for site locations see Figure 3.4) and the large vector band purified by gel 

extraction kit after agarose gel electrophoresis and similarly quantified by 
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Nanodrop spectrophotometer. The linearized vector was mixed with each overlap 

mutant fragment and a T4 ligation kit was used for their ligation according to the 

manufacturer's instruction. The ligation mix was transformed into StellarTM E. coli 

competent cells and a separate transformation with a small amount of non-digested 

plasmid acted as a transformation control. 

3.2.2 Colony PCR screening of transformed bacteria   

Colony PCR was performed using forward and reverse primers (Table 3.3) to 

check for the presence of the fragment from each of the main protease mutation 

cloning experiments and the positive colonies with bands of the expected size were 

selected Figure 3.10.  
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Figure 3.10. Main protease mutations screened by colony PCR. Lane 3, 8 and 13: 

Marker (1kb) DNA ladder, Lanes 1, 2, 4, 5, 6, 7, 9, 10, 11, 12, 14 and 15: two 

colonies of first active site mutation, second active site mutation and the four 

cleavage sites mutations respectively were screened for the presence of pTriEx- 

MPro mutant insert (1958bp).  
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Colonies with the correct size of insert by colony PCR were grown at 37°C 

overnight in 10 ml LB broth with ampicillin and plasmid DNA extracted. The 

isolated DNA was sent for sequencing to confirm the relevant mutations in all cases 

and, once confirmed, a glycerol stock was prepared and the new strains stored at -

80°C.  

As a result of the cloning experiments, plasmids capable of the expression of wild 

type Abyssovirus main protease (MPro) and seven mutants, which change residues 

predicted to be at the active site or at a possible cleavage junction within the chosen 

sequence, were confirmed. In all cases the main protease sequence was flanked by 

epitopes for widely available antibodies, recognizing	
  the HSV and HIS tags, so that 

the complete translation product (both epitopes) and cleavage products representing 

either end of the fragment (one or other epitope) could be detected by western blot. 

These plasmids represented the resource for an investigation of possible enzyme 

activity in the Abyssovirus MPro protein.     

3.2.3 Expression and proteolytic activity of Abyssovirus main 

protease 

As noted, the base vector in use, pTriEx1.1, allows the expression of target proteins 

in multiple expression systems (E. coli, insect and vertebrate). Expression in E. coli 

strains, including E. coli BL21 (DE3)- pLysS, Origami, Rosetta and Tuner, is 

enabled by these strains having been engineered to express the T7 polymerase 

under control of the lac promoter. IPTG induction turns on T7 polymerase 

expression which in turn transcribes from the T7 promoter located on the plasmid 

5’ to the inserted sequence (Studier and Maizel, 1969). Expression in insect cells is 

enabled by the presence of the p10 promoter, one of the very late promoters widely 
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used in the baculovirus expression system (Kelly et al., 2016) while expression in 

mammalian cells is mediated by a hybrid promoter composed of the 

cytomegalovirus (CMV) immediate early enhancer fused to the chicken β-actin 

promoter, termed a CAG promoter (Jarvis, 2009).  None of these hosts is expected 

to contain endogenous proteins that will react with either the HSV or HIS tag 

antibodies meaning that only the plasmid encoded product, along with any 

processed intermediates, should be detected.  

 

3.2.3.1 Main protease expression in E. coli 

 

E. coli was screened first as an expression host following transformation of the 

verified Abyssovirus MPro plasmids into T7 polymerase encoding bacterial strains, 

typified by E. coli BL21 (DE3)-pLysS. All strains encode T7 polymerase, allowing 

transcription from the plasmid encoded T7 promoter, and T7 lysozyme which is a 

natural inhibitor of T7 RNA polymerase activity and minimizes “leaky” expression 

prior to induction. This can be important if the encoded product is detrimental to E. 

coli growth, as indeed a protease might be. Variant expression strains include 

Origami which has mutations in both the thioredoxin reductase (trxB) and 

glutathione reductase (gor) genes, which enhance disulfide bond formation in the 

cytoplasm.  Rosetta is an engineered strain which is designed to enhance the 

expression of eukaryotic proteins that contain codons rarely used in E. coli and 

Tuner is a strain which carries a lacZY deletion which enables adjustable levels of 

protein expression via varying levels of the lactose analogue isopropyl-β-D-1 

thiogalactopyranoside (IPTG) used as inducer. For these tests, following 

transformation of the wild type construct into the relevant strain, a colony was 
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selected randomly and grown in 10 ml LB broth with ampicillin (100 µg/ml) at 

37°C overnight in a shaking incubator. From these cultures, 200 µl was transferred 

to a fresh 10 ml LB broth with ampicillin and grown to OD600 = 0.4-0.6 and protein 

expression induced by the addition of (IPTG) and allowed to continue for 4 hours 

for optimal expression. Before and after IPTG induction, aliquots of the bacterial 

culture were harvested for western blot analysis with only the HSV antibody as an 

initial screen. Induction was successful for all strains except Origami with a clear 

band at around 46kDa, the predicted size of the complete translation product, after 

one-hour induction with IPTG, which became more intense with time Figure 3.11. 

However, no reactivity of the HSV antibody with a fragment of ~13kDa was 

apparent suggesting that although the wild type protease sequence was expressed 

no enzyme activity was present. Based on this data, the strains, BL21 (DE3)-pLysS 

and Rosetta were chosen as expression positive hosts for the analysis of the 

protease active site and cleavage site mutations already described.  
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Figure 3.11. Western blot analysis of the wild type Abyssovirus MPro expression in 

E. coli. The strains BL21 (DE3)-pLysS, Origami, Rosetta and Tuner are indicated. 

Total protein samples were prepared prior to (non-induced; 0hr) and following 

induction of protein expression with IPTG at 37°C hourly to 4 hours post induction. 

The blots were probed with an anti HSV tag antibody only. Markers in the centre 

are in kilodaltons, kDa. 
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3.2.3.1.1 Abyssovirus MPro wild type and mutant expression in E. 

coli BL21 (DE3)-pLysS 

All Abyssovirus MPro constructs, as described above, were transformed into E. coli 

BL21 (DE3)-pLysS and one colony from each construct was selected randomly for 

expression as before, that is growth to OD600=0.4-0.6 before induction with IPTG 

and sampling for up to 4 hours post induction. Total protein extracts were resolved 

by SDS-PAGE, transferred to Immobilon membranes and Western blot analysis 

performed using both HSV and HIS antibodies. As for the original expression 

screen, Western blots with the HSV antibody detected a ~46kDa band in the wild 

type sample consistent with the full length translated product which became more 

intense with time. In addition, this pattern of expression was maintained for all 

constructs irrespective of the sequence expressed and there was no indication of 

smaller fragments consistent with proteolysis of the precursor in any of the mutant 

samples - Figure 3.12. 
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Figure 3.12. Western blot analysis of wild and mutant Abyssovirus MPro in E. coli 

BL21 (DE3)-pLysS with HSV tag antibody. Protein samples were extracted from 

E. coli prior to (non-induced; 0hr) and following induction of protein expression 

with IPTG at 37°C. The construct design and expected molecular weights are 

shown above. Samples 1, 4, 7 & 10: non transformed cells acted as control. Sample 

2: wild main protease. Sample 3: first active site mutation (C302A). Sample 5: Both 

active sites mutation (C302A and H193A). Samples 6, 8, 9 & 11: mutant main 

protease cleavage sites (R136A, K137A, N138A and E139A) respectively. The 

occasional lack of a band, e.g. 3rd cleavage mutant at 3hr post induction, is due to 

misloading. Markers in the centre are in kilodaltons, kDa. 
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In addition to Western blots using the HSV antibody the same set of samples were 

probed using the anti HIS -tag antibody for the detection of any C-terminal 

proteolytic fragments. Irrespective of the sequence being expressed the HIS pattern 

was consistent for all blots with a predominant band at ~30kDa and a variety of 

bands with higher and lower molecular weights. One of these could be consistent 

with the primary translation product (~46kDa) but it was not the predominant 

reactive band and its relative level did not alter among the mutants tested - Figure 

3.13. 
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Figure 3.13. Western blot analysis of wild type and mutant Abyssovirus MPro 

protease in E. coli BL21 (DE3)-pLysS with HIS tag antibody. Protein samples were 

extracted from E. coli prior to (non-induced; 0hr) and following induction of 

protein expression with IPTG at 37°C. Samples 1, 5 & 9 non transformed cells 

acted as control. The construct design and anticipated molecular weights are shown 

above. Sample 2: wild main protease. Sample 3: first active site mutation (C302A). 

Sample 4: both active sites mutation (C302A and H193A). Samples 6, 7, 8 & 10 are 

mutant main protease cleavage sites (R136A, K137A, N138A and E139A) 

respectively. A possible primary translation product of ~46kDa is indicated.  
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3.2.3.1.2 Abyssovirus MPro wild type and mutant expression in E. 

coli Rosetta  

The data for expression of the Abyssovirus MPro wild type and mutant proteases in 

E. coli BL21 (DE3)-pLysS were disappointing in that while expression was 

detected no differences among the constructs was observed. However, it could not 

be excluded that this was a property of this particular strain and as many other T7 

compliant strains are available the experiment was repeated after transformation of 

the E. coli Rosetta strain, a BL21 derivative designed to enhance the expression of 

eukaryotic proteins that contain rare codons. As before the transformants were 

grown and induced by the addition of IPTG at an OD600 of 0.4-0.6 and samples 

taken at regular intervals (1-4h). Following SDS-PAGE, Western blotting was 

performed with both HSV and HIS antibodies. After the addition of IPTG, 

expression of a band of~46kDa was apparent following the HSV-tag antibody, 

which peaked in intensity at around 3 hr post induction - Figure 3.14. As for 

expression in BL21 however, no differences were observed among the constructs 

tested.  
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Figure 3.14. Western blot analysis by HSV tag antibody of wild type and mutant 

Abyssovirus MPro in E. coli Rosetta. Protein samples were extracted from E. coli 

prior to (non-induced; 0hr) and following induction of protein expression with 

IPTG at 37°C. The construct design and anticipated molecular weights are shown 

above. Samples 1, 4, 7 & 10 non transformed cells acted as control. Sample 2: wild 

main protease. Sample 3: first active site mutation (C302A). Sample 5: Both active 

sites mutation (C302A and H193A). Samples 6, 8, 9 & 11 are mutant main protease 

cleavage sites (R136A, K137A, N138A and E139A) respectively. Molecular weight 

markers are indicated in the center or left of the blots and are in kilodaltons. 
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Similarly, when the same samples were processed for Western blot analysis using 

the anti HIS -tag antibody a predominant band of ~30kDa was highlighted in all 

constructs with a minor more slowly migrating bands at ~46 kDa which could 

represent the primary translation product - Figure 3.15. 
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Figure 3.15. Western blot analysis by HIS tag antibody of wild type and mutant 

Abyssovirus MPro in E. coli Rosetta. Protein samples were extracted from E. coli 

prior to (non-induced; 0hr) and following induction of protein expression with 

IPTG at 37°C. The construct design and anticipated molecular weights are shown 

above. Samples: 1, 4, 7 and 10 are non transformed cells acted as control. Sample 

2: main protease wild type. Sample 3: first active site mutant (C302A). Sample 5: 

both active site mutants (C302A and H193A). Sample 6: first cleavage site mutant 

(R136A). Sample 8: second cleavage site mutant (K137A). Sample 9: third 

cleavage site mutant (N138A). Sample 11: forth cleavage site mutant (E139A). 

Molecular weight markers are indicated in the center or left of the blots and are in 

kilodaltons. 
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The overall outcome of expression screening in E. coli was confirmation of the 

translatability of the constructs designed and detection of the primary translation 

product by both HSV and HIS tag antibodies. However while the complete protein 

was detected at the predicted molecular weight and with very little degradation by 

the HSV tag antibody there was considerable non-specific cleavage apparent when 

the blots were probed with the HIS tag antibody. Moreover no differences were 

observed among the constructs tested; all gave the same expression profile in two 

different E. coli strains. While this could indicate that the putative Abyssovirus 

MPro protease was not active it was also possible that expression in E. coli was 

incompatible with functional activity, for example because the protein was not 

soluble or did not fold correctly. A eukaryotic expression system was therefore 

tested for the expression of the Abyssovirus MPro wild type and its mutant 

derivatives.      

 

3.2.3.2 Protein expression in the insect Sf9 cells  

 

The Abyssovirus MPro encoding plasmids, parental and mutant, were used to 

generate recombinant baculoviruses as described in Materials and Methods. Briefly, 

in addition to the promoter elements described, the pTriEx1.1 vector also contains 

short sequences of the Autographa californica baculovirus genome from either side 

of the polyhedrin locus, a site in the genome which can be altered without 

inactivating virus replication. When transfer vector and baculovirus DNA are 

transfected into insect Spodoptera frugiperda cells using a standard transfection 

agent recombination occurs between the sequences on the transfer vector and those 

of the virus genome resulting in a recombinant virus in which the sequence between 



75 
 

the recombination sequences, in this case the Abyssovirus MPro sequence or its 

mutated variants, is inserted into the virus genome. The recombinant genome then 

initiates a full infection and the recombinant virus expresses the target protein as 

part of the virus life cycle. The baculovirus genome used in the transfection has 

been modified to ensure that this process is 100% efficient and the only virus to 

grow is the desired recombinant (Zhao et al., 2003).    

Sf9 insect cell lines were cultured in EX-CELL® 420 Serum-Free medium and 

transfection done in 6 well dishes seeded at ~50% confluence with 1 x 10^6 cells 

per well. In addition to the MPro plasmids a control vector pTriEx1.1- GFP, which 

expresses Green Fluorescent Protein (GFP), was used to visualize the efficiency of 

transfection (O’Flynn et al., 2012). Recombinant viruses were amplified by passage 

on Sf9 cells until cytopathic effect was evident within 2 days of infection, usually 

by passage 3. To assess protein expression by the recombinant viruses 6 well dishes 

were seeded at near 100% confluence and infected with the P3 virus stocks at an 

estimated MOI of 3 or greater under which conditions every cell will receive at 

least one virus. The plates were incubated at 28 OC for three days and the 

monolayers collected by dislodging the cells with a pipette, transferred to 

Eppendorf tubes and pelleted at 13,000 rpm for 3 minutes (microfuge).  The 

supernatant was discarded and the cell pellet lysed directly by resuspension in 1 x 

SDS-PAGE loading buffer and heated at 100OC for 10 minutes. The equivalent of 5 

x 10^4 cells was loaded per well of a standard 10 cm precast SDS polyacrylamide 

gel and electrophoresis was carried out for 30 minutes at 170V. Gels were then 

transferred to PVDF membranes by semi-dry blotter and the membranes processed 

for western blot as described in Material and Methods using antibodies to the HSV 

or HIS tag – Figure 3.16. 	
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Figure 3.16. Abyssovirus main protease wild type and active site mutants 

expressed in insect cells. Lane 1: GFP control. Lane 2: Wild type MPro. Lane 3:  

active site 1 mutation (C302A). Lane 4: active site 2 mutation (C302A and 

H193A). Prominent bands detected by each antibody are indicated. Probing with 

the HSV or HIS tag antibodies is indicated. Molecular weight markers are indicated 

in the center of both HSV and HIS gels and are in kilodaltons.  

 

	
  

In contrast to the data obtained from E. coli the results of the western blot analysis 

indicate the production of a 14kDa HSV related band and a 6kDa HIS related band 

(empty arrows) when the wild type MPro sequence is expressed in insect cells. No 

product the size of the calculated molecular mass of the primary translation 

product, ~46kDa, was detected in the wild type sample suggesting efficient auto 

processing by the encoded protease activity. This data is the first to indicate the 
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Abyssovirus MPro is enzymatically active. The same profile of antibody reactive 

bands was apparent when active site 1 mutation (C302A) was analyzed (Lane 3) 

but both the low molecular mass HSV and HIS reactive bands were lost when 

mutant active site 2 mutation (C302A and H193A) was analyzed. In their place 

both the HSV and HIS antibodies detected a single product (filled arrows) at the 

apparent ~46kDa MW of the primary translation product (Lane 4). Thus while a 

Cys to Ala change at position 302 did not inactivate enzyme activity change of both 

the His and Cys residues at position 193 and 302 abolished activity, consistent with 

them being key residues of the active site.  

The same system of expression in insect cells with infection and processing carried 

out as described above was used to investigate the N terminal cleavage junctions 

used by Abyssovirus MPro.  Mutation of either of the basic residues found in the RK 

sequence at positions 136 and137 did not alter the pattern of expression with both 

constructs showing cleavage at the N- and C-termini as for the wild type sequence. 

Mutation to Alanine at either N138 or E139 abrogated cleavage as probed with the 

HSV tag antibody which show only the ~46kDa primary translation product, 

consistent with these residues being part of an N-terminal cleavage site. However, 

when probed with the HIS antibody the ~46kDa primary product was also observed 

with no C-terminal cleavage fragments - Figure 3.17. These data suggest 

inactivation of protease activity rather than a site specific cleavage effect.   
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Figure 3.17. Abyssovirus main protease cleavage site mutants expressed in insect 

cells.  The lanes are: 1-cleavage site 1(R136); 2-cleavage site 2 (K137); 3- cleavage 

site 3 (N138); 4- cleavage site 4 (E139). Prominent cleavage bands as detected by 

each antibody are indicated by open arrows while failed cleavage is shown by the 

closed arrows. Probing with the HSV or HIS tag antibodies is indicated. Molecular 

weight markers are indicated in the center of the blots and are in kilodaltons.  

 

	
  

Mutation of Q at position 152 to Alanine stopped the cleavage as probed with the 

HSV tag antibody which show only the ~46kDa primary translation product, 

consistent with these residues being part of an N-terminal cleavage site. However, 

when probed with the HIS antibody the ~46kDa primary product was also observed 

with no C-terminal cleavage fragments in contrast with wild main protease and RK 
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sequence which showed evidence of cleavage in the C- terminus and with sizes 

6kDa for the HIS-tag and 32kDa for the main protease + HIS-tag (Figure 3.18) 

which again suggests inactivation of the protease function rather than a site specific 

cleavage effect.   
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Figure 3.18. Expression of wild Abyssovirus main protease, mutant active sites and 

cleavage sites in insect cells.  The lanes are: 1-Wild main protease. 2- First active 

site mutation (C302A). 3- Second active site mutation (H193A & C302A). 4- 

(R136A), 5- (K137A), 6- (N138A) & 7- (E139A) cleavage site mutations 

respectively. 8- Q↓S cleavage site mutation (Q152A). Probing with the HSV or HIS 

tag antibodies is indicated. Gray arrows as detected by HIS antibody indicate 

obvious cleavage bands, the blue arrows represent the protease+HIS-tag. The black 

arrow represents the complete proteins. Molecular weight markers are indicated in 

the left of the blots and are in kilodaltons.  
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Similar analysis of the cleavage site mutations revealed two residues where the 

pattern of tag detection did not change (mutants 1 and 2) but three residues 

(mutants 3, 4 and Q) where processing was again lost. 

 

3.2.3.3 Expression and optimization of Abyssovirus main 

protease in mammalian cells using two transfection reagents 

While the data obtained in insect cells was encouraging, it cannot be ruled out that 

even better data, particularly in relation to the effects of the cleavage junction 

mutations, might be obtained in other eukaryotic cells. Accordingly, mammalian 

cells were also transfected with the Abyssovirus MPro constructs made, taking 

advantage of the CAG promoter present on the pTriEx1.1 vector to drive 

expression of the encoded protease. To do this, the 17 clone-1 HEK (Human 

embryonic kidney) mammalian cell line, acknowledged to be easily transfected 

(Aricescu et al., 2006), were sourced and cultured in Dulbecco’s modified Eagle’s 

medium (DMEM). Transfections of the protein expressing constructs were carried 

out in 6 well plates using monolayers of cells and two different transfection 

reagents, Lipofectin and Lipofectamine3000, in accordance with the manufacturer’s 

instructions, to determine the optimal conditions for plasmid transfection in this cell 

line. A control vector pTriEx1.1-GFP, which carries the Green Florescent Protein 

(GFP) gene inserted between the NcoI and Bsu361 sites in pTriEx1.1 was used to 

visualize the efficiency of transfection (O’Flynn et al., 2012). Optimization was 

required to determine the optimal DNA concentration for both transfection 

reagents, recorded as the best level of GFP expression, and results showed that 

Lipofectamine3000 gave a better level, with high DNA concentration, while 
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Lipofectin gave a relatively low level of expression in all DNA concentrations 

Figure 3.19.  
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Figure 3.19. In vitro transfection of 17clone-1 cells with pTriEx1.1-GFP using 

Lipofectin and Lipofectamine 3000 transfection reagents. Cells were grown in 

equal conditions and transfected with different pTriEx1.1-GFP amounts using two 

different transfection reagents. The intensity of GFP was observed under 

fluorescence microscopy after 24 hours.  
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Disappointingly however, when seeded 6 well plates at the optimum density were 

transfected under optimal conditions as established using the GFP reporter plasmid, 

with the Abyssovirus MPro expressing constructs, already shown to function in other 

cell types, no wild main protease, first active site (C302A) and second active sites 

(C302A and H193A) mutants protein bands were detected for any of the clones 

tested by Western blot using both HSV and HIS tag antibodies. Although the HSV 

blot showed some bands, the band sizes were different from the size predicted for 

the translation product and also appeared in all tracks suggesting they are cross 

reaction of the HSV antibody with the cell background, Figure 3.20. 
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Figure 3.20. Main protease proteins expressed in mammalian cells. Cells were 

grown in equal conditions and transfected with the main protease protein constructs 

using Lipofectamine3000 reagent, after 24 hours cells were harvested and total cell 

extracts were prepared. Protein expression of total cell lysates was detected by 

Western blot using anti HSV and HIS tag antibodies. Molecular weight marker is in 

the center of blots and in kDa. Lane 1: GFP. Lane 2: wild Abyssovirus main 

protease. Lane 3:  mutant first active site (C302A). Lane 4: mutant second active 

site (C302A and H193A). 

 

The lack of products in the Western blot is likely due to poor expression levels, 

combined with only a subset of cells transfected, in contrast to the insect cell 

system where every cell is infected. A number of simple options were investigated 

to improve the outcome, for example the use of polyethylenimine (PEI) transfection 
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reagent and harvesting cell on ice to reduce protease enzyme activity prior to 

analysis. PEI condenses DNA into positively charged particles that bind to anionic 

cell surfaces and DNA:PEI complexes are endocytosed by the cells and the DNA 

released into the cytoplasm (Sonawane et al., 2003).  However, as before, the 

results showed no bands for all the test proteins at the predicted molecular masses 

and any band visible is different in size from the desired protein. Although the 

expression of GFP as a control appeared positive on the HIS blot with a size typical 

of GFP (26kDa), the same band appeared in the HSV blot, suggesting that this band 

is cell background Figure 3.21. From these tests it was concluded that mammalian 

cell expression would require further optimization which would take time. 

Mammalian cell expression was therefore not pursued further for these constructs.   
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Figure 3.21. Western blot analysis of main protease proteins expressed in 

mammalian cells using Polyethylenimine (PEI) transfection reagent. Cells were 

grown in equal conditions and transfected with main protease proteins, after 24 

hours cells were harvested then total cell extracts were prepared. Right membrane: 

Protein expression of total cell lysates was detected by Western blot using anti-

HSV tag antibody. Left membrane: protein expression of total cell lysates was 

detected by Western blot using anti-HIS tag antibody. Molecular weight markers in 

the left of blots and in kDa, lane 1: pTriEx1.1-GFP was used as a control. Lane 2: 

wild main protease.  
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3.3	
  Discussion	
  

	
  

In this chapter the functional features of the putative Abyssovirus non-structural 

protein MPro (aka the 3CLPro) located in ORF1a were examined. The chymotrypsin-

like protease shows similarity with other nidovirus main proteases as well as those 

in many other plus-strand RNA viruses where they play an essential role in the 

release of mature protein domains from a polyprotein precursor. The 3C 

designation refers the type member of the class, the 3C protease of picornaviruses 

which represents the third domain (the C domain) of the third initially translated 

polyprotein fragment (P3), hence 3C. Many such enzymes have had their structures 

solved (e.g. Tan et al, 2013), including examples from the coronaviridae (Needle et 

al., 2015) and compounds that inhibit proteolytic processing have been shown to 

have anti-viral activity (Park et al, 2016; Sun et al, 2016). The Abyssovirus MPro is 

assumed to function in the same way, releasing the non-structural proteins required 

for replicase formation from the 1a and 1ab polyproteins that are translated from 

the genomic RNA on cell entry (Ziebuhr et al., 2000, Dougherty and Semler 1993). 

The Abyssovirus main protease was identified by sequence analysis and the wild 

type sequence ordered as a synthetic DNA fragment. It was cloned into an 

expression vector, pTriEx1.1, using the In-Fusion cloning technique and further 

mutated variants (including two active site mutations and four suggested cleavage 

site mutations located in the N terminal region of the protease) were constructed 

using the overlapping PCR technique. In all cases the cloning design was such that 

it led to the construction of HSV and HIS tagged open reading frames which 

translate to tagged fusion proteins which could be identified by western blot with 

the appropriate antibodies. 
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As noted, the advantage of using the pTriEx1.1 expression vector as the base vector 

for activity tests is that expression is possible in three different phyla, bacterial, 

arthropod and mammalian, as a result of the triple promoters present on the plasmid 

backbone. As a result it was possible to test for Abyssovirus MPro activity in cells of 

each of these backgrounds, represented here by E. coli BL21 type strains, insect 

cells (Sf9) and mammalian cells (17clone1 HEK). Although transfection of 

mammalian cells reached a reasonable percentage of the culture as shown by 

transfection with a GFP expressing control plasmid it was not possible to 

reproducibly detect the MPro fragments by Western blot. This was likely a result of 

poor expression levels but it cannot be excluded that the Abyssovirus encoded 

proteins were particularly sensitive to proteolysis in these cells. Further 

optimization of transfection or transfer to mammalian cell specific vectors with 

stronger promoters might resolve this at a future date. By contrast the expression of 

the Abyssovirus encoded protein in E. coli was clear. However, the data on 

molecular weight and band identity were uncertain despite assessing expression in a 

number of strains that were all compliant with the T7 based expression system 

(including: BL21 (DE3)-pLysS, Origami, Rosetta and Tuner).  IPTG induction of 

these strains led to the induction of intense tag reactive bands in whole protein 

lysates after only one hour of induction but the pattern was inconsistent. For 

example, probing the N terminus of the primary translation product with HSV 

antibody detected a protein of the anticipated molecular weight in E. coli strains 

BL21 (DE3)-pLysS, Rosetta and Tuner but no detectable band in E. coli strain 

Origami. Probing the C-terminus using a HIS antibody however revealed a strongly 

reactive band, in all strains, with an unexpected MW (32 kDa). This could have 

been concluded to be a processed intermediate, with the HSV tag cleaved, but that 
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was not supported by the HSV blot which showed only the full length 42kDa 

product.  As with mammalian cell expression it is possible that proteins may be 

selectively expressed as a result of the action of host factors such as the stability 

and translational efficiency of the mRNA, protein folding, degradation by host cell 

proteases and protein solubility (Arun et al., 2009). However, these factors might 

be expected to vary with strain and yet, with minor exceptions, there was no change 

of pattern with any of the Abyssovirus MPro mutants. While further work may 

address the precise reasons for the bands observed the outcome of expression tests 

in E. coli did not allow an assessment of the potential Abyssovirus MPro activity in 

this system.  

The third system tested was expression in insect cells (Spodoptera frugiperda) 

following infection with recombinant baculoviruses. In this system very clear 

translation products of the anticipated molecular mass were found in insect cells at 

two days post infection when the vector encoded p10 promoter is most active 

(Bleckmann et al, 2016). These proteins were detected by both HSV and HIS 

specific antibodies, depending on the mutant expressed. Histidine (H) and Cysteine 

(C) residues have been shown to be essential in the catalytic process for 

coronavirus main proteases (Shan et al., 2004). For example, both Cys and His 

have been mutated in the MPro of Transmissible Gastroenteritis Virus (TGEV) 

resulting in the complete loss of catalytic activity (Anand et al., 2002: Huang et al., 

2004: Tan et al., 2005: Chang et al., 2007). Alignment of the Abyssovirus 3CLPro 

sequence with a known coronavirus structure, the 3CLPro of coronavirus HKU4 

showed that both catalytic residues were conserved, identifying these residues in 

the Abyssovirus sequence for mutagenesis.       
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The aligned active site residues were mutated to Ala in all cases. As noted, the MPro 

of MHV has been suggested to process pp1a at dibasic sites (RK) in addition to the 

preferred MPro Q/S substrates (Lee et al., 1991). More generally, nidovirus main 

proteases recognize a glutamine or occasionally a glutamate-containing motif at the 

cleavage site (Ulferts et al., 2011) and the potential glutamate-alanine cleavage site 

near the beginning of the conserved main protease region was tested by alanine 

scanning mutagenesis. Four mutants, in which each residue was changed to Ala, 

were assembled at the dibasic sites to assess the possibility of similar cleavage. 

Expression analysis showed an obvious enzymatic activity with clear bands by both 

HSV and HIS probes of the correct size (HSV (13kDa) – main protease (26kDa) – 

HIS (6kDa)), The apparent molecular masses identified were consistent with the 

upper band representing the protease+tag and the lower band represent the tag only. 

This data proves that this main protease of this new virus is function. The two 

active site mutants (First active site mutant Cys to Ala and second active site 

mutant His and Cys to Ala) were expressed in insect cells (Sf9) and analyzed by 

western blot. Mutation of the putative catalytic cysteine C302 did not strongly 

reduce proteolytic processing, while mutation of both histidine H193 and cysteine 

C302 blocked protease activity. This data is consistent with the published data of 

other MPro proteases (Liu & Brown, 1995; Lu et al., 1995; Ziebuhr et al., 1995, 

1997; Tibbles et al., 1996; Seybert et al., 1997; Shan et al., 2004).  

As noted previously, four mutants were made (R, K, N and E to Ala) in the 

N-terminal region of main protease, all suggested from previous studies to be 

involved in the cleavage junctions, e.g. by MHV by Lee et al., 1991.  The 

expectation of the loss of an N-terminal processing site would be for a HIS tag 

reaction at 6kDa but for an intermediate reaction with the HSV tag antibody at 
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6kDa less than the unprocessed primary translation product. Curiously however 

neither low MW band is present suggesting outright inactivation. Other bands of 

weak reactivity were detected by the HIS antibody but as their molecular mass did 

not fit with any expected processed product they are assumed to be the products of 

general cellular proteolysis. Two of the mutants (N (Position 138) and E (Position 

139) to ALA) yielded only the higher apparent molecular mass (see Figure 3.17) 

suggesting that these two mutants did not show any enzyme activity. However, the 

pattern for the R (Position 136), K (Position 137) mutants, there were two bands 

visualized in western blot (see Figure 3.17) which matched those identified in the 

products of the wild type constructs, suggested no role a key residue of a cleavage 

junction. Thus, the RKNE sequence targeted as a possible N terminal processing 

site has a role in MPro activity but it is not clear what that role is. Neither basic 

residue affected processing, as might have been expected, but mutation of either the 

Asn or Glu residue abolished it. It cannot be ruled out that these residues affect the 

folding of the primary translation product so that MPro cannot liberate itself by cis-

cleavage but more mutagenesis will be required to investigate this further.    

Commonly, the cleavage sites of MPro contain a dipeptide (LQ) sequence, and the 

amino acid Gln is reported as an essential conservative residue (Yang et al., 2003). 

The cleavage site peptide of SARS-CoV main protease has been reported to be in 

(TSAVLQ/SGFRK) (Fan et al., 2004) and a QS motif occurs in the Abyssovirus 

MPro sequence just downstream of the RKNE motif. Mutagenesis of this motif 

failed to demonstrate that it acted as a cleavage junction. Instead, as for the NE 

mutants, mutation at either residue appeared to inactivate the enzyme.      

Overall, the data obtained with the Abyssovirus MPro demonstrate an activity 

consistent with that described for related enzymes but the question of cleavage 
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junctions remains unresolved. Any mutant that appeared to affect the cleavage 

junction appeared to lose activity altogether. A feature of coronavirus replication is 

the reorganization of intracellular membranes to form replication centers where all 

viral enzymes are concentrated (van hemert et al., 2008).  This is not recapitulated 

by the constructs described here as no other Abyssovirus protein is co-expressed 

with MPro. Therefore it remains possible that while activity is clear, the 

conformation required for authentic junction cleavage requires other virus proteins 

to be present at the same time. Alternatively, the Abyssovirus MPro is somewhat 

diverged from the mainstream coronavirus MPro and uses a novel set of boundaries 

when acting in cis and in trans.      
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Chapter 4 

 

4 Stimulation and translation program of Abyssovirus 1a/1b junction 

sequence 

4.1  Introduction 

 

Two thirds of the 5' end of a canonical coronavirus genome encodes the 

nonstructural proteins which are produced initially as the polyproteins 1a and 1ab. 

These polypeptides are cleaved into the mature proteins necessary for virus 

replication by the main protease studied in the preceding chapter.  The 1a and 1ab 

proteins are encoded directly by the incoming positive strand virus genome with a 

reported ratio of 3:1 for the 1a to 1ab products (Nakagawa et al., 2016). This ratio 

is achieved at the translational level by the ribosome recognizing specific signals in 

the RNA template at the junction of the 1a and 1b coding sequences. Classically, 

this signal is a programmed ribosomal frameshift mechanism which regulates the 

gene expression of ORF 1b relative to 1a.  

Frameshifts are composed of two elements, a “slippery sequence” U_UUA_AAC 

followed by a folded RNA structure in the form of either a pseudoknot or kissing 

stem loops, both of which have a strong effect on frameshifting efficiencies (Figure 

4.1) (Baranov et al., 2005).  
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Figure 4.1. Elements required for ribosomal frameshifting in MHV (adapted from 

Masters, 2006). 

	
  

	
  

Programmed ribosomal frameshifting is the directed switching of a proportion of 

translating ribosomes into a new reading frame, either shifted one nucleotide 

position forward (+1 frameshift) or one nucleotide position backwards (−1 

frameshift). As a consequence of frameshifting the upstream reading frame become 

fused to that downstream, which was previously out of frame. Frameshifting occurs 

in all known organisms, from E. coli to mammals, and is an essential mechanism of 

translational control used by many viral and cellular genes (Baranov et al., 2003; 

Namy et al., 2004; Stahl et al., 2002; Dinman, 2012).    
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In coronaviruses the ribosomes translating ORF1a change the reading frame at the 

1ab junction to translate information contained in ORF1b. This translational 

process is essential for the synthesis of the viral RNA-dependent RNA polymerase 

and other replication factors as ORF1b lacks its own independent translation 

initiation codon (Baranov et al., 2005). Coronavirus frameshifting was established 

first in Avian Infectious Bronchitis Virus (IBV) (Brierley et al., 1989) and 

extensive subsequent analysis by Brierley et al. (1991, 1992), Liphardt et al. 

(1999), and Napthine et al. (1999) showed that ribosomes shift translation frame at 

the slippery sequence U_UUA_AAC, which is invariant among known 

coronaviruses, stimulated by a downstream pseudoknot. As stated by Ten Dam et 

al., 1990, 3’ RNA pseudoknots are commonly used for stimulating -1 programmed 

frameshifting in viruses.  

As described previously, a wide variety of virus-like sequences including new 

members of the Nidovirales have been reported in the transcriptome shotgun 

assembly (TSA) and expressed sequence tag (EST) databases. One such sequence 

found in the transcriptome of Aplysia californica and tentatively named the 

Abyssovirus, had homology to the main proteinase, polymerase and helicase, or 

complete p1b regions of Infectious bronchitis virus, Gill-associated virus, White 

bream virus, Cavally virus and Wobbly possum disease virus, all related 

nidoviruses.  In the Abyssovirus sequence no sequence typical of a frameshift was 

found at the predicted 1a/1b junction.  Instead, the more unusual feature, an in-

frame stop codon was found separating the pp1a and pp1b genes. Termination-

suppression signals are used as alternate translational control elements to 

frameshifts in several other viruses including alphaviruses and retroviruses, and 
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typically consist of a UAG or UGA stop codon followed by an RNA secondary	
  

structure element. The efficiency of suppression normally depends on the stop 

codon, the nucleotides immediately following the stop codon, and the free energy 

of the RNA secondary structure element. This finding suggested that Abyssovirus 

may use translational termination-suppression signal as a way to control expression 

of the p1b region in relation to p1a.   

The mechanism of translational termination-suppression is known. During protein 

translation, tRNAs occupy successively the universally conserved A (aminoacyl), P 

(peptidyl), and E (exit) sites of the ribosome (Frank et al., 2007). Generally, 

translation termination occurs when a stop codon enters the decoding center of the 

A-site. Here they are recognized by protein release factors which promote 

hydrolysis of the peptidyl-tRNA linkage by the large ribosomal subunit (Petry et al. 

2008; Loh and Song 2010). Although the termination of protein synthesis is highly 

efficient it can be affected by the nature of the stop codon (UAA, UAG, or UGA) 

and the flanking nucleotides, particularly the immediately adjacent 39 bases 

(Harrell et al. 2002). The contexts of some termination codons are noticeably 

‘‘leaky’’ (e.g., UGAC - McCaughan et al. 1995) and so allow ‘‘readthrough’’ of 

the stop at a level of 0.3% to 5% (Bertram et al. 2001). When a stop codon is 

readthrough it is decoded by a near relative or “suppressor” tRNA, and the 

translation process continues to the next stop codon. As with frameshifting, 

readthrough is used by numerous viral and cellular genes as a means of 

translational control (Namy et al. 2004; Dreher and Miller 2006; von der Haar and 

Tuite 2007; Namy and Rousset 2010). Analysis of readthrough in viral systems has 

shown that most readthrough signals use limited flanking information (Harrell et al. 

2002). For example, in the alphavirus Sindbis virus, the polymerase (nsp4) 
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readthrough of a UGA codon requires only a single cytosine located immediately 

downstream from the termination codon (Li and Rice 1993). Similarly, in the 

tobamovirus tobacco mosaic virus (TMV), the expression of viral p183 RNA-

dependent RNA polymerase by readthrough is reported to require only six bases 

following the stop codon (UAG CAA UUA) (Skuzeski et al. 1991).  

In the Abyssovirus sequence the p1a gene ends in a UGA stop codon, and the 

region that follows it is predicted by Mfold (Zuker, 2003) to form several possible 

RNA secondary structures, including a potential pseudoknot. As with the function 

of MPro (Chapter 3) however the lack of experimental	
  evidence for the replication of 

the Abyssovirus and the absence of any characterisation of its protein products 

means that the function of the 1a/1b junction sequence is untested. This lack of data 

is addressed in this chapter with the generation of constructs for the expression of 

the Abyssovirus readthrough junction in an assayable sequence assembly based on 

the vector pTriEx1.1 where the predicted unusual translational stop-start signal at 

the end of p1a can be tested following expression in different host backgrounds 

including insect cells (Sf9), E. coli (BL21 (DE3)- pLysS) and mammalian cells 

(17clone1).  

 

4.2 Results 

 

4.2.1 Construction of tagged Abyssovirus stop suppression vectors  

The Abyssovirus stop suppression signal sequence (TGA) located at the end of the 

1a reading frame as defined in the TSA database sequence obtained from the sea 

hare Aplasya californica (accession no: GBDA01003924.1) was ordered as a 

synthetic DNA fragments of 624bp and provided by Dr. Geraldine Mulley. A 
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second fragment containing mutations of the stop codon and the 3’ nucleotide, 

TGA-C to TAA-A, were obtained in the same way, these changes being suggested 

from a previous study which showed them to be involved in the efficiency of 

readthrough (Li and Rice, 1993). Other variants of the stop and following 

nucleotide were not examined. To provide tags for detection of the translated 

product the synthetic fragments were cloned by in-Fusion technology into the 

vector pTriEx1.1 to allow expression of the test protein in E. coli, insect cells or 

mammalian cells as described in Chapter 3 (Jarvis, 2009). The annotated nucleotide 

sequence of the final assembled fragment and the position of the stop codon 

readthrough and downstream pseudoknot are shown in Figure 4.2. The 15bp 

overlap sequences enabling infusion cloning were added to the synthetic DNA 

fragment by PCR amplification and are shown with vector and readthrough 

homologies identified in Table 4.1.  
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Figure 4.2. Sequence from the Abyssovirus genome showing stop suppression 

sequence (TGA) located in the frame at the junction of 1a and 1b. The stop codon is 

in red followed by a cytosine in blue. The base pairs in pink are the Abyssovirus 

pseudoknot, which is located ~100 bps downstream of the stop suppression 

sequence itself. 

 

 

Novel nidovirus sequence from Aplysia californica termed Abyssovirus 
!
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Table 4.1. Oligonucleotides used for in-Fusion of wild type and mutant 

Abyssovirus stop suppression fragments (TGA-C and TAA-A) into pTriEx1.1 

plasmid. Yellow color represents vector sequence. Underlined sequence is the XhoI 

site used for preparation of the linear vector. 

Primers Sequence bp 

Fw_Inf_Readthrough 5'-CCCCGAGGATCTCGAGGAGTCTT 

GTCGTGTGAAGT-3'  

35 

Rv_Inf_Readthrough 5'- GATGGTGGTGCTCGAGAGGATTA 

ATCCGTCTGTCAA-3'  

36 

 

After transformation of the infusion mixes into StellarTM E. coli competent cells 

and overnight incubation on selective agar, 6 colonies from each infusion reaction 

were selected at random, transferred onto LB with ampicillin and grown overnight 

at 37°C with shaking. Plasmid DNA was extracted and analyzed by PCR using the 

primers used for the generation of the infusion fragments (Table 4.1) and DNA 

which amplified to give the correct size of insert (656 bp) was digested with 

restriction enzyme (XhoI) to confirm the junctions and sent to Source BioScience 

for DNA sequencing to confirm the identity of the sequences cloned. All sequences 

obtained were as designed and as a result of their insertion into pTriEx1.1 the test 

1ab sequence was flanked with vector sequences encoding the HSV tag 5’ to the 

Abyssovirus insert and the HIS tag 3’. Sequences confirmed that the reading frame 

was open through the Abyssovirus sequence and in fame with each tag. 
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Figure 4.3. Plasmid map showing the complete Abyssovirus stop suppression site 

(or suppressor site) and pseudoknots (pink), located in the readthrough frame, 

sequence in the pTriEx1.1 vector. Note the XhoI site used for cloning as well as the 

HSV and HIS tags used for protein detection. 
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4.2.1.1 Generating of mutant Abyssovirus stop suppression           

(TGA-C) by using overlap PCR 

 

As noted, it has been reported that pseudoknots play a role in stimulating the 

efficiency of a number of programmed translational recoding events (Baranov et 

al., 2002), including stop codon readthrough (Howard et al., 2005) and ribosomal 

frameshifting (Farabaugh, 1996; Giedroc et al., 2000). In order to determine if the 

pseudoknot downstream of stop codon at the end of the Abyssovirus 1a reading 

frame was affected by the presence of a pseudoknot downstream, two further 

mutants were designed to delete the pseudoknot from each of the original fragments 

(constructs TGA-C and TAA-A).  

As before, the overlap PCR method was used to generate these deletions (See 

Figure 3.5 in Abyssovirus main protease chapter), using designed additional 

forward (Fw_) and reverse (Rv_) primers for each case Table 4.2. 
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Table 4.2. Oligonucleotides used for cloning in pTriEx1.1 plasmid. Highlight 

sequence represents deletion of pseudoknot. 

Primer Sequence bp 

Fw_readthrough_new 5’-GCAAGTGACGAAAGGTTTCGGA 

AA(∆42)GGCGTGTCAGCTTTTTGATCAGG-

’3 

47 

Rv_readthrough_new 5’-CCTGATCAAAAAGCTGACACG 

CCTT(∆42)TCCGAAACCTTTCGTCACTTGC-

’3 

47 

 

 

The original cloned fragments (TGA-C and TAA-A), cloned as described above, 

were used as templates and amplification by PCR used a forward primer 

(Fw_SacII, Table 4.3 for the TGAC and Fw_TriExUp, Table 4.3 for the TAAA) 

which primed 5’ to the inserted sequences and a reverse primer which included the 

mutation to be introduced (Rv_X see Table 4.2) in reaction PCR1. Another PCR 

was carried out with a forward primer which included the mutation to be introduced 

(Fw_X see Table 4.2) and a reverse primer (Rve_TriExDown, Table 4.3) which 

hybridized 3’ to the inserted sequence, reaction PCR2. The PCR products of these 

first round PCR reactions were analyzed by agarose electrophoresis, and the correct 

sizes (PCR1: 1160 bp, TGA-C and 956 bp, TAA-A and PCR2: 213 bp) were 

obtained for both templates Figure 4.4.	
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Table 4.3. Oligonucleotides used to generate mutant Abyssovirus stop suppression 

site sequence cases. 

Primer Sequence bp 

Fw_TriExUp 5’-GGTTATTGTGCTGTCTCATCA-

3’ 

21 

Rv_TriExDown 5’-TCGATCTCAGTGGTATTTGTG-

3’ 

21 

Fw_SacII 5’-TGGCTGCGTGAAAGCCTTG-3’ 

 

19 

	
  

	
  

Figure 4.4. Gel electrophoresis of PCR products following amplification of the 

Abyssovirus stop suppression signal TGA-C (A) or TAA-A (B) to introduce 

deletions of the pseudoknot. In both gels, Lane 1: Marker (1kb) DNA ladder, Lane 

2: PCR1 ((A)_1160 bp), ((B)_956 bp), Lane 3: PCR2 (A & B 213 bp). 
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The amplified products were purified from the gel using a PCR purification kit and 

quantified by Nanodrop spectrophotometer. Then 0.1ng/bp of each PCR product 

were mixed and subjected to amplification in a PCR reaction for five cycles without 

any primer addition. Subsequently, the forward primers (Fw_SacII – used for 

Abyssovirus stop suppression signal TGA-C and Fw_TriExUp used for mutant 

Abyssovirus stop suppression signal TAA-A with no pseudoknot) and the reverse 

primer (Rv_TriExDown- for both samples) were added and a further thirty cycles 

were completed. The correct size 1289 bp and 1085 bp of overlap PCR product of 

both TGA-C and TAA-A respectively were analyzed by agarose gel electrophoresis 

as before and the desired overlap bands were extracted by gel extraction kit Figure 

4.5.  
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Figure 4.5. Agarose gel electrophoresis of overlap products of Abyssovirus stop 

suppression site TGA-C (A) and TAA-A (B) deletion mutations. Lane 1 and 3: 

Marker (1kb) DNA ladder, Lane 2 and 4: PCR1+PCR2 for both Abyssovirus stop 

suppression site TGA-C and TAA-A mutation cases (1289 bp and 1085 bp). (The 

image shown is a composite of individual lanes from a single gel where irrelevant 

lanes have been removed).  

 

The purified products were quantified by Nanodrop spectrophotometer and digested 

with XhoI restriction enzyme for 30 minutes at 37°C followed by a cleanup kit to 

re-purify the products (Figure 4.6).  Empty pTriEx1.1 plasmid was also digested 

with XhoI restriction enzyme (Figure 4.7) and the large vector band was extracted 

by gel extraction kit after agarose gel electrophoresis and also quantified by 

Nanodrop spectrophotometer. The linearized vector was mixed with each overlap 

mutant fragment and a T4 ligation kit was used for ligation. The ligation mix was 

transformed into StellarTM E. coli competent cells.  
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Figure 4.6. Gel electrophoresis of digested mutant Abyssovirus stop suppression 

site (TGA-C and TAA-A). Lane 1: Marker (1kb) DNA ladder, Lane 2 and 3: TGA-

C and TAA-A digests with Xhol (594 bp) respectively.  

 

 

 

	
  

	
  

	
  

	
  

	
  

	
  

Figure 4.7. Double digest of pTriEx1.1. An agarose gel showing the digested 

pTriEx1.1. Lane 1: Marker (1kb) ladder. Lane 2: circle pTriEx1.1. Lane 3: 

pTriEx1.1 plasmid digested with XhoI restriction enzyme (5301bp). 

bp" 1""""""""""""""""""""""""""""""2"""""""""""""""""""""""""""""3"

600"

800"

5301bp"

1"""""""""""""""""""2"""""""""""""""""""""3"bp"

5000"



109 
 

4.2.2 Colony PCR screening of transformed bacteria 

 

Colony PCR was performed using forward and reverse primers (Fw_TriexUp and 

Rv_TriexDown-Table 4.3) to check for the presence of the pseudoknot deleted 

versions of the Abyssovirus stop suppression sequences TGA-C and TAA-A and 

positive colonies with bands of the expected size were selected Figure 4.8. 

 

	
  

Figure 4.8. Mutants of Abyssovirus stop suppression sequences (TGA-C and TAA-

A with no pseudoknot) screened by PCR. 27 colonies were screened for checking 

the presence of mutant stop suppression sequences (TGA-C (A) and TAA-A (B)) 

inserts. In both gels, Lane 1: Marker (1kb) DNA ladder, C17 in A and C25 in B: 

colonies showed positive results with correct sizes (1085 bp). 
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Positive colonies screened as above were grown at 37°C overnight in 10 ml LB 

broth with ampicillin and plasmid DNA extracted. The isolated DNA was sent for 

sequencing by SourceBioscience to confirm the relevant mutations in all cases	
  and, 

once confirmed, a glycerol stock was prepared and the new strains stored at -80°C.  

As a result of the cloning experiments, plasmids capable of the expression of wild 

type Abyssovirus stop suppression sequence and three mutants were isolated. The 

mutations were designed to investigate stop suppression function by changing the 

stop codon and 3’ flanking nucleotide, TGA-C to TAA-A and, from each wild type 

and mutant, deleting the pseudoknot that occurs downstream. In all cases the 

fragments were flanked by epitopes for widely available antibodies, the HSV and 

HIS tags, so that the complete translation product representing either end of the 

fragment (one or other epitope) could be detected. These plasmids represent a 

resource for an investigation of the efficiently of both the stop codon identity and 

the pseudoknot on the proposed readthrough event. 

 

4.2.3 Analysis of Abyssovirus stop codon readthrough signal  

As described in Chapter 3, pTriEx1.1 was used as the vector for these studies as it 

allows the expression of target proteins in multiple hosts (E. coli, insect and 

vertebrate) and, as shown by the analysis of the Abyssovirus MPro, none of the hosts 

used appeared to have endogenous proteins that reacted with either the HSV or HIS 

tag antibodies, so the plasmid encoded product, along with any processed 

intermediates, should be clearly detected. 
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4.2.3.1 Abyssovirus TGA-C readthrough in E. coli BL21 (DE3)- 

pLysS strain 

In chapter 3 successful expression of the Abyssovirus MPro was shown in E. coli but 

no activity was observed, in contrast to the results obtained in insect cells. However 

the stop suppression sequence was somewhat shorter and the encoded RNA was not 

expected to translate into any functional protein. Rather, RNA secondary structure 

signals were to be investigated. As discussed in the introduction to this chapter 

these are unlikely to be host specific and this could be confirmed if stop 

suppression activity was observed in E. coli. Accordingly in order to test the 

translation signals of the Abyssovirus readthrough stop suppression site, protein 

expression in the E. coli BL21 (DE3)- pLysS strain, was investigated. All plasmids 

characterized as correct by sequence analysis in this	
  study were transformed into E. 

coli BL21 (DE3)- pLysS and cells plated on LB agar plates containing ampicillin. 

A colony selected randomly was grown in 10 ml LB broth with ampicillin (10 

µg/ml) at 37°C overnight in a shaking incubator. From this culture, 200µl was 

transferred to a fresh 10 ml LB broth with ampicillin (100 µg/ml) and grown to 

OD600 0.4-0.6.  Protein expression was induced by the addition of isopropyl-β-D-1 

thiogalactopyranoside (IPTG) and allowed to continue for 4 hours post addition. 

Both before and after IPTG induction, aliquots of the bacterial culture were 

harvested for western blot analysis with the tag specific antibodies.  The induction 

was successful in that new tag reactive proteins were clearly identified in the E. coli 

BL21 (DE3)- pLysS strain used following induction. The tag reactive bands were 

detected after one-hour induction with IPTG and became more intense with time 

Figures 4.9 and 4.10. 



112 
 

	
  

 

Figure 4.9. Western blot analysis of recombinant expression of the wild (TGA-C) 

and mutant (no pseudoknot) Abyssovirus readthrough stop suppression site signal 

proteins. Protein samples were extracted from E. coli BL21 (DE3)-pLysS prior to 

(non-induced; 0hr) and following induction with IPTG after 0.5 hour and hourly for 

4 hours. Samples 1 & 3: Cells control. The two left membranes (Samples 2 and 5) 

were probed with the HSV antibody and the two right membranes (Samples 4 and 

6) with the HIS tag antibody. The upper membranes are the wild type and the lower 

the mutant lacking the pseudoknot. The arrows represent the readthrough 32kDa. 
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In Figure 4.9, induction of expression from the original TGA-C and corresponding 

pseudoknot deleted mutant constructs gave a band with size ~25kDa using HSV	
  

antibody in both cases. When probed with the HIS antibody however the expressed 

TGA-C stop protein of the wild type construct showed a larger band of ~32 kDa 

which was reduced to ~30kDa for the no pseudoknot mutant. 

 

Similarly, when the TAA-A mutant and its corresponding pseudoknot deleted 

variant were induced, harvested and probed in the same way, the same pattern and 

antibody binding and the same molecular weight of bands were apparent (Figure 

4.10).  In both figures it is assumed that the readthrough product is also present in 

the HSV blot. However, as the calculated readthrough efficiency is ~4% (1 in 25 

molecules – see below) it fails to resolve adequately in exposures based on the 

primary, stopped, product. However, it is visualized unambiguously by the HIS 

antibody.  
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Figure 4.10. Western blot analysis of recombinant expression of the mutant stop 

suppression signal (TAA-A) and mutant TAA-A (with and without the downstream 

pseudoknot sequence) proteins.  Protein samples were extracted from E. coli BL21 

(DE3)-pLysS prior to (non-induced; 0hr) and following induction with IPTG after 

0.5 hour and hourly for 4 hours. The two left membranes were probed with the 

HSV antibody and the two right membranes with the HIS tag antibody. The upper 

membranes are the TAA-A parent and the lower the mutant lacking the pseudoknot. 

The arrows represent the readthrough 32kDa. 
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In contrast to the results following expression in E. coli in chapter 3, the results 

obtained following expression of tagged reporters in the case of the Abyssovirus 

stop readthrough were encouraging in that clear bands at the predicted molecular 

weights were apparent for each of the constructs tested. Nevertheless, as it was 

interesting to assess if the patterns obtained were specific to one expression system 

or were universally observed, as might expected of signals that operate at the level 

of the mRNA. Therefore recombinant baculoviruses were also constructed with the 

same vectors for an assessment of stop-readthrough signals in insect cells. 

 

4.2.3.2 Abyssovirus TGA-C readthrough expression in the insect 

Sf9 cells  

 

The readthrough encoding plasmids, wild type and mutant, plus and minus the 

pseudoknot, were used to generate recombinant baculoviruses as described in 

Materials and Methods and Sf9 insect cells were infected at high multiplicity with 

the isolated viruses as described in Chapter 3.  Briefly, 6 well dishes were seeded at 

near 100% confluence and infected with P3 virus stocks at an estimated MOI of 3 

or greater. The plates were incubated at 28OC for three days and the monolayers 

collected by dislodging the cells with a pipette, transferred to Eppendorf tubes and 

pelleted at 13,000 rpm for 3 minutes (microfuge).  The supernatant was aspirated 

and the cell pellet lysed directly by re-suspension in 1 x SDS-PAGE loading buffer 

followed by heating at 100OC for 10 minutes. The equivalent of 5 x 10^4 cells was 

loaded per well of a standard 10cm precast SDS polyacrylamide gel and 

electrophoresis was carried out for 30 minutes at 170V. Gels were then transferred 

to PVDF membranes by semi-dry blotter and the membranes processed for western 



116 
 

blot as described in Material and Methods using antibodies to the HSV or HIS tag. 

The tagged proteins expressed by each readthrough construct were detected by 

imaging the chemiluminescent substrate used for the anti-tag antibody conjugates 

on a Syngene XL 1.14 imager Figure 4.11. 
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Figure 4.11. The Abyssovirus readthrough stop suppression signal wild type 

(TGA-C) and mutant proteins (mutant stop suppression signal (TAA-A) and mutant 

TGA-C and TAA-A (with no pseudoknot) expressed in Sf9 insect cells. A: Cartoon 

of the wild Abyssovirus and mutant constructions. B: Western blot of wild type and 

mutants readthrough stop-suppression signal, Molecular weight marker is indicated 

on the left of both HSV (left) and HIS (right) gels. In both gels, lane 2: GFP (26 

kDa), lane 3: Abyssovirus stop suppression signal wild type (TGA-C), lane 5: 

mutant stop suppression signal (TAA-A) and the size of these samples (HSV size = 

25kDa and HIS size = 32 kDa), lanes 4 and 6 are mutant TGA-C and TAA-A (with 

no pseudoknots) the sizes of both proteins are HSV size= 25 kDa and HIS 

size  30.46kDa. 
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For the wild type readthrough stop-suppression fragment, TGA-C, and the mutated 

codon and 3’ nucleotide, TAA-A, the results of the western blot analysis were the 

same and indicated the production of a predominant band with apparent molecular 

weight of 25kDa when blotted with the HSV-antibody (left gel - lanes: 3 and 5) and 

a more minor band of 32 kDa along with some higher molecular weight products. 

When blotted with the HIS-antibody (right gel - lanes: 3 and 5) only the 32kDa 

band was visualized. For the pseudoknot deleted variants, the HSV blot showed a 

predominant band at 25kDa whose migration was slightly altered by the introduced 

deletions but a lower molecular weight band which now migrated at ~30.5 kDa as a 

result of the deletions made (left gel -lanes: 4 and 6 respectively). When blotted 

with the HIS-antibody (left gel -lanes:	
  4 and 6) only the larger product was detected 

at 30.5 kDa.  

4.2.3.3 Expression of Abyssovirus readthrough stop 

suppression site signaled in mammalian cells  

 

As in chapter 3 an attempt was made to also express the stop–readthrough 

constructs in mammalian cells. To do this HEK 293T 17 clone-1 mammalian cell 

lines were used and cultured in Dulbecco’s modified Eagle’s medium (DMEM). 

Transfections of the protein expressing constructs were carried out in 6 well plates 

using monolayers of cells and Lipofectamine3000 in accordance with the 

manufacturer’s instructions. To determine the optimal conditions for plasmid 

transfection in this cell line, a control vector pTriEx1.1-GFP, which carries the 

Green Florescent Protein (GFP) gene inserted between the NcoI and Bsu361 sites in 

pTriEx1.1 was used to visualize the efficiency of transfection (O’Flynn, 2012). As 

for the data reported in chapter 3 however no western blot positive bands were 
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obtained at the sizes predicted for the encoded products. Reaction with the HSV 

antibody was observed with a band of ~30 kDa but as this was apparent in all lanes 

it was clearly reaction of the antibody to a non-specific cellular protein and not 

related to the samples tested.     

	
  

	
  

Figure 4.12. Abyssovirus stop suppression site signal proteins expressed in 

mammalian cells. Transfected cells were harvested after 24 hours cells and total 

cell extracts were prepared. Western blots used anti HSV (left side) and HIS tag 

(right side). Molecular weight marker in kDa is indicated on the middle. In both 

blots, lanes 1 - pTriEx1.1-GFP as a control. Lanes 2 -wild readthrough (TGA-C). 

Lanes 3 - mutant readthrough (TAA-A).  
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The lack of product in Western blot was undoubtedly due to poor expression as a 

result of limited transfection efficiencies coupled with the use of a non-replicative 

vector which limited the gene dosage, very different from the baculovirus system 

for example. Although a number of different transfection reagents such as 

Polyethylenimine (PEI) were assessed and post harvesting steps were modified, e.g. 

harvesting on ice to reduce protease enzyme activity prior to analysis, no bands for 

any of the test proteins were detected in subsequent transfections. In some cases, 

GFP expression was detected as green cells by UV microscopy and by Western blot 

but the levels were low and as a result analyses of expression in mammalian cells 

was not pursued further.  

 

4.3 Discussion 

 

This chapter described the successful cloning of the Abyssovirus suggested stop-

suppression signal sequence (TGA-C) located at the junction of the 1a and 1b 

polyproteins in a configuration that would allow readout of its function. To assess 

the role of the native sequence, a variant in which the stop sequence was mutated to 

a different stop-suppression sequence (TGA-C to TAA-A) was also constructed. In 

addition, the role of the pseudoknot, found downstream of the suppression site, was 

addressed with the cloning of two new stop-suppression mutant samples (TGA-C 

and TAA-A with no pseudoknot). All the Abyssovirus stop-readthrough constructs 

were made in the pTriEx1.1 vector using the In-Fusion cloning technique combined 

with the overlap PCR method. The general design used was to generate clones 

capable of simple detection in that the various sites to be tested were flanked by 
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expression tags, the HSV tag and HIS tag, allowing the detection of fusion proteins 

by western blot with the requisite antibodies. All the constructs designed were 

shown to be correct by sequence analysis and were subsequently introduced into 

different expression systems to assess stop-readthrough function in different genetic 

backgrounds. These included E. coli (BL21 (DE3)- pLysS strain), insect cells (Sf9) 

and mammalian cells (17clone1). Through the use of these constructs the function 

of the predicted unusual translational stop-readthrough signal located at the 1a/1b 

junction in the Abyssovirus replicase gene was assessed for the role of the stop 

codon and immediate downstream nucleotide and the effect of the pseudoknot on 

the translation process. The choice of stop codon and elements of the two codons 

that follow have been shown to affect the efficiency of translational termination in 

other cases (Cridge et al., 2018; Skuzeski et al., 1991).  

The second step in coronavirus lifecycle is the translation of the replicase gene, 

from the virion genomic RNA, which encodes two large open reading frames ORFs 

1a and 1b that produce two polyproteins pp1a and pp1ab. All coronaviruses studied 

to date use a frameshift mechanism to produce suitable ratios of these two 

important polyproteins which is a combination of elements including a slippery 

sequence (5′-UUUAAAC-3′) and an RNA pseudoknot that stimulates the ribosomal 

frameshifting event from the ORF1a reading frame into ORF 1b. Generally, the 

ribosome unwinds the pseudoknot structure, and continues translation until it 

reaches the ORF 1a stop codon. However, sometimes the pseudoknot prevents the 

ribosome from continuing and the pause causes the ribosome to slip on the slippery 

sequence, shifting the reading frame back one nucleotide, a 1- frameshift, so that 

continued translation occurs now in ORF 1b leading to the expression of pp1ab 

(Baranov et al., 2005, Brierley et al., 1989). Based on this precedent, it may be 
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suggested that the pseudoknot found in the Abyssovirus sequence would act in a 

similar way to stimulate the readthrough event.  A second question to be addressed 

was if any readthrough observed was limited to any one expression background or 

if it occurred irrespective of the type of ribosome, prokaryotic or eukaryotic, used 

for the translation.      

Following their introduction into the various expression systems, HSV and HIS-

tagged proteins were detected at various level of expression. All proteins were 

expressed in E. coli BL21 (DE3)-pLysS successfully by inducing protein 

expression with IPTG. The predicted initial protein size is ~25kDa and the 

readthrough was ~32 kDa for the wild types TGA-C and TAA-A respectively and 

~30 kDa for the mutant TGA-C and TAA-A proteins lacking the pseudoknot. 

Reaction with both tag antibodies was apparent and the HSV/HIS-tagged proteins 

were detected at the expected molecular weights by Western blot for all cloned 

constructs after one hour of induction. The levels thereafter were variable, perhaps 

indicating minor issues	
   of protein stability but the data obtained were consistent 

with termination at either stop codon (TGA or TAA) to generate a ~25 kDa 

fragment which contains the HSV tag and a proportion of readthrough to generate 

the ~ 32kDa band which contains both HSV and HIS tags. Given the HIS antibody 

can only detect the readthrough product, the presence of the HIS reactive band 

confirms the readthrough event but cannot be used to quantify the rate of 

readthrough. However, the HSV tagged bands include the initial termination 

product as well as the readthrough product and present the opportunity to quantify 

the readthrough event. The clarity of the western blots from E. coli was generally 

less than those from insect cells, however, considering the relative intensity of the 

HSV detected bands in the E. coli lysates, the efficiency of the stop suppression 
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signal was poor, around 10% and appeared not to be affected by the nature of the 

codon or the following nucleotide. That is, the relative band intensities were similar 

for constructs TGA-C and TAA-A. When the pseudoknot deleted variants of each 

construct were assessed, a readthrough band was observed as ~30kDa consistent 

with the deletions made (pseudoknot = 42bp) and, as the pseudoknot is downstream 

of the stop codon, the change of mass is only relevant to the readthrough product. 

When compared to their parental sequences the rate of readthrough appeared little 

altered by the loss of the pseudoknot sequence (compare Samples 4 to 6 and 3 to 5 

on the HSV blot Figures 4.9 & 4.10 respectively) although formal quantification 

was not performed with the E. coli samples.   

Following the same analysis in insect cells however, the data was confirmed and 

the signal intensity was such that an accurate quantitation could be made. The data 

presented in Figure 4.11 showed all protein expressed in insect cells (Sf9) with the 

same bands identified as in the E. coli lysates. That is, the two observed translation 

products are present, the predicted termination and readthrough products at ~25 and 

~32 kDa respectively. Lanes 3 and 5 present Abyssovirus wild stop suppression 

signal (TGA-C) sequence located in the reading frame and mutant stop suppression 

(TAA-A) respectively which showed similar results of both proteins with obvious 

predicted termination products in the HSV blot (25 kDa) and readthrough products 

with clear bands in the HIS blot (32kDa). Lanes 4 and 6 present in both 

Abyssovirus wild stop suppression signal (TGA-C) and mutant stop suppression 

(TAA-A) respectively but deleted for the pseudoknot located downstream of the 

stop suppresser. Both samples with deletions showed similar results compared with 

the original samples (TGA-C and TAA-A). In the HSV blot, the predicted 

termination product size is ~25 kDa and on the HIS blot the readthrough product 
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size was ~30.5kDa after deleting the pseudoknot. Together the data show 

readthrough of the stop codon at the 3’ end of the Abyssovirus 1a coding region in 

insect cells that was not affected by the nature of the stop codon or the presence of 

the downstream pseudoknot. The western blot signals for insect cell expression 

were sufficiently clear to allow densitometric analyses of the lanes. To do this the 

blot image was imported into ImageJ software (Schneider et al., 2012) and the 

bands identified as the primary and readthrough translation products were isolated 

and their pixel content determined. The values obtained were compared as a 

measure of readthrough rate. Following this analysis, the expression of wild type 

and mutant stop suppression Abyssovirus in the insect cells (TGA-C and TAA-A) 

was estimated that 4.65-5.27% of translation events resulted in readthrough and 

9.42-12.58% for the same constructs when the pseudoknot was deleted. Figure 

4.13 shows the quantitation of readthrough protein expression in the wild types 

TGA-C and TAA-A and the mutant TGA-C and TAA-A proteins lacking the 

pseudoknot.  
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Figure 4.13. Percentage of Abyssovirus readthrough proteins expression in the 

insect cells Sf9. The data used for the ratio calculation was the average of two 

experiments.  
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By contrast with the data obtained in insect cells (Sf9) and E. coli BL21 (DE3)-

pLysS, transfections of the same plasmids into the mammalian cell line 17clone-1 

showed no bands for any of the proteins (Figure 4.12) consistent with low 

transfection frequencies. It was not pursued further as both the E. coli and insect 

cells had produced similar data.   

Protein translation usually terminates at one of the three stop codons: UAG, UGA, 

and UAA. However, protein translation termination can sometimes be leaky, and 

the translation process may continue until a second stop codon is reached. 

Therefore, an extended polypeptide can be produced. This phenomenon is known 

as translational readthrough (Li and Rice, 1993) and has been reported as a 

mechanism for some viruses. For instance, the translation process of Sindbis virus 

(SIN) and other alphaviruses require readthrough of a UGA codon in order for 

synthesis of the viral RNA-dependent RNA polymerase (Firth et al., 2011) and 

such readthrough of the UGA has been reported to required a single cytidine 

located immediately downstream of the stop codon. Furthermore, it has been 

demonstarted that in Murine Leukemia Virus (MuLV), belonging to the 

retroviridae family, 5-10% of the ribosomal translation processes readthrough the 

stop codon (UAG) (Csibra et al., 2014), and readthrough results from the inclusion 

of an arginine, cysteine or tryptophan in place of the stop codon (Attoui et al., 

2002). A mutational study of Colorado Tick Fever Virus (CTFV), a member of the 

Reoviridae family, discovered that the readthrough process efficiency of a UGA 

codon is influenced by the sequence around the stop codon (Napthine et al., 2012). 

In these published examples readthrough rates were between 1 and 10% broadly in 

keeping with the rates observed here (Li and Rice 1993; Napthine et al., 2012). In 

the data obtained here the relative readthrough rate was approximately 2 fold higher 
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in both TAA and TGA constructs when the pseudoknot was deleted, consistent with 

a role for the pseudoknot in attenuating pp1ab synthesis in Abyssovirus infections. 

This may be consistent with the pseudoknot pausing the ribosome long enough for 

it to ensure disengagement rather than hunt for a closely matching tRNA.      

Together these results indicate that the pp1b region of Abyssovirus is plausibly 

expressed by readthrough of the stop codon UGA, mediated by a functional	
  

termination-suppression signal whose efficiency is partly dependent on a 

pseudoknot sequence following the stop codon. The readthrough event occurred in 

both prokaryotic and eukaryotic cells consistent with a purely cis effect not 

dependent on trans acting factors present in one cell type or another. It is possible 

this sequence could be used practically for the regulated expression of downstream 

sequences in recombinant systems where small amounts of an additional reading 

frame may be required although this application was not investigated here.      
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Chapter 5 

5. The biological function of Abyssovirus Structural protease   

5.1 Introduction 

Work in previous chapters has demonstrated that novel features found in the 

Abyssovirus sequence, MPro like protease and a stop readthrough signal, were 

functional in some expression systems. This data supports the contention that 

Abyssovirus is an extant organism but the data also validate the approach taken to 

demonstrate biological activity. That is, cloning the sequences concerned into a 

relevant reporter construct followed by analysis in a variety of cellular 

backgrounds. In this chapter the same approach is taken to look for activity 

associated with a novel chymotrypsin-like serine protease found by bioinformatics 

analysis of pp2. Unusually, the protease has homology with the alphavirus capsid 

protease (Melancon and Garoff, 1987), but until now this type of protease has not 

been described as being present in any other nidovirus genome and, assuming a role 

similar to that of the alphavirus CP (see below), it has been termed the structural 

protease (SPro).  

The alphavirus genomic RNA contains two open reading frames (ORFs) that 

encode both a virus non-structural polyprotein and a structural polyprotein. During 

replication, a 26S subgenomic RNA is responsible for producing the structural 

polyprotein which encodes the capsid protein (CP), E3, E2, 6K and E1 (Figure 5.1) 

(Aggarwal et al., 2015). 
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Figure 5.1. Sindbis Virus, one of alphavirus members, structural proteins (capsid 

(yellow), E3 (light blue), E2 (green), 6K (dark blue) and E1 (red)) and their 

positions through an endoplasmic reticulum membrane (adapted from Li et al., 

2010). 

	
  

	
  

The alphavirus CP is essential for the viral life cycle and is released by a serine 

protease auto-cleavage activity inside the capsid (Choi et al., 1996). The protease 

domain involves a 𝛽-barrel motif with a typical catalytic triad, serine-histidine-

aspartic acid, and the active site that is split between the two subdomains (Choi et 

al., 1997, Owen and Kuhn, 1997). Changing the serine in the catalytic triad to 

arginine in Semliki Forest Virus (SFV), one of the alphavirus members, stops 

capsid protease activity (Melancon and Garoff, 1987). CP activity is one of the first 

cleavage events in SFV polyprotein processing and is carried out by the CP serine 

protease domain which recognizes a tryptophan-serine cleavage site in the 

polyprotein and releases the capsid protein. As a result, the alphavirus structural 

protein has been the subject of a significant number of studies (Choi et al., 1997, 

Endoplasmic 
reticulum membrane 
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Thomas et al., 2010), the majority with SFV and all analysis of alphavirus CPs to 

date have confirmed the autocatalytic cleavage between tryptophan and serine 

residues although some activity can be retained by replacement of the Trp with Phe 

or Tyr (Skoging and Liljestrom, 1998). Although this activity has not previously 

been described for nidoviruses, inspection of the pp2 amino acid sequence by the 

EXPASY protein translation tool showed the presence of 32 tryptophan–serine di-

residue motifs within the frame which would be consistent with a potential activity 

acting at these sites assuming the specificity remained unaltered. However, as the 

role of SPro in nidovirus processing is novel, the question of activity is debatable. 

That is to say, while assessment of the activity of the MPro and the stop readthrough 

in previous chapters were seeking to validate an accepted nidovirus feature, albeit 

not the norm in the case of the stop readthrough function, no expectation can be 

associated with SPro as there is no precedent for this activity in other family 

members. The aim of this chapter therefore was to generate constructs capable of 

the expression of the Abyssovirus SPro and assess its potential function as a 

protease. To confirm this, if positive, the wild type sequence was also mutated at 

the predicted catalytic triad serine-histidine-aspartic acid motif.  As before, the 

pTriEx1.1 vector was used allowing expression of the potential protease in different 

cell backgrounds including insect cells (Sf9) and E. coli, to maximise the possibility 

of finding a background compatible with activity. 
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5.2  Results 

5.2.1 Construction of tagged Abyssovirus structural protease vectors  

The Abyssovirus SPro sequence as defined in the TSA database sequence from the 

sea hare Aplasya californica (accession no: GBDA01003924.1) was ordered as a 

synthetic DNA fragment of 1266bp and was provided by Dr. Geraldine Mulley. 

The annotated amino acid sequence of the fragment is shown in Figure 5.2. To 

provide tags for the facile detection of the translated product the synthetic fragment 

was cloned by in-Fusion technology into the vector pTriEx1.1 to allow the test of 

different cellular backgrounds on the activity of the translated product. In-fusion 

adds specific 15 bp overlap sequences to the termini of the DNA fragment to be 

cloned which are homologous to specific sequences in the linearized vector and 

when mixed with the correct enzymes are able to undergo sequence specific 

recombination in vitro (Jacobus & Gross, 2015). As previously, the vector was 

linearized with XhoI restriction enzyme and mixed with the flanked synthetic DNA 

fragment in a design that would allow expression of SPro with an N-terminal HSV 

and a C-terminal HIS tag.  The 15 bp overlap sequences added to the synthetic 

DNA by PCR amplification and are shown with vector and structural protease 

homologies identified (Table 5.1).   
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Figure 5.2. The genome of Abyssovirus and the location of the structural protease. 

The protease construct order is as following: HSV tag – pre-protease sequence - 

structural proteinase – post protease sequence – HIS tag. The protease triad residues 

are present in red.  

 

 

 

 

 

	
  

Template ID: simplestructure  Size: a0 

Novel nidovirus sequence from Aplysia californica termed Abyssovirus 

5' 3' 

1b 1a 

Start End 5' 3' 
52 kDa    Structural protease 

MAISRELVDPNSQISARLQVDGTGSKLAAAQLYTRASQPELAPEDPE

DLESGVRSFALRSDDNEVVSGGRYEHVSEDTPDVRFLVEGATYESNV

KFADVVGSIISFTDGLCSGVLVGENLVLTAAHCLVQPAQVLRFCLGDD

CYQILSYEVVDKEFTKIGGNDLGLAVIDAKLDNFVRVLPTNAAMSSC

YFFGYGGPTDSGLSRTLGSFAVTPFMCSYEGEVLDNLVCSSYETDG

ARLCGGDSGGPLICDSPWGLGVYAVASAGGGCSGGSTISMYVDVR

RDYPLLRAQVCDSLTVPRSLHLASTEMDVLNITEADSLFTNATPVKS

NFSCASVSPELLGPLVSGHASVYTVDSRYVEGCVKPSPLSAYSENV

EMADNYFLVSSLGSNPKAKGGDDFVLLIGPNTEFVCPCYYLYQSSVY

RYDVGKYVSSVKVGSRTKQLNTTSGYWQEYMLRGKSVKYQATLGHV

LYANKPLEHHHHHHHHZ 
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Table 5.1. Oligonucleotides used for the in-Fusion cloning of the Abyssovirus 

structural protease in pTriEx1.1. Yellow color represents vector sequence. 

Primer Sequence bp 

Fw_ 

StructuralPro_Infu 

5' CCCCGAGGATCTCGAGTCTGGTGTAAGG 

TCTTTTGC ’ 3 

36 

Rv_ 

StructuralPro_Infu 

5 ' GATGGTGGTGCTCGAGCGGTTTGTTC 

GCATACAGA ’ 3 

35 

 

After transformation of the infusion mix into StellarTM E. coli competent cells and 

overnight incubation on selective agar, 6 colonies were selected at random, 

transferred onto LB with ampicillin and grown overnight at 37°C with shaking. 

Plasmid DNA was extracted from the 6 candidates and analyzed by PCR using the 

primers used for the generation of the infusion fragment (Table 5.1). DNA which 

amplified to give the correct size of insert (1298 bp) was sent to Source BioScience 

for DNA sequencing with the T7 forward primer to confirm the identity of the 

sequence cloned. All sequences obtained were as designed with no evidence of 

mutations and the reading frame was open throughout the sequence encoding each 

of the elements described above Figure 5.2. 
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Figure 5.3. Plasmid map showing the complete Abyssovirus structural protease 

sequence (blue) in the pTriEx1.1 vector. Note the unique XhoI site which flank the 

sequence of the wild type Abyssovirus structural protease. Bst1107I, BsiWI and 

XmaJI sites used for cloning of the mutant fragments, as well as the HSV and HIS 

tags used for protein detection. 
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5.2.2 Generating of mutant Abyssovirus structural protease 

constructs   

 

Catalytic triads are well studied among all serine proteases including alphavirus CP 

(e.g. in Aura virus (AVCP)) and show similar spatial architectures in the active site 

(Choi et al., 1991, Aggarwal et al., 2012, Hahn and Strauss, 1990). Mutation of any 

of the capsid autoprotease active site residues leads to a block in the structural 

protease catalyzed processes (Steel and Geiss, 2015). The equivalent residues in the 

Abyssovirus structural protease were identified by alignment and targeted for 

mutagenesis to test the role of these resiudes in the activity of the Abyssovirus SPro. 

To determine their relative impact the three active site residues (Serine 243, 

Aspartic acid 163 and Histidine 126) were mutated to Alanine, each alone and in 

combination.  

Two methods were used to create the various mutants, the exchange of a synthetic 

DNA fragment containing the mutations for the resident wild type sequence, and 

overlap PCR. The mix of methods arose as the cost of synthetic DNA became much 

lower over the course of the project and its use began to replace other PCR based 

methods when a strategy to replace the target region of the mutation was obvious, 

essentially if the region was flanked by unique restriction sites.  For the synthetic 

exchange described here, three individual sequences were ordered as synthetic 

DNA fragments, each of which contained a mutated residue Histidine to Alanine, 

Aspartic acid to Alanine and all active sites mutants (Serine, Histidine and Aspartic 

acid to Alanine). Each synthetic DNA fragment was flanked with two unique 

enzymes, Bst1107I and BsiWI, for the Histidine and Aspartic acid mutant fragments 

and Bst1107I and XmaJI for the mutation of all active site residues (see Figure 
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5.3). To enable the cloning, the vector was digested with the same restriction 

enzymes and the large vector band now lacking the region to be replaced was 

isolated. The gel eluted band was mixed with the synthetic DNA fragment and a T4 

ligation kit was used for their ligation according to the manufacturer's instruction. 

The ligation mix was transformed into StellarTM E. coli competent cells and a 

separate transformation with a small amount of non-digested plasmid acted as a 

control to check the efficiency of transformation.	
  	
  

	
  

5.2.3 Screening of transformed bacteria using XhoI restriction 

enzyme 

 

Six colonies from each transformation were selected randomly and grown at 37°C 

overnight in 10 ml LB broth with ampicillin and plasmid DNA extracted. The 

isolated DNAs from each sample was digested with XhoI enzyme to check for the 

presence of the mutant Abyssovirus structural protease gene and the positive 

colonies with bands of the expected size (1272bp) were selected (Figure 5.4) and 

sent for sequencing to confirm the relevant mutation and, once confirmed, a 

glycerol stock was prepared and the new strain stored at -80°C.  
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Figure 5.4. Gel electrophoresis of different mutants in pTriEx1.1 plasmid digested 

with XhoI enzyme. Lane 1: Hyperladder, A: Structural protease first active site 

mutation (H126A). B: Structural protease second active site mutation (D163A). C: 

Structural protease all active site mutations (Serine, Histidine and Aspartic acid to 

alanine (H126, D163 & S243 to A). The correct size of all mutant structural 

protease cases is 1272bp (blue arrow).  

 

5.2.4 Generating of mutant Abyssovirus Structural protease by using 

overlap PCR method  

 

The overlap PCR method (see Abyssovirus main protease chapter 3-Figure 3.5) 

was used to generate the third active site mutation of the Abyssovirus structural 

protease (Serine243 → Alanine ), by designing additional forward (Fw_) and 

reverse (Rv_) primers Table 5.2. 
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Table 5.2. Oligonucleotides used for mutation of the SPro gene in pTriEx1.1 

plasmid. Highlight sequence represents mutations. 

Primer Sample Mutant Sequence bp 

Fw_StruPro_

Third 

Third 

active 

site 

 

TCT→GCT 

 

5'-CGTTTGTGTGGAGGTGA 

CGCTGGTGGCCCATTGA-3' 

34 

Rv_StruPro_

Third 

5'-TCAATGGGCCACCAGCGT 

CACCTCCACACAAACG-3' 

34 

	
  
	
  

In the case of this mutation, the wide type structural protease DNA, cloned as 

described above, was used as template and amplification by PCR used a forward 

primer (Fw_TriExUp, Table 5.3) which primed 5’ to the structural protease 

sequence and a reverse primer which included the mutation to be introduced in each 

case (Rv_ StruPro_Third see Table 5.2) in reaction PCR1. Another PCR was 

carried out with a forward primer which included the mutation to be introduced 

(Fw_StruPro_Third see Table 5.2) and a reverse primer (Rve_TriExDown, Table 

5.3) which hybridized to a sequence 3’ to the cloned structural protease sequence, 

reaction PCR2. The PCR products of these first round PCR reactions for the active 

site mutation (S243A) was analyzed by agarose gel electrophoresis, and the correct 

sizes (PCR1: 963bp and PCR2: 809bp) were obtained for both PCR1 and PCR2 

respectively Figure 5.5. 
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Table 5.3. Oligonucleotides used to generate mutant structural protease case. 

Primer Sequence bp 

Fw_TriExUp 5’-GGTTATTGTGCTGTCTCATCA-3’ 21 

Rve_TriExDown 5’-TCGATCTCAGTGGTATTTGTG-‘3 21 

	
  
	
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Gel electrophoresis of PCR products following amplification of the 

Abyssovirus structural protease gene to create active site mutation (S243A) using 

specific overlap primers. Lane 1: Marker (1kb) DNA ladder, Lane 2: PCR1 (963 

bp), Lane 3: PCR2 (809 bp).  

 

 

The amplified products were purified from the gel using a PCR purification kit and 

quantified by Nanodrop spectrophotometer. Then, 0.1ng/bp from of PCR product 

was mixed and subjected to amplification in a PCR reaction for five cycles but 

without any primer addition. Then, forward primer (Fw_TriExUp) and reverse 
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primer (Rv_TriExDown) were added and a further thirty cycles were completed. 

The correct size 1803 bp of overlap PCR product was analyzed as before by 

agarose gel electrophoresis and the desired overlap band was extracted by gel 

extraction kit Figure 5.6. 

 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure 5.6. Agarose gel electrophoresis of overlap product of Abyssovirus 

structural protease mutation amplified by PCR. Lane 1: Marker (1kb) DNA ladder, 

Lane 2: PCR1+PCR2 for Abyssovirus structural protease mutation S243A 

(1772bp). 

 

The purified product was quantified by Nanodrop spectrophotometer and digested 

with XhoI restriction enzyme for 30 minutes at 37°C and then a clean up kit was 

used to re-purify the product. PTriEx1.1 plasmid was also digested with XhoI 

restriction enzyme. In order to prevent the self-ligation of the vector, as the vector 

was digested with a single restriction enzyme, FastAP thermosensitive alkaline 
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phosphatase treatment was used to remove the phosphate group from the 5’ ends of 

the vector by incubation for 10 min at 37°C.  The reaction was then incubated for 

another 5 min at 75°C to inactivate the enzyme. The linearized vector was mixed 

with the overlap mutant fragment and a T4 ligation kit was used for their ligation 

according to the manufacturer's instruction. The ligation mix was transformed into 

StellarTM E. coli competent cells and a separate transformation with a small amount 

of non-digested plasmid acted as a control to check the efficiency of 

transformation. 

 

5.2.5 Colony PCR screening of transformed bacteria 

Colony PCR was performed using forward and reverse primers (Table 5.3) to 

check for the presence of the mutant Abyssovirus structural protease and the 

positive colonies with bands of the expected size were selected Figure 5.7. 
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Figure 5.7. Mutant Abyssovirus structural protease screened by PCR. 4 colonies 

were screened for checking the presence of mutant structural protease insert. Lane 

1: Marker (1kb) DNA ladder. Lanes 2, 3, 4 and 5: colonies showed positive results 

with correct sizes (1772 bp). 

 

Colonies that had shown the correct size of insert by colony PCR were grown at 

37°C overnight in 10 ml LB broth with ampicillin and plasmid DNA extracted. The 

isolated DNA was sent for sequencing to confirm the relevant oriental mutation 

and, once confirmed, a glycerol stock was prepared and the new strain stored at -

80°C.  

As a result of the cloning experiments described here, plasmids capable of the 

expression of wild type Abyssovirus structural protease and four mutants, which 

change residues predicted to be at the active site of the enzyme, were confirmed. In 

all cases the fragments were flanked by epitopes for widely available antibodies, for 

the HSV and HIS tags, so that the complete translation product representing either 
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end of the fragment (one or other epitope) could be detected. These plasmids 

represent the resources used for an investigation of possible SPro enzyme activity.  

5.2.6 Expression and proteolytic activity of Abyssovirus structural 

protease  

As noted, the base vector in use, pTriEx1.1, allows the expression of target proteins 

in multiple expression systems (E. coli, insect and vertebrate). Expression in E. coli 

strains, including E. coli BL21 (DE3)- pLysS and Rosetta, is enabled by these 

strains having been engineered to express the T7 polymerase under control of the 

lac promoter. IPTG induction turns on T7 polymerase expression which in turn 

transcribes from the plasmid resident T7 promoter (Studier and Maizel, 1969). 

Expression in insect cells is enabled by the presence of the p10 promoter, one of the 

very late promoters widely used in the baculovirus expression system (Kelly and 

Possee, 2016). None of these hosts is expected to contain endogenous proteins that 

will react with either the HSV or HIS tag antibodies meaning that only the plasmid 

encoded product, along with any processed intermediates, should be detected. 

 

5.2.6.1 Abyssovirus structural protease expression in different E. 

coli strains 

In order to test expression of the Abyssovirus structural protease in E. coli strains, 

all positive plasmids used in this study were transformed into E. coli BL21 (DE3)- 

pLysS.  BL21 (DE3)- pLysS cells carry pLysS for toxic protein expression. It 

encodes T7 lysozyme, which is a natural inhibitor of the T7 RNA polymerase. The 

presence of this gene can inactivate leaky expression by the RNA polymerase but 

has no direct effect on the level of expression following induction. Transformed 
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competent cells were plated on LB agar plates containing ampicillin and, following 

overnight growth, a colony was selected randomly and grown in 10 ml LB broth 

with ampicillin (10 µg/ml) at 37°C overnight in a shaking incubator. The following 

day, 200 µl was transferred to a fresh 10 ml LB broth with ampicillin (10 µg/ml) 

and grown to OD600 0.4-0.6 whereupon protein expression was induced by the 

addition of isopropyl-β-D-1 thiogalactopyranoside (IPTG) to 0.5mM and 

incubation with shaking was allowed to continue for 4 hours for optimal 

expression. Both before and after IPTG induction aliquots of the bacterial culture 

were harvested for western blot analysis. SDS-PAGE and western blots were 

performed and the expressed proteins were detected using both anti-HSV and anti-

HIS antibodies.  

 

5.2.6.1.1 Structural protease protein expression in E. coli BL21 

(DE3)-pLysS 

 

The first screening for SPro expression was completed using the parental SPro 

sequence and 4 of the active site mutants, H126A, D163A, S243A and a mutant 

construct in all these sites (S243, D163 & H126 to Alanine). The predicted size for 

the complete translated protein in all cases was ~52kDa, including both epitope 

tags.  A sample of the non-induced culture in each case was used as control for the 

specificity of the blots.  In most cases, when probed with the HSV antibody, 

induction of SPro expression led to the appearance of a clear band with a molecular 

mass of ~52kDa after as little as 0.5 hrs (hours) induction with IPTG, which 

became more intense with time up to the maximum incubation period of 4 hours 
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post induction except in the case of the mutant of all active site residues (S243, 

D163 & H126 to Alanine) which did not show any evidence of expression Figure 

5.8. 
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Figure 5.8. Western blot analysis by HSV tag antibody of recombinant SPro 

expression of expression in E. coli BL21 (DE3)-pLysS. Protein samples were taken 

prior to (non-induced; 0hr) and following induction of protein expression with 

IPTG at 37°C. Protein samples were subsequently taken after .5h and hourly for 4 

hours. Samples 1, 4 and 7 are non-induced cells were used as a control. Sample 2: 

Wild type (WT) structural protease. Sample 3: active site mutation (H126A). 

Sample 5: active site mutation (D163A). Sample 6:  third active site mutation 

(S243A). Sample 8: expression of the mutant Abyssovirus structural protein in all 

previous active sites. The arrows indicate a melucular mass of ~52 kDa. Markers on 

the left are in kilodaltons, kDa. 
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Similarly, when the same samples were processed for Western blot analysis using 

the anti HIS -tag antibody a band of ~52kDa was highlighted in all constructs 

except the all-active site mutations, consistent with the complete translation product 

– Figure 5.9. 
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Figure 5.9. Western blot analysis by HIS tag antibody of recombinant SPro 

expression of expression in E. coli BL21 (DE3)-pLysS. Protein samples were taken 

prior to (non-induced; 0hr) and following induction of protein expression with 

IPTG at 37°C. Protein samples were subsequently taken after .5h and hourly for 4 

hours. Non-induced cells were used as a control. Sample 1: Wild type structural 

protease. Sample 2: active site mutation (H126A). Sample 3: active site mutation 

(D163A). Sample 4:  third active site mutation (S243A). Sample 5: expression of 

the mutant structural protease in all active sites.  The predicted expressed protein 

size is ~52 kDa. Markers on the left are in kilodaltons, kDa. 
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The HSV tag western blots were very clear with the predominant band recognized 

by the antibody at the molecular mass expected of the primary translation product 

except the mutant case of all active site residues. By contrast the HIS blot, while 

also detecting a band of the expected molecular mass, also detected a ladder of 

smaller bands, probably degradation products. The fact that the HSV antibody did 

not detect these bands suggests that protein breakdown occurs	
   from the amino 

terminus to leave a nested set of proteins that have lost the N-terminus but retained 

a common C-terminus, including the HIS tag. The pattern of protein breakdown 

was the same irrespective of the identity of the SPro sequence, wild type or mutants, 

suggesting this is not related to the expressed protein itself but is the product of the 

E. coli protein degradation machinery. 

 

5.2.6.1.2 Structural protease protein expression in E. coli Rosetta 

strain 

 

E. coli Rosetta is a BL21 derivative designed to enhance the expression of 

eukaryotic proteins that contain codons rarely used in E. coli. These rare tRNAs are 

tRNAs for Arg, Gly, Ile, Leu and Pro and by supplying these the Rosetta strains 

provide for “universal” translation, which would otherwise be limited by the codon 

usage of E. coli. Protein expression of the WT Abyssovirus structural protease and 

mutants did not seem limited in strain BL-21 (Figures 5.8/5.9 above). 

Nevertheless, two plasmids, encoding WT and the first active site mutation were 

transformed into the Rosetta strain and protein expression was assessed again as 

before. The transformants were grown in 10 ml LB containing ampicillin (10 
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µg/ml) at 37 °C and induced by the addition of IPTG at an OD600 of 0.4-0.6. 

Samples were taken at regular intervals (30 minutes for 3 h). As shown (Figure 

5.10), after the addition of IPTG, expression of a band of ~52 kDa was observed, 

whose intensity increased with time. The band was the same molecular mass when 

probed with either N or C-terminal antibodies Figure 5.10. As before extensive 

degradation was observed on the HIS antibody blot while the primary translation 

product was the main or only product when detected by the HSV antibody.  
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Figure 5.10. Western blot analysis of recombinant expression of wild structural  

(Samples 2 & 4) and first active site mutation (Samples 6 & 8) SPro in Rosetta cells 

using HSV and HIS antibodies. Protein samples were extracted from E. coli prior to 

(non-induced; 0hr) and following induction of protein expression with IPTG at 

37°C. Protein samples were subsequently taken after .5h and up to 3 hours. 

Samples 1, 3, 5 and 7 are non-induced cells were a control.  In both membranes, the 

induced (asterisk) track was more prominent than the non-induced track (no 

asterisk). The calculated protein molecular mas for the primary translational 

product is ~52 kDa. 
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5.2.6.2 Abyssovirus structural protease expression in insect Sf9 cells 

 
Expression of the Abyssovirus structural protease in E. coli was successful but no 

indication of any specific cleavage was noted. One possibility was that the 

expressed SPro was expressed but nonfunctional in –E. coli as a result of its state, 

plausibly an insoluble inclusion body product (Fakruddin et al., 2013). To assess if	
  

an alternate expression system might allow expression and functional assessment, 

the SPro encoding plasmids, parental and mutant, were used to generate recombinant 

baculoviruses as described in Materials and Methods. Briefly, in addition to the 

multiple promoter described, the pTriEx1.1 vector also contains short sections of 

the baculovirus Autographa californica genome sequence from either side of the 

polyhedron locus, a site in the genome which can be altered without inactivating 

virus replication. When transfer vector and baculovirus DNA are transfected into 

insect Spodoptera frugiperda cells recombination occurs between the sequence on 

the pTriEx based vector and those of the virus genome, resulting in a recombinant 

in which the sequence between the recombination sequences, in this case the 

structural protease sequence or its mutated variants, is inserted into the virus 

genome. The recombinant genome then initiates a full infection and a recombinant 

virus expressing the target protein as part of its life cycle is isolated.  

To isolate the recombinant viruses, the Sf9 insect cell line was cultured in EX-

CELL® 420 Serum-Free Medium and transfections were done in 6 well dishes 

seeded at ~50% confluence with ~1 x 10^6 cells per well. In addition to the 

structural protease plasmids, a control vector pTriEx1.1-GFP, which carries the 

Green Florescent Protein (GFP) gene inserted between the NcoI and Bsu361 sites of 

pTriEx1.1 was used to ensure successful recombinant formation (O’Flynn, 2011). 
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Recombinant viruses were amplified by passage on Sf9 cells until cytopathic effect 

was evident within 2 days of infection, usually by passage 3. To assess protein 

expression by the recombinant viruses 6 well dishes were seeded at near 100% 

confluence and infected with P3 virus stocks at an estimated MOI of 3 or greater, 

under which condition nearly all cells are infected. The plates were incubated at 

28OC for three days and the monolayers collected by dislodging the cells with a 

pipette, transferred to Eppendorf tubes and pelleted at 13,000 rpm for 3 minutes 

(microfuge).  

The supernatant was aspirated and the cell pellet lysed directly by resuspension in 1 

x SDS-PAGE loading buffer and heated at 100OC for 10 minutes. The equivalent of 

5 x 10^4 cells was loaded per well of a standard 10cm precast SDS polyacrylamide 

gel and electrophoresis was carried out for 30 minutes at 170V.	
  Gels were then 

transferred to PVDF membranes by semi-dry blotter and the membranes processed 

for western blot as described in Material and Methods using	
  antibodies to the HSV 

or HIS tag. The tagged proteins expressed by each structural protease construct 

were detected by imaging using a chemiluminescent substrate for the anti-tag 

antibody conjugates on a Syngene XL 1.14 imager Figure 5.11. 
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Figure 5.11. Abyssovirus structural protease proteins expressed in Sf9 insect cells. 

A: cartoon of Abyssovirus structural protease construct. B: Western blot of wild 

and mutants structural protease. The anticipated molecular weights are shown 

above. In both gels, Lane 1: cell control. Lane 2: Abyssovirus structural protease 

wild type. Lane 3: first active site mutant (H126A). Lane 4: second active site 

mutant (D163A). Lane 5: third active site mutant (S243A). Lane 6: mutation in all 

active site residues (S243, D163 & H126 to Alanine). Molecular weight markers 

are indicated in the center of the blots and are in kilodaltons.  

 

For the wild type Abyssovirus structural protease and all mutants where the 

protease active site contained one or other mutation, the results of the western blot 

analysis indicated the production of a 52 kDa band that was visualized by blot with 

either anti HSV antibody (left gel lanes: 2 to 6 respectively) or the anti HIS 
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antibody (right gel lanes: 2 and 6 respectively). The size of the 52kDa band and its 

reactivity with both anti tag antibodies is consistent with the primary translation 

product as identified following expression in E. coli. Notably for the product 

expressed in insect cells however, no ladder of degraded bands was apparent when 

the extract was probed with the HIS antibody. The pattern of the expression 

observed was the same irrespective of the SPro sequence used and there was no 

evidence of any smaller band in the WT sample that was missing in any of the 

mutant samples. Similarly there was no evidence of differential reaction with the 

antibodies, other than some very low-level background associated particularly with 

mutant 3 (S243A). As was the case following expression in E. coli there was no 

evidence of expression of the triple active site mutant when the infected cells were 

probed with the anti HSV antibody. However a very faint band of reactivity was 

detected, again at ~52kDa, by the anti HIS antibody (Figure 5.11 B -right panel). 

This result suggests the triple mutant is expressed but is highly susceptible to 

degradation. Overall while expression of SPro in insect cells was efficient there was 

no pattern of break down to suggest that the Abyssovirus structural protease was 

active. 

5.2.7 Abyssovirus structural protease purification using IMAC from 

insect cells  

 

 

The failure to detect any function for the Abyssovirus SPro despite clear evidence 

for expression left open the question of its relevance to the Abyssovirus replication 

cycle. The lack of any auto-cleavage could be for a variety of reasons, not least that 

the conditions in the expression hosts, E. coli or insect cells, were not compatible 

with activity. However, the failure to auto-cleave the HIS tag offered the 



156 
 

opportunity to make use of it in the purification of SPro, which would then allow a 

much greater range of conditions to be tested, possibly to reveal activity. 

Accordingly, a large scale infection of the WT expressing recombinant baculovirus 

was done and purification investigated. The addition of the HIS tag to a 

recombinant protein brings with it an affinity for metal ions, notably nickel, and 

HIS “tagged” proteins can be therefore purified by binding to an immobilized metal 

ion matrix in a process termed Immobilized Metal Ion Chromatography (IMAC). 

Non-HIS tagged proteins do not bind allowing a single step purification of the 

recombinant from a background of many other cellular proteins. Elution is achieved 

by competition with free imidazole, the basis of the ion binding activity.    

To purify SPro a 300ml culture of insect Sf9 cells at a density 1.5x106 cells/ml was 

infected with 30mls of the structural protease recombinant virus stock and 

incubated at 27 C˚ for 3 days in a rotary shaker. Then, cells were harvested by 

centrifugation at 4000rpm for 20 min at 4 C˚ and the cell pellets placed on ice and 

lysed by resuspension in lysis buffer (50mM phosphate buffer, 500mM NaCl, 1% 

NP-40, pH 7.4). A single tablet of a protein inhibitor cocktail (Roche) was then 

added to the lysate and lysis was completed by sonication on ice for 10 min / 20 

seconds on/off pulse and 80% amplitude using a probe sonicator (Sonics). The cell 

lysate was centrifuged at 15,000 rpm for 20 minutes at 4C˚ using a Sorval RC5B 

centrifuge and the supernatant collected. An integrated low pressure purification 

apparatus (Biologic-BioRad) was used to purify the protein of interest using a 

prefilled 5ml IMAC column (GE). The column was washed with binding buffer (20 

mM PBS, 500mM NaCl, 20 mM Imidazole, 0.1% Tween-20, pH 7.4) at 5ml/min 

and the cell lysate was loaded into the column at 1ml/min. The column was washed 

with binding buffer until the OD280 was at background levels and HIS-tagged 
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proteins were then eluted using elution buffer (20 mM PBS, 500mM NaCl, 500 

mM Imidazole, 0.1% Tween-20, pH 7.4) as a linear gradient of 0% to 100% elution 

buffer over a volume of 6 column volumes at 1ml/ min. The eluate fractions 

containing the protein of interest are shown in Figure 5.12 and were collected 

separately by fraction collector. To assess the level of purifcation, selected fractions 

were analyzed by SDS-PAGE followed by coomassie staining (Figure 5.13) and 

western blot (Figure 5.14) to confirm the presence of the protein of interest. 

Positive fractions were pooled and concentrated using a Viva spin column with a 

10K MW cut-off  (Sartorius) by spinning at 4000 rpm for 30 minutes at 4C˚. 
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Figure 5.12. Elution profile of the Abyssovirus structural protease after affinity 

chromatography. The lysate was applied to the column was washed to a 

background OD280 with loading buffer before the start of an elution gradient of 

20mM-500mM imidazole in binding buffer. Fractions of 5ml were automatically 

collected as shown on the elution profile. A large peak early in the elution profile, 

representing loosely bound cellular proteins, was followed by a shoulder peak 

starting from fraction 7 and extending to fraction 13. To detect the protein of 

interest the proteins present in the odd fraction numbers, from 7 to 21, were 

analyzed by SDS-PAGE.    

 

From Figure 5.12 it is difficult to see an obvious peak other than a very large early 

peak which seems too early to be the recombinant product. However, a shoulder 

between fractions 7 to 21 might be the purified Abyssovirus structural protease and 

odd fractions between 7 to 21 were analyzed by protein gel (Figure 5.13).     
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Figure 5.13. Analysis of elution fractions following IMAC of Abyssovirus SPro 

extracts from Sf9 insect cells. The SDS PAGE gel was stained with coomassie blue. 

Insect cells were infected with structural protease recombinant virus stock for 3 

days at 27 C˚. Molecular weight marker in kilodaltons are indicated on the left side 

of the gel followed by load sample and odd numbered eluted fractions from 7 to 21. 

The arrow indicates a molecular mass of ~52kDa. 

 

As the coomassie blue stained gel did not resolve a clear band in the eluted 

fractions, rather a smear of bands suggesting poor column selectivity (Figure 5.13) 

a second gel was subjected to western blotting to confirm the presence of the 

Abyssovirus structural protease (Figure 5.14). The SPro was clearly present in the 

lysate loaded onto the column and was not present in the early fraction 7 suggesting 

efficient column binding. In the eluted fractions, the SPro appears weakly in fraction 
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9 and become more intense with the level peaking in fraction 13 and declining 

thereafter, although signal is still present in fraction 21.   

 

 

 

 

 

 

 

Figure 5.14. Western blot of elution fractions from IMAC purification of structural 

protease in Sf9 cells. The Molecular weight marker in the left of the blot is in 

kilodaltons, following by load sample and odd numbered eluted fractions from 7 to 

21. 

 

Two different analytical techniques were used to detect the purified Abyssovirus 

structural Protease. SDS-PAGE followed by coomassie blue failed to showed clear 

bands of purified protein, rather a smear of proteins indcatative of poor column 

resolution. In contrast to the results obtained from coomassie blue however, the 

Western blot analysis indicated that IMAC chromatography had succeeded in 

binding and eluting the his tagged SPro with no reactivity in the wash fractions but 

reactivity in the eluted fractions with a peak in fraction 13. However, the excess of 
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cellular proteins also present, as shown by coomassie blue staining, meant that 

further purification would be needed before dedicated protease activity tests in 

different buffer conditions could be attempted. This was not pursued and remains a 

goal for future studies.  

 

5.3 Discussion  

 

In this chapter the possible function of the novel Abyssovirus structural protease 

was investigated. The novelty arises as the chymotrypsin-like serine protease 

sequence found in the Abyssovirus genome sequence has features analogous to the 

alphavirus capsid protease (Aggarwal et al., 2015) despite not being described in 

any nidovirus to date.  

The cloning of Abyssovirus structural protease and several mutants used a mixture 

of In-Fusion cloning and ligation cloning techniques as well as synthetic biology 

and overlap PCR. Clones capable of expression of HSV and HIS tagged fusion 

proteins were successfully completed as demonstrated by sequence analysis prior to 

the expression experiments. All Abyssovirus structural protease sequences were 

expressed in two different expression systems, including insect cells (Sf9) and E. 

coli strains (strains BL21 (DE3)- pLysS and Rosetta). Proteins showed expression 

in these systems and were detected using Western blots using anti HSV and anti 

HIS antibodies. All of the cloned constructs except the construct of the mutant 

Abyssovirus structural protease in all active site residues showed easily detected 

protein expression although the E. coli background gave rise to a number of 

breakdown products reasoned to be N terminal degradation as the same bands were 

not detected by the HSV antibody. The same pattern of degradation was not 
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observed in insect cells confirming that it was not dependent on SPro activity. The 

lack of detectable protein expression for the triple active site residue mutation was 

notable. This mutant was sequence verified, as were the single residue mutants, yet 

no evidence for a 52kDa band was found following expression in E. coli. While 

HSV detection also failed to identify this band in insect cells a weakly reactive 

band was observed for the HIS antibody probed blot. Poor expression in both 

systems is suggestive of a protein that folds poorly and is rapidly degraded (Arun et 

al., 2009), which could be consistent with the mutations made as active site 

residues are often in the hydrophobic core of enzymes and their mutation may lead 

to misfolding (Robertson et al., 2016; Hartl et al., 2011; Nijholt et al., 2011). Thus, 

this data supports the relevance of these residues even if no protease activity was 

detected although their location at an active site must await more positive 

functional data or a three dimensional structure.   

The capsid protease of alphavirus (CP), a chymotrypsin-like serine protease, is 

found at the amino terminus of the structural polyprotein and the first step in 

processing is the autocatalytic cleavage of the capsid protease to release itself from 

the rest of the polyprotein (Thomas et al., 2010, Aggarwal et al., 2014). This step is 

essential for the functions of CP in the virus replication cycle, including the 

creation of capsomers by intermolecular interactions with other capsid protease 

monomers, the encapsidation of the genomic RNA in order to generate the 

nucleocapsid cores, and the interaction with the cytoplasmic domain of 

glycoproteins that is important for the budding process of the virus (Aggarwal et 

al., 2014, Metsikko and Garoff, 1990, Zhao et al., 1994 and Hong et al., 2006).  

By contrast with the alphaviruses capsid protease, the Abyssovirus structural 

protease did not produce any detectable cleavage products in any expression 
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system, including insect cells (Sf9) and E. coli strains (BL21 (DE3)-pLysS and 

Rosetta). Western blot analysis showed clear bands for only the complete protein, 

in both HSV and HIS blots. The failure of the putative structural protease to cleave 

might be because a result of the construct boundaries, assay conditions or lack of an 

appropriate substrate. 
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Chapter 6 

 

6. General discussion 

 

Recent studies have identified a wide variety of virus sequences in intracellular 

RNA pools but few new members of the Nidovirales have been reported, compared 

to groups such as the Picornavirales (Shang et al., 2017). In this project, a novel 

nidovirus sequence was identifying in the TSA database in cellular RNA pools of 

Aplysia californica, the Californian sea hare (Figure 6.1-A), following a 

bioinformatics trawl and tentatively named the Abyssovirus to reflect its deep sea 

origins (Bukhari et al., 2018). A second independent report of the same sequences, 

found in the RNA pools of a variety of Aplysia adult tissues and several 

developmental stages of the host organism was reported by Debat (Debat, 2018).  

The Abyssovirus genome is represented in its longest and most completely 

available form by the transcriptome shotgun assembly sequence GBBW01007738. 

The virus genome (Figure 6.1-B) described is the second largest currently reported 

RNA virus genome behind a new 41.1 kb planarian nidovirus described elsewhere 

(Saberi et al., 2018).  
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Figure 6.1. Description of Abyssovirus host organism and genome. (A) The host 

organism Aplysia californica (adapted from Moroz et al., 2006). (B) Genome and 

coding capacity of Abyssovirus and SARS-CoV are shown to scale.  

 

Remarkably, the organization of the Abyssovirus genome had several features 

typical of viruses of the Alphavirus genus of the Togaviridae family (King et al., 

2012) that could be contrasted with those conserved in classical nidoviruses. They 

include: a) two in-frame open reading frames (ORF1a and ORF1b) of the replicase 

gene that are separated by a stop codon rather than overlapping and including a 

nidovirus-like ribosomal frameshift signal in the overlap, and b) a single structural 

polyprotein gene (ORF2) rather than several ORFs encoding structural proteins. 

The 35913 nt long Abyssovirus genome has a 74 nt 5′- untranslated region, a 964 nt 

3′-untranslated region, and a short poly-A tail. Despite these alphavirus-like 

features, bioinformatics analysis confirmed that the Abyssovirus replicase 
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polyprotein clustered with the Nidovirales.  

When identifying viruses through bioinformatics, there is a risk that the sequences 

are either misassembled, contain errors, or are artifacts of the sequencing and 

sequence assembly processes. As a result it was necessary to test the function of 

some of the novel Abyssovirus features and compare the data obtained with 

nidoviruses and alphaviruses. The targets for this work included the main protease, 

the pp1a-pp1b junction region and the structural protease. Functional activity, if 

found, would help to confirm that the Abyssovirus genome was biologically 

functional and represented an extant replicating virus.  

To carry out the functional tests, sequences encoding the Abyssovirus MPro, the 

pp1a-pp1b junction region and the SPro plus surrounding regions were cloned into 

the pTriEx1.1 vector and expressed as amino-terminal HSV epitope tagged and 

carboxyl-terminal poly-histidine (HIS) tagged polypeptides (Figure 6.2). 

Expression was assessed in different cell systems include bacterial cells (several E. 

coli strains), Sf9 insect cells and 17clone-1 mammalian cells and the data analyzed 

to contribute to the question of whether the Abyssovirus genome represented a 

replicating virus or was an artifact of sequence assembly. 
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Figure 6.2. Investigation overview of selected Abyssovirus sequences assayed for 

biological function. 
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alter amino acids that appeared to match the catalytic cysteine and histidine 

residues of other coronavirus main proteinases. In addition four further mutations 

located in the N-terminal region of the MPro sequence were made to probe the 

presumed cleavage sites, as has been reported in a previous study of nidovirus main 

protease (Lee et al., 1991).   

All the Abyssovirus MPro constructs were tested for expression in several 

expression systems include E. coli BL21, insect cells (Sf9) and mammalian cells 

(HEK 17clone1).  

The expressed product levels of all of the Abyssovirus MPro constructs varied, for 

instance, it was not possible to detect the MPro fragments by western blot after 

transfection of mammalian cells although part of this was undoubtedly the limited 

number of cells that were successfully transfected. A positive control, GFP, was 

detected but the western blot signal was not strong indicating poor overall 

efficiency. Some protocol changes including the use of different transfection agents 

did not substantially improve expression and rather than extend the optimisation to 

every possible variable other expression systems, part of the original experimental 

design, were investigated. One of these, the E. coli expression system, gave clear 

data following expression in a number of strains (including: BL21 (DE3)-pLysS, 

Origami, Rosetta and Tuner). A band of the anticipated size of MPro, detectable by 

antibodies to both protein tags, was present following protein induction but 

disappointingly showed no difference among the constructs tested; all gave the 

same expression outcome, the complete protein size was detected at the predicted 

molecular weight and with very little degradation detected by the HSV tag 

antibody. When the blots were probed with the HIS tag antibody substantial non-
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specific cleavage was apparent but again no difference among the constructs tested, 

leading to the conclusion that the Abyssovirus main protease was not active in E. 

coli. Assuming that the protein is a bona fide protease, as shown later by insect cell 

expression, the failure to detect function in E. coli is perplexing. Lack of the correct 

cellular environment, lack of specific cofactors or insolubility of the expressed 

products, alone or in combination, could explain the data. Further work would be 

needed to determine which of these predominated.  

However, in contrast to the results obtained from E. coli the results of the Western 

blot analysis indicated the production of a 13kDa HSV related band and a 6kDa 

HIS related band when the wild type MPro sequence was expressed in insect 

Sf9cells. Mutation of the putative catalytic cysteine C302 alone did not 

substantially reduce proteolytic processing, while mutation of both histidine H193 

and cysteine C302 blocked proteinase activity completely. Together, these data 

matched the published data of the analysis of other coronavirus main proteases, 

adding support for the finding that this is a genuine proteolytic activity of relevance 

to virus replication (Ziebuhr et al., 2003, Nga et al., 2011, Blanck et al., 2014).  

To further characterize the activity and to determine the cleavage specificity of the 

Abyssovirus MPro, four initial mutants were made (R, K, N and E to Ala) in the 

N-terminal region of the main protease. As noted in Chapter 3, two of the mutants, 

N138 and E139, produced only the higher molecular mass band on western blots 

suggesting that these two mutants stopped enzyme activity even though they were 

designed to alter only one of the putative processing sites. Two further mutants, 

R136 and K137, led to two bands visualized in the western blot, matching the result 

of the wild type main protease. Thus in contrast to N138 and E139, R136 and K137 
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appeared to show no effect on protease activity. Overall, the data obtained with the 

Abyssovirus MPro N-terminal cleavage junction mutants demonstrate that R, K, N 

and E play a role in the protease activity, however, this role is unknown as these 

constructs gave unexpected data in the cis-cleavage assay. It has been noted in 

some previous studies that a MPro protease peptide cleavage site of SARS-CoV 

(TSAVLQ/SGFRK) occurs at a Q/S junction (Chen et al., 2005, Hilgenfeld, 2014) 

and a QS motif appears in the sequence of the Abyssovirus MPro just downstream of 

the RKNE 

 motif. As with mutations N138 and E139 mutation at this residue (Q152A) 

appeared to inactivate the enzyme, further confusing the cleavage junction used by 

the Abyssovirus main protease. These data demonstrate that Abyssovirus encodes a 

functional proteinase, but further work is needed to determine the cleavage 

specificity by the Abyssovirus MPro.  

 

In the second target for study, the presence of an in-frame stop codon separating the 

pp1a and pp1b genes, rather than the expected ribosomal frameshift signal found in 

most other nidoviruses was investigated. The observation suggested that 

Abyssovirus might use a translational termination-suppression signal as a way to 

control expression of the pp1b region. Termination-suppression or readthrough 

signals are found in several other viruses including alphaviruses and some 

retroviruses, and typically consist of a UAG or UGA stop codon followed by an 

RNA secondary structure element and the efficiency of suppression normally 

depends on the stop codon, the nucleotide following the stop codon, and the free 

energy of the RNA secondary structure element (Firth et al., 2011, Napthine et al., 

2012, Irigoyen et al., 2018, Loughran et al., 2018). To investigate protein 
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expression across the pp1a-pp1b region, nucleotides 17255 to 17707 of the 

Abyssovirus sequence were cloned into pTriEx1.1 with amino-terminal HSV and 

carboxyl-terminal HIS tags. As noted in Chapter 4, this construct was designed to 

allow detection and quantification of the 25kDa proteins that stopped at the natural 

UGA stop codon, expected to have an HSV tag only, and a 32kDa readthrough 

product that would be expected to have both HSV and HIS tags. Expression of this 

construct in all positive expression systems produced the expected 25kDa 

termination product and 32kDa readthrough product (shown in chapter 4). Based on 

densitometry analysis, it was estimated that 9.42-12.58% of translation events 

resulted in readthrough.  

The stop codon and the two elements that follow it, all suggested in previous 

studies to play a key role in translational termination efficiency were further 

investigated for the Abyssovirus termination-suppression signal by designing 

constructs in which the region around the pp1a stop codon was perturbed from the 

wild-type UGA-C, predicted to produce near optimal termination, to UAA-A, 

predicted to produce much less optimal termination. In other constructs, the 42 

nucleotides predicted to form a predicted RNA stem-loop downstream of the stop 

readthrough site were deleted. As discussed in Chapter 4, mutation of the 

Abyssovirus pp1a stop codon itself had little effect on readthrough efficiency. 

However, deletion of 42 nucleotides appeared to decrease readthrough, and led to a 

smaller readthrough product as predicted. Together these results indicate that the 

pp1b region of Abyssovirus can be expressed by readthrough of a UGA stop codon 

at the 1a/b junction. This readthrough is mediated by a functional termination 

suppression signal that is dependent partly on a predicted stem-loop structure 

following the stop codon. The ability to express a constant ratio of a downstream 
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ORF in relation to that encoded upstream has some potential in biotechnology 

applications where two proteins are required from the same expression cassata but 

at different levels. Further work might investigate this possibility for the 

Abyssovirus stop readthrough signal where two ratios are possible, based on the 

inclusion or not of the 42bp downstream sequence.       

A last target for analysis in this project was the wildtype Abyssovirus structural 

protease, found as described to be more closely related to a protease normally found 

in alphaviruses. Whether this protease is active and if so, which active sites residues 

are required, was the hypothesis to be tested. As before this was approached by SPro 

expression and alanine-scanning mutations that appeared to match the conserved 

residues found in related proteases, i.e. Histidine, Aspartic acid singly and as all 

active sites mutant (Serine, Histidine and Aspartic acid).  

The expression of the wildtype Abyssovirus structural protease (SPro) and the 

mutant protease fragments were carried out by using two expression systems, Sf9 

insect cells and bacterial cells. In the western blot of the insect cells, both HSV and 

HIS blots showed that, in most cases, the SPro was expressed (Chapter 5). Mutation 

at the presumed catalytic residues, Histidine and Serine+Histidine+Aspartic of SPro 

reduced expression slightly but the results did not indicate the presence of any 

detectable cleavage products. The bacterial expression system gave the same results 

in the HSV blot although, by contrast, the HIS blot showed small bands, possibly 

degradation products. Although IMAC protein purification method was attempted 

in order to isolate a pure protein for test of the protease activity in different 

conditions, purification was inefficient and this goal was not achieved. Further 

work on the purification method will be needed before multiple in vitro tests can be 
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completed. Overall, there was no pattern of break down on the western blots to 

suggest that the Abyssovirus structural protease was active and it has to be 

concluded that the SPro construct appeared to have no protease activity. Further 

work will be needed to determine whether the failure of the putative SPro to cleave 

was a result of the construct boundaries, assay conditions, lack of an appropriate 

substrate, or lack of the correct cellular environment, including other viral proteins, 

necessary for activity.  
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Appendix 2: Poster Presentations 

 

- RNA structure and function in Middle Eastern Respiratory Syndrome 

Coronavirus. The Scientific Society for Saudi Students in the UK 2016. 

Presented poster. 

 

- RNA structure and function signals in a novel Nidovirus sequence from the 

Sea Hare Aplaysia californica. Society of General Microbiology annual 

conference 2017. The Edinburgh International Conference Centre (EICC), 

Edinburgh. Presented poster.  

 

- RNA structure and function signals in a novel Nidovirus sequence from the 

Sea Hare Aplaysia californica. EMBO conference in Protein synthesis and 

translational control 2017. Heidelberg – Germany. Presented poster.  
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Appendix 3: Synthetic DNA Fragments 
!
!

!

DNA fragment name Sequence Length 

Wildtype main protease TTGCGAATGATTTTGTCTACCATTATACGTTTTTCCATTGTGAG

AGTTCCTCTGGCCTATTTGTTGAGGTATACGTGGTATTTGTTTT

GTATTCCTCCATGGAAGTACACTCATCTTGTTTCAGTGGAAGA

GGCTTATTTGCACTTGCCACTTATTAGTTTGGATGATAATGCTA

TGTTGAGTTATGGACATGTTTGTTCTACTTGTATTAACAAGGAT

GAGAGTACTTTCTTTTGGGCAACTACAACGGGGGGCCGTAAG

AATGAAGCAATGCTTGAATCTCAGCGTGGGAAAAGGGTGTTG

CAGTCTGATGCAAATTTGTTTTCTGATGTGTTTGGTTCTCTGGT

AACTGTGTCGTATGGCTCTAGTACAAGTGTTAACATGAATGGT

GTGATTGTTTCTATGTTCACTATTGTTGTTCCACGTCATCTGTTT

TTAACGTCTGGCAACACGCAGGCATATGCCGCTATGGAGCGT

GACATTGCTGCCTTGGCTAGTAAGGGAGAGCTCTCTATTACTC

TCAACAAGAAGACTGTTAAGGTTAGCAATGTAGTGTTTGTTGG

TTGTTTGGCGTATATTACGTTTGACTCTCACGTTGGTCGCCCTC

TTGGTTATGAAAAAATCTCTTTGGACAGTGCTTTTAAAAACCG

CCCTGATGTACAAGTGGGTGCAGCAATTAATTACAGGAGTGG

TGTCACACCTGTGGTTATTGGAAATAACGGGACTGTCTATGGA

GCTTTAGAGGGTGGCGATTGTGGTACGCCGTTGTTTGTCTATG

ATGGTCATGGCTGGAGATGGTTGGGTGTACACAACACTGGGA

TTAATGCCAATGTTGTGGATGGGCAAACGTTTCCGGTCAATGT

GTTCTTGGATATAACTACTGGTGTGAGTCAGCATGGAAAGATT

GACCAATCGGATGTGAAAATTGGGCCTTTCAGGGTGCCTATTA

TGGGTGCTATGGTGAAGGCGTTGATGAAAAAGGTTCTACCTG

GTGAGTTCTTAAATGATGCCACTAAGATCTTCTTGTGTGATGA

CACGTCGCTTCTCCTTCAGTACGATGGTCATGTTTTGGCCGAG

GAATATAAGAGGGTTAGTGATATGACGTCCATAGGATTGAAC

TTTTCTACGGCAGTTTTTGAGTCTATTGGTGGAAATGAAGGTA

TTGTTCTTCACACTTCCGATGGTCCAGTTGTTCTTGATGAAAAG

AAGGGTACGACTGCGTTGTTCAGATTTTTGTTGTGTTGTCTGT

GT!

!

1251 bp 
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!
!

!
!
!

DNA fragment 
name 

Sequence Length 

Mutant main 
protease  
Q!→!A 

GCGGCCGCACAGCTGTATACACGTGCAAGCCAGCCAGAACTCGCCCCGG

AAGACCCCGAGGATCTCGAGTTGCGAATGATTTTGTCTACCATTATACGTT

TTTCCATTGTGAGAGTTCCTCTGGCCTATTTGTTGAGGTATACGTGGTATTT

GTTTTGTATTCCTCCATGGAAGTACACTCATCTTGTTTCAGTGGAAGAGGC

TTATTTGCACTTGCCACTTATTAGTTTGGATGATAATGCTATGTTGAGTTAT

GGACATGTTTGTTCTACTTGTATTAACAAGGATGAGAGTACTTTCTTTTGG

GCAACTACAACGGGGGGCCGTAAGAATGAAGCAATGCTTGAATCTCAGC

GTGGGAAAAGGGTGTTGCAGTCTGATGCAAATTTGTTTTCTGATGTGTTT

GGTTCTCTGGTAACTGTGTCGTATGGCTCTAGTACAAGTGTTAACATGAAT

GGTGTGATTGTTTCTATGTTCACTATTGTTGTTCCACGTCATCTGTTTTTAA

CGTCTGGCAACACGCAGGCATATGCCGCTATGGAGCGTGACATTGCTGCC

TTGGCTAGTAAGGGAGAGCTCTCTATTACTCTCAACAAGAAGACTGTTAA

GGTTAGCAATGTAGTGTTTGTTGGTTGTTTGGCGTATATTACGTTTGACTC

TCACGTTGGTCGCCCTCTTGGTTATGAAAAAATCTCTTTGGACAGTGCTTT

TAAAAACCGCCCTGATGTACAAGTGGGTGCAGCAATTAATTACAGGAGTG

GTGTCACACCTGTG!

774 bp 

Wildtype in frame 
stop codon TGA-C 

GAGTCTTGTCGTGTGAAGTGTATACATAATAATGTTTTGGGTGACTGTTGT

CTGAATTTGTTATGGCAGGGTCACACTGGCCACTTACATGAACATTTCGCG

CGAGAGGGGAGTGATGAGTTGTTTTTGGCTTGTGTTGCAGGACTGGATAT

TAGACATTTGGTGTTTGATAGGAAATGTTATTGTGATACTGTTTTGAAGGC

ATGTAAGAATTGTGTTATTCGTACCTCTGTAGATAAGCATGTTCGTGCGGT

GTATGCACGTCTTTTCCAAGCTTATGAGTCTGGTGCTATTACGAAAGTGGG

TAAGTGTGATGAATGTTCTAATCCTACTGTGTTTGATAGATGTTTTGTGTG

CGAACACGATAGGTATGCTAGTGAGGGAAAAATAGGGCCTAAGAGACCA

CGGGCCACAGCGAATCCCTTTGATATAAAGTGACGGTGCGAAAACGAGTT

CAGTTGCTCCTCGGTGACTGAAGTGCCTCAGATCCCAACAGCTAAAAACA

GCAAGTGACGAAAGGTTTCGGAAAGTTTGAAACAACTCTCACTGAGGATG

AAGTAGCTGGGCTCGTGGCGTGTCAGCTTTTTGATCAGGGAACTTTGTTT

GACAGACGGATTAATCCT!

624 bp 
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!
!DNA fragment 

name!
 Sequence  Length 

Mutant in frame 
stop codon TAA-A 
 
!

GAGTCTTGTCGTGTGAAGTGTATACATAATAATGTTTTGGGTGACTGT

TGTCTGAATTTGTTATGGCAGGGTCACACTGGCCACTTACATGAACAT

TTCGCGCGAGAGGGGAGTGATGAGTTGTTTTTGGCTTGTGTTGCAGG

ACTGGATATTAGACATTTGGTGTTTGATAGGAAATGTTATGTGATACT

GTTTTGAAGGCATGTAAGAATTGTGTTATTCGTACCTCTGTAGATAAG

CATGTTCGTGCGGTGTATGCACGTCTTTTCCAAGCTTTGAGTCTGGTG

CTATTACGAAAGTGGGTAAGTGTGATGAATGTTCTAATCCTACTGTGT

TTGATAGATGTTTTGTGTGCGAACACGATAGGTATGCTAGTGAGGGA

AAAATAGGGCCTAAGAGACCACGGGCCACAGCGAATCCCTTTGATAT

AAAGTAAAGGTGCGAAAACGAGTTCAGTTGCTCCTCGGTGACTGAAG

TGCCTCAGATCCCAACAGCTAAAAACAAGCAAGTGACGAAAGGTTTC

GGAAAGTTTGAAACAACTCTCACTGAGGATGAAGTAGCTGGGCTCGT

GGCGTGTCAGCTTTTTGATCAGGGAACTTTGTTTGACAGACGGATTAA

TCCT!

624 bp 
!

Wildtype structural 
protease!

TCTGGTGTAAGGTCTTTTGCCCTTCGGTCTGACGATAATGAAGTTGTC

TCTGGTGGTAGGTATGAACACGTGTCTGAAGACACACCTGATGTTCGT

TTTCTTGTTGAGGGTGCTACGTATGAAAGCAATGTAAAATTTGCTGAT

GTGGTTGGTTCCATTATTTCTTTTACTGATGGTTTGTGTTCTGGTGTTC

TTGTGGGTGAAAATCTTGTCTTGACTGCTGCGCATTGTTTGGTTCAGC

CGGCTCAGGTGCTACGTTTCTGTTTGGGAGATGACTGTTATCAAATCC

TTTCTTATGAGGTTGTTGACAAAGAGTTTACTAAAATAGGGGGGAAT

GATCTTGGTCTTGCTGTGATTGATGCTAAGTTGGACAATTTTGTTAGA

GTTTTGCCTACGAATGCTGCTATGTCTTCTTGTTACTTTTTTGGTTATG

GTGGTCCAACTGATTCTGGGCTGAGTCGTACGCTTGGTTCTTTTGCTG

TTACACCTTTTATGTGTTCGTATGAAGGGGAGGTTCTTGATAATCTTGT

TTGTAGTTCGTATGAAACTGATGGCGCTCGTTTGTGTGGAGGTGACTC

TGGTGGCCCATTGATTTGTGATAGTCCTTGGGGTCTTGGTGTTTATGC

GGTTGCGAGTGCTGGCGGAGGTTGTTCTGGTGGTTCTACCATTTCTAT

GTATGTAGATGTTCGTCGTGATTATCCATTGTTGCGTGCGCAAGTGTG

TGATAGTTTGACTGTGCCTAGGTCTTTACATTTGGCTTCAACGGAGAT

GGATGTTTTAAACATAACTGAGGCGGATTCCCTTTTTACGAATGCTAC

1266 bp 
!
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TCCTGTTAAGTCTAACTTTTCTTGTGCATCTGTGTCTCCTGAGCTTTTGG

GTCCACTTGTTTCTGGTCATGCTTCTGTGTACACTGTAGATTCACGTTA

TGTTGAAGGTTGTGTTAAACCTTCACCTTTGTCTGCGTATTCGGAAAAT

GTTGAAATGGCTGATAATTATTTTTTAGTTTCTAGTCTTGGTTCTAATC

CTAAGGCGAAGGGTGGTGATGATTTTGTTTTGTTGATTGGGCCAAAT

ACTGAGTTTGTTTGTCCTTGTTATTACTTGTATCAATCTTCGGTTTACCG

TTATGATGTGGGTAAGTACGTTTCTTCAGTTAAAGTGGGATCACGTAC

AAAACAGTTAAACACTACTTCTGGTTATTGGCAGGAGTATATGTTGAG

GGGGAAGTCAGTTAAGTATCAAGCTACACTGGGGCATGTTCTGTATG

CGAACAAACCG!

!!

Structural protease 
first catalytic 
residue mutation 
H!→ A 

GTATACACGTGCAAGCCAGCCAGAACTCGCCCCGGAAGACCCCGAGG

ATCTCGAGTCTGGTGTAAGGTCTTTTGCCCTTCGGTCTGACGATAATG

AAGTTGTCTCTGGTGGTAGGTATGAACACGTGTCTGAAGACACACCT

GATGTTCGTTTTCTTGTTGAGGGTGCTACGTATGAAAGCAATGTAAAA

TTTGCTGATGTGGTTGGTTCCATTATTTCTTTTACTGATGGTTTGTGTTC

TGGTGTTCTTGTGGGTGAAAATCTTGTCTTGACTGCTGCGGCTTGTTT

GGTTCAGCCGGCTCAGGTGCTACGTTTCTGTTTGGGAGATGACTGTTA

TCAAATCCTTTCTTATGAGGTTGTTGACAAAGAGTTTACTAAAATAGG

GGGGAATGATCTTGGTCTTGCTGTGATTGATGCTAAGTTGGACAATTT

TGTTAGAGTTTTGCCTACGAATGCTGCTATGTCTTCTTGTTACTTTTTTG

GTTATGGTGGTCCAACTGATTCTGGGCTGAGTCGTACG!

!

520 bp!

!
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Structural protease 
second catalytic 
residue mutation 
 D → A 

GTATACACGTGCAAGCCAGCCAGAACTCGCCCCGGAAGACCCCGAGG

ATCTCGAGTCTGGTGTAAGGTCTTTTGCCCTTCGGTCTGACGATAATG

AAGTTGTCTCTGGTGGTAGGTATGAACACGTGTCTGAAGACACACCT

GATGTTCGTTTTCTTGTTGAGGGTGCTACGTATGAAAGCAATGTAAAA

TTTGCTGATGTGGTTGGTTCCATTATTTCTTTTACTGATGGTTTGTGTTC

TGGTGTTCTTGTGGGTGAAAATCTTGTCTTGACTGCTGCGCATTGTTT

GGTTCAGCCGGCTCAGGTGCTACGTTTCTGTTTGGGAGATGACTGTTA

TCAAATCCTTTCTTATGAGGTTGTTGACAAAGAGTTTACTAAAATAGG

GGGGAATGCTCTTGGTCTTGCTGTGATTGATGCTAAGTTGGACAATTT

TGTTAGAGTTTTGCCTACGAATGCTGCTATGTCTTCTTGTTACTTTTTTG

GTTATGGTGGTCCAACTGATTCTGGGCTGAGTCGTACG!

520 bp 

Structural protease 
all catalytic 
residues mutation 
H, D and S → A 

GTATACACGTGCAAGCCAGCCAGAACTCGCCCCGGAAGACCCCGAGG

ATCTCGAGTCTGGTGTAAGGTCTTTTGCCCTTCGGTCTGACGATAATG

AAGTTGTCTCTGGTGGTAGGTATGAACACGTGTCTGAAGACACACCT

GATGTTCGTTTTCTTGTTGAGGGTGCTACGTATGAAAGCAATGTAAAA

TTTGCTGATGTGGTTGGTTCCATTATTTCTTTTACTGATGGTTTGTGTTC!

TGGTGTTCTTGTGGGTGAAAATCTTGTCTTGACTGCTGCGGCTTGTTT

GGTTCAGCCGGCTCAGGTGCTACGTTTCTGTTTGGGAGATGACTGTTA

TCAAATCCTTTCTTATGAGGTTGTTGACAAAGAGTTTACTAAAATAGG

GGGGAATGCTCTTGGTCTTGCTGTGATTGATGCTAAGTTGGACAATTT

TGTTAGAGTTTTGCCTACGAATGCTGCTATGTCTTCTTGTTACTTTTTTG

GTTATGGTGGTCCAACTGATTCTGGGCTGAGTCGTACGCTTGGTTCTT

TTGCTGTTACACCTTTTATGTGTTCGTATGAAGGGGAGGTTCTTGATA

ATCTTGTTTGTAGTTCGTATGAAACTGATGGCGCTCGTTTGTGTGGAG

GTGACGCTGGTGGCCCATTGATTTGTGATAGTCCTTGGGGTCTTGGTG

TTTATGCGGTTGCGAGTGCTGGCGGAGGTTGTTCTGGTGGTTCTACCA

TTTCTATGTATGTAGATGTTCGTCGTGATTATCCATTGTTGCGTGCGCA

AGTGTGTGATAGTTTGACTGTGCCTAGG!

799 bp 




