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....a scientist must also be absolutely like a child. 
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Otherwise you will only see what you were expecting. 
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Abstract 

 

Coronaviruses have extremely large RNA genomes and use complex regulatory 

mechanisms to replicate and express their genomes. This involves the expression of 

two large polyproteins, pp1a and pp1ab, that are autoproteolytically processed to 

produce nonstructural proteins (nsp) 1 to 16. In this study, enzymatic activities 

associated with Human coronavirus 229E (HCoV-229E) nsp3 were characterised.  

First, N-terminal processing of HCoV-229E nsp3 by viral papain-like proteases 

(PLP) 1 and 2 was investigated. The two proteases were previously shown to have 

partially overlapping substrate specificities and functionally replace each other at 

specific sites. Using polyclonal antisera, nsp3 and nsp4 were now detected as 

proteins of 175 and 43 kDa, respectively, in virus-infected cells. 

Immunofluorescence assays revealed a punctate perinuclear staining pattern, 

suggesting that nsp3 and nsp4 associate with viral replication complexes. 

Experiments using recombinant vaccinia viruses expressing wild-type or mutant 

forms of the HCoV-229E pp1a/pp1ab nsp1-to-nsp4 region revealed that PLP2 is 

responsible for processing at the predicted nsp3|nsp4 cleavage site while PLP1 does 

not cleave at this site. The data provide new insight into HCoV-229E PLP substrate 

specificities and polyprotein processing pathways. 

Second, a conserved nsp3 domain called ADRP (ADP-ribose -1”-phosphatase) was 

investigated using a reverse genetics approach. To better understand the role of the 

ADRP in viral replication, a set of HCoV-229E ADRP mutants was generated, 

including viruses with a (i) mutation in the putative ADRP substrate-binding site 

(N1357A), (ii) deletion of the entire ADRP domain and (iii) substitution of the 

ADRP domain with that of HCoV-NL63. Characterisation of ADRP mutants 

revealed defects in RNA synthesis and viral growth in cell culture. Sequence analysis 

of viable clones following serial passage in cell culture identified a number of 

second-site mutations, possibly contributing to restoration of viral fitness and 

suggesting important (though nonessential) functions of the ADRP domain in 

coronavirus replication in cell culture. 
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1.1 Classification of Nidoviruses 

 

The order Nidovirales comprises the families Coronaviridae, Arteriviridae and 

Roniviridae (Table 1.1). Even though viruses of the order Nidovirales differ in 

genome size and viron morphology, they utilize similar genome organisation and 

replication strategies (Snijder & Spaan, 1995, de Vries et al., 1997). The expression 

of a 3‟ co-terminal nested set of subgenomic mRNAs during infection is one of the 

most distinguishing features of this order (latin: nidus meaning nest) (Pasternak et 

al., 2006). The replicase gene of all viruses in this order contains of two large 

overlapping open reading frames (ORF 1a and 1b) occupying more than two-thirds 

of the genome and encoding the polyproteins designated pp1a and pp1ab. In addition 

to virally encoded proteases which are responsible for the proteolytic processing of 

the two polyproteins, all nidovirus-replicases contain an RNA-dependent RNA 

polymerase (RdRp), a helicase (Hel) with an N-terminal zinc-binding domain and a 

uridylate-specific endoribonuclease (NendoU) (Gorbalenya et al., 1989, Snijders et 

al., 1990, Cavanagh et al., 1993, Cavanagh, 1997, Cowley et al., 2000, van Dinten et 

al., 2000, Ziebuhr et al., 2000, Ivanov et al., 2004, Ivanov et al., 2004a, Seybert et 

al., 2005). The presence of these conserved replicase domains suggests that viruses 

from the order Nidovirales share a common ancestor from which all present 

nidoviruses evolved (Gorbalenya et al., 2006).  

 

Family Subfamily Genus 

Coronaviridae 

Coronavirinae 

Alphacoronavirus 

Betacoronavirus 

Gammacoronavirus 

Torovirinae 
Torovirus 

Bafinivirus 

Arteriviridae 
 

Arterivirus 

Roniviridae 
 

Okavirus 

Table 1.1: Classification of the order Nidovirales. 
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The family Coronaviridae currently contains two subfamilies: Coronavirinae and 

Torovirinae (Cavanagh, 1997, Ziebuhr, 2004), members of which have been shown 

to infect mammals (corona- and toroviruses), birds (coronaviruses) and fish 

(bafiniviruses). The term Corona (latin: Corona meaning crown) refers to the 

appearance of virus particles of the subfamily Coronavirinae when viewed by 

electron microscopy, which is reminiscent of the solar corona (Almeida & Tyrrell, 

1967, Tyrrell et al., 1968) and was subsequently adopted to name the whole family. 

In addition to the common features of nidoviruses described above and the presence 

of large surface projections (15-20 nm) all members of the Coronaviridae family 

share the following characteristics: (i) helical nucleocapsid (comprised of the viral 

genome and the nucleocapsid protein N), (ii) lipid envelope derived from smooth 

intracellular membranes of the endoplasmic reticulum and early Golgi compartments 

during the process of virus budding, (iii) up to four membrane protein species are 

embedded in the envelope of which two are conserved within the family (integral 

membrane protein M and spike protein S), (iv) the ADP-ribose-1”-phosphatase 

(ADRP, residing in coronavirus nonstructural protein [nsp] 3) and (v) conservation 

of a second, non-canonical RdRp (possible primase) activity (residing in coronavirus 

nsp8). 

Until recently, the Coronavirinae subfamily was classified into three antigenic 

groups termed 1, 2 and 3 on the basis of serological cross-reactivities and sequence 

similarities (Siddell, 1995). Furthermore, phylogenetic and comparative sequence 

analysis of the structural proteins and conserved replicase proteins, RNA-dependent 

RNA polymerase (RdRp) and RNA helicase (Hel), indicated another sub-division of 

group 1 and group 2 coronaviruses into sub-groups 1a and 1b and sub-groups 2a to 

2d, respectively (Gonzalez et al., 2003, Snijder et al., 2003, Gorbalenya et al., 2004). 

While the classification of coronaviruses into groups and sub-groups had been 

widely used among nidovirologists, the classification has not been officially 

recognised by the International Committee on the Taxonomy of Viruses (ICTV). The 

newly introduced classification of the family Coronaviridae into subfamilies, genera 

and species (including several new species) is based on rooted phylogenetic trees and 

determination of evolutionary distances for seven replicase polyprotein pp1ab 

domains conserved across the Coronaviridae family (ADRP [in nsp3], M
pro

 [nsp5], 

RdRP [nsp12], Hel [nsp13], ExoN [nsp14], NendoU [nsp15] and MTR [nsp16]; 
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http://talk.ictvonline.org/files/ictv_official_taxonomy_updates_since_the_8th_report/

m/vertebrate-2008/1230.aspx). The demarcation criteria used to define separate 

species imply that, viruses sharing more than 90% aa sequence identity in the 

conserved replicase domains belong to the same species. The subfamily 

Coronavirinae is now divided into three genera (Alpha-, Beta- and 

Gammacoronavirus, respectively). 

The first coronavirus was isolated from a chicken in 1937 by Beaudette and Hudson 

(infectious bronchiolitis virus, IBV) (Beaudette & Hudson, 1937) with the first 

human coronavirus (strain B814) isolated twenty five years later from a boy with 

symptoms of the common cold (Kendall et al., 1962). This virus was successfully 

passaged on human tracheal epithelial cells (Tyrrell & Bynoe, 1965). It is clear that 

coronaviruses are pathogens with the capacity to infect a wide range of host species. 

For instance, the genus Alphacoronavirus includes the species Alphacoronavirus 1 

(the cat and dog pathogens Feline coronavirus type I and II and Canine coronavirus 

type I and II, respectively, as well as the porcine pathogens Porcine respiratory 

coronavirus and Transmissible gastroenteritis virus), the human pathogens Human 

coronavirus 229E (HCoV-229E) and Human coronavirus NL63 (HCoV-NL63) and 

the Porcine epidemic diarrhea virus (PEDV).  

The genus Betacoronavirus comprises the species: Betacoronavirus 1 (e.g. Human 

coronavirus OC43, Bovine Coronavirus, Equine Coronavirus), Murine coronavirus 

(e.g. Mouse hepatitis virus), Human coronavirus HKU1 and Severe acute respiratory 

syndrome-related coronavirus (e.g. SARS-related human coronavirus). In addition, 

both genera have recently been extended to include a wide range of bat coronaviruses 

(Table 1.2).  

Coronavirus species of the third genus (Gammacoronavirus) are avian pathogens, 

with avian infectious bronchitis virus (IBV) being the best studied member. The host 

range of this genus was extended in 2008 to include mammals following the isolation 

of a novel coronavirus from a deceased captive-born beluga whale. Phylogenetic 

analysis suggested that this novel coronavirus was highly divergent but most similar 

to members of Gammacoronavirus (Mihindukulasuriya et al., 2008). 

  

http://talk.ictvonline.org/files/ictv_official_taxonomy_updates_since_the_8th_report/m/vertebrate-2008/1230.aspx
http://talk.ictvonline.org/files/ictv_official_taxonomy_updates_since_the_8th_report/m/vertebrate-2008/1230.aspx
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Genus Species Strain 

Alpha-

coronavirus 

Alphacoronavirus 1 

Canine coronavirus type 1 

Canine coronavirus type 2 

Feline coronavirus type 1 

Feline coronavirus type 2 

Porcine respiratory coronavirus 

Transmissible gastroenteritis virus 

Human coronavirus 229E HCoV-229E (NC_002645) 

Human coronavirus NL63 HCoV-NL63 (NC_005831) 

Porcine epidemic diarrhea 

virus 
PEDV (NC_003436) 

Miniopterus bat 

coronavirus 1 

Miniopterus bat coronavirus 1A 

Miniopterus bat coronavirus 1B 

Miniopterus bat 

coronavirus HKU8 

Mi-BatCoV HKU8 AFCD77/08/05 Mm 

(NC_010438) 

Rhinolophus bat 

coronavirus HKU2 

Rh-BatCoV HKU2/HK/46/2006 

(EF203065) 

Scotophilus bat 

coronavirus 512 
Sc-BatCoV 512/2005 (NC_009657) 

Beta- 

coronavirus 

 

Betacoronavirus 1 

Bovine coronavirus 

Equine coronavirus 

Human coronavirus OC43 

Porcine hemagglutinating 

encephalomyelitis virus 

Murine coronavirus 
Mouse hepatitis virus 

Rat coronavirus 

Human coronavirus HKU1 HCoV HKU1 N1 (NC_006577) 
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Beta- 

coronavirus 

(continued) 

SARS-related coronavirus 

SARS-related human coronavirus 

SARS-related Rhinolophus bat 

coronavirus (RF1, Rm1, Rp3, HKU3) 

SARS-related palm civet coronavirus 

SARS-related chinese ferret badger CoV 

Tylonycteris bat 

coronavirus HKU4 

Ty-BatCoV HKU4/HK/04/2005 

(NC_009019) 

Pipistrellus bat 

coronavirus HKU5 

Pi-BatCoV HKU5/HK/03/2005 

(NC_009020) 

Rousettus bat coronavirus 

HKU9 

Ro-BatCoV HKU9/GD/005/2005 

(NC_009021) 

Gamma- 

coronavirus 

Avian coronavirus 
IBV Beaudette (NC_001451) 

Turkey coronavirus 

Beluga whale coronavirus BWCoV SW1 (NC_010646) 

Table 1.2: Taxonomy of the subfamily Coronavirinae.  

 

 

1.2 Morphology 

 

Coronaviruses are enveloped, positive-sensed single-stranded RNA viruses ranging 

in size between 120 to 160 nm. The helical nucleocapsid consists of the RNA 

genome and the associated nucleocapsid (N)-protein. 

The 50-60 kDa N-protein of coronaviruses is phosphorylated (Calvo et al., 2005) and 

has been shown to have a role in viral replication and modulation of cell signalling 

pathways in addition to its primary role as a structural protein (Hiscox et al., 2001, 

He et al., 2003, Almazán et al., 2004, Schelle et al., 2005). The nucleocapsid is 

enclosed by a membrane derived from the host cell. This membrane incorporates at 

least three viral proteins: membrane glycoprotein (M), envelope protein (E) and 

surface or spike glycoprotein (S).   
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Fig. 1.1: Structure of coronaviral particles. (Courtesy Prof. John Ziebuhr) (A) Electron microscopy 

image of a coronavirus particle (negative staining). Coronaviruses are spherical and range in size 

between 120 nm and 160 nm. The typical appearance of the particles (reminiscent of the solar corona) 

is caused by a fringe of surface projections representing the globular heads of spike (S) protein 

trimers. (B) A schematic representation of a CoV virion. Within the virion the helical nucleocapsid is 

condensed to a spherical shape and is formed by the viral genomic positive stranded RNA and the 

nucleocapsid protein N. The lipid envelope carries at least three viral proteins. The spike (S) protein 

binds to cellular receptors, mediates membrane fusion and viral entry. The amino terminus of the 

transmembrane M protein faces the outer surface of the particle whereas the carboxy terminus faces 

the inside of the virion and makes contacts to the N protein. Both the M and E protein are critically 

involved in virion assembly. Abbreviations used: S spike protein, N nucleocapsid protein, M 

membrane protein, E envelope protein.  

 

 

Coronavirus M proteins range in size between 20-30 kDa and possess three 

transmembrane domains. They are glycosylated at their amino-terminal domain 

located outside of the virion and carry a long carboxy-terminal domain inside of the 

virion that interacts with the N protein (Rottier et al., 1986, Ma et al., 2008, Voss et 

al., 2009). The M protein is the most abundant membrane protein. It drives virion 

assembly by interactions with the other structural proteins (de Haan et al., 1999, de 

Haan et al., 2000, Escors et al., 2001). Expression of M and E were shown to suffice 

for  the formation of virus-like particles (VLP) (Vennema et al., 1996).  

The envelope (E) protein is a small (9-12 kDa), hydrophobic membrane protein. It 

has an important role in particle formation and release (Bos et al., 1996, Fischer et 
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al., 1998, Corse & Machamer, 2000, Mortola & Roy, 2004, DeDiego et al., 2007) 

and was shown to form pentameric structures with cation-selective ion channel 

functions (Wilson et al., 2004, Madan et al., 2005, Parthasarathy et al., 2008, 

Pervushin et al., 2009).  

 

The spike (S) protein is a type I glycoprotein that forms trimers. Surface projections 

formed by the S protein contribute to the crowned appearance of coronavirus 

particles in negative-stained electron micrographs and inspired the name of the 

family and genus. This large protein of 180 kDa mediates receptor binding, 

membrane fusion and subsequent viral entry (Bosch et al., 2003). The amino-

terminal S1 domain contains the receptor-binding domain (RBD) and the carboxy-

terminal S2 domain contains two heptad repeat domains (HR) and a transmembrane 

domain (Colman & Lawrence, 2003). The putative fusion peptide of SARS-CoV has 

been mapped to the N-terminus of the S2 domain (Sainz et al., 2005). In contrast to 

many other viral glycoproteins with fusion activity, some coronavirus S proteins are 

not cleaved into S1 and S2 to mediate virus infection (de Haan et al., 2004), for 

example the S proteins of several alphacoronaviruses and, possibly, also SARS-

CoV, a member of the genus Betacoronavirus (Bosch et al., 2003). Activation of the 

HCoV-229E and SARS-CoV S proteins has been shown to occur during virus entry 

in the endosomal compartment involving the activity of cathepsin L (Simmons et al., 

2004, Simmons et al., 2005, Bosch et al., 2008, Kawase et al., 2009). Interestingly, 

virus entry of HCoV-NL63, which is closely related to HCoV-229E and uses the 

same cellular receptor as SARS-CoV, is shown to be less dependent on low pH and 

cathepsin L (Hofmann et al., 2006, Huang et al., 2006). The question of whether or 

not HCoV-NL63 entry involves endosomal compartments or occurs at the plasma 

membrane remains to be investigated.  

 

Some betacoronaviruses possess an additional inner fringe of smaller surface 

projections, representing dimers of the 65-kDa hemagglutinin-esterase (HE), a 

transmembrane glycoprotein related to the HE protein of influenca C virus (Zhang et 

al., 1994, Holmes, 2001). 
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1.3 Infection caused by human Coronaviruses 

 

Coronaviruses are known to infect a wide range of mammalian and avian species and 

have a particular tropism for the respiratory and enteric epithelium. Coronaviruses 

are important pathogens of humans, lifestock and domestic pets. In addition to 

replication in the respiratory and gastrointestinal tract, some coronaviruses also infect 

cells of the central nervous system (Myint, 1994, Vabret et al., 1998). Furthermore, 

they may be associated with hepatitis and encephalomyelitits (mouse hepatitis virus, 

MHV), nephritis (Infectious bronchitis virus, IBV) or peritonitis (Feline infectious 

peritonitis virus, FIPV). Transmissible gastroenteritis coronavirus (TGEV) may 

cause severe gastroenteritis with a considerable mortality rate in young pigs (Garwes, 

1988).  

 

A total of five human coronaviruses have been identified to date, human coronavirus-

229E (HCoV-229E), human coronavirus-OC43 (HCoV-OC43), human coronavirus-

NL63 (HCoV-NL63), human coronavirus-HKU1 (HCoV-HKU1) and human acute 

respiratory syndrome coronavirus (hSARS-CoV, SARS-CoV). 

HCoV-229E (Alphacoronavirus) and HCoV-OC43 (Betacoronavirus) were the first 

human coronaviruses to be recognised and were isolated from patients with rhinitis 

(Tyrrell & Bynoe, 1965, Hamre, D. & Procknow, J. J., 1966, McIntosh et al., 1967). 

Sero-epidemiological studies have shown that both strains circulate worldwide in 

seasonal outbreaks and are responsible for 10-30% of common cold diseases (Monto 

& Lim, 1974, Pitkaranta et al., 1998). After a 2-4 days incubation time an illness 

comprising mostly mild common cold symptoms is developed with an average 

duration time of 7 days. Infection of healthy volunteers with HCoV-229E resulted in 

the development of typical common cold symptoms such as headache, sore throat, 

chills, cough and fever (Bradburne et al., 1967). Another study on hospitalised young 

children (< 18 month of age) with acute lower respiratory tract diseases (pneumonia, 

bronchiolitis) showed infection with HCoV-229E and/or HCoV-OC43 (McIntosh et 

al., 1974), providing evidence that coronaviruses may also be associated with lower 

respiratory tract illness.  



 1 Introduction  

10 

 

In addition, a role of CoV in the pathogenesis of multiple sclerosis (MS) has been 

proposed but is not widely accepted in the scientific community. HCoV-229E and 

HCoV-OC43 have both been detected in human brain tissue (Burks et al., 1980, 

Gerdes et al., 1981, Murray et al., 1992, Stewart et al., 1992) and cerebrospinal fluid 

(Cristallo et al., 1997) obtained from MS patients. In another study, brain tissue of 

MS patients and a control group were examined for the presence of human 

coronaviral RNA and no evidence of chronic infection with either of the two virus 

strains could be confirmed (Dessau et al., 1996). It has been speculated that the 

presence of CoV in the brain of MS patients might be a consequence (rather than 

cause) of MS since the spread of corona- and other viruses across the blood-brain 

barrier may be facilitated by the disruption of this barrier as seen in MS patients. 

In late November 2002, an outbreak of severe acute respiratory syndrome (SARS) 

was reported in Guangdong province, Southern China, which spread within the next 

4 months to 26 countries worldwide, resulting in more than 8.000 confirmed cases of 

which about 10% died. Efficient infection control measures coordinated by WHO 

were taken and helped to eventually stop the further spread of the infection by July 

2003 when the SARS outbreak was officially declared to be contained. A 

coronavirus (SARS-CoV) was rapidly identified as the etiological agent of this 

severe lower respiratory tract disease (Drosten et al., 2003, Fouchier et al., 2003, 

Ksiazek et al., 2003, Kuiken et al., 2003, Peiris et al., 2003b, Ziebuhr, 2003). SARS 

is transmitted through aerosols and the incubation period ranges between 1 to 14 

days with an average of approximately 4 days. SARS is characterised by high fever, 

shortness of breath, unproductive cough, dizziness, malaise and myalgia with 

pneumonia and, in some cases, diarrhoea (Peiris et al., 2003a, Scales et al., 2003). 

Severity and progression of the disease are highly dependent on age, pre-existing 

chronic disease and immune status of the infected individual. The mortality rate was 

shown to increase with age (case fatality rate of up to 50% in people > 60 years of 

age) (Berger et al., 2004, Peiris et al., 2004). The development of promising 

candidate vaccines has been stopped a few years ago as the virus is no longer 

circulating in the human population since 2003/2004 (He et al., 2004, Du et al., 

2006, Du et al., 2008). Additionally, siRNA may be a promising therapeutic agent 

and has been shown to inhibit SARS-CoV infection in both cell culture and an 

animal model (Zheng et al., 2004, Li, B. J. et al., 2005). 
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The isolation of SARS-like coronaviruses from Himalayan palm civets (Paguma 

larvata) and racoon dogs (Nyctereutes procyonoides), both of which were sold on 

live animal markets (Guan et al., 2003, Kan et al., 2006), suggested a zoonotic origin 

of the virus but these were later shown to be intermediate hosts rather than natural 

reservoirs of the SARS-CoV. Extensive studies into possible origins of the virus 

identified bats as the most likely natural reservoir of SARS-CoV-like coronaviruses 

(Li, W. et al., 2005). While the exact mechanism contributing to the transmission 

across species barriers have not been fully resolved, it is clear that mutations 

particularly in the S protein, which facilitated binding to the human ACE2 receptor,  

played a key role in the transmission to humans and other species  (Holmes, 2005, 

Kan et al., 2005, Song et al., 2005).  

The major interest in coronaviruses sparked by the SARS outbreak resulted in the 

identification of two other human coronaviruses called HCoV-NL63 and HCoV-

HKU1, which are now classified as members of the genera Alpha- and 

Betacoronavirus, respectively.  

In 2004, HCoV-NL63 was isolated from a 7-month-old child with bronchiolitis by 

using a method called Virus Discovery cDNA-Amplified Fragment Length 

Polymorphism Analysis (VIDISCA) (van der Hoek et al., 2004, Pyrc et al., 2008). 

Coincidently, essentially the same virus (HCoV-NL) was isolated by another group 

from a nose swap sample taken from an 8-month-old child suffering from pneumonia 

in 1988 (Fouchier et al., 2004). HCoV-NL and HCoV-NL63 belong to the same 

species. They share 98.8% nucleotide sequence identity, with most differences found 

in the amino-terminal region of the spike protein. The fact that HCoV-NL was 

isolated from a sample collected in 1988 shows that HCoV-NL63-related strains 

have been continuously circulating in the human population and it was speculated 

that this virus was one of the isolates reported to be identified but subsequently lost 

in the mid/late 1960s (Tyrrell & Bynoe, 1965, McIntosh et al., 1967). Since its 

discovery, HCoV-NL63 infections have been reported worldwide in hospitalised 

patients, mainly in children, with upper and lower respiratory tract illness (Arden et 

al., 2005a, Bastien et al., 2005a, Bastien et al., 2005b, Chiu et al., 2005, Ebihara et 

al., 2005, Moes et al., 2005, Vabret et al., 2005, van der Hoek et al., 2005). HCoV-

NL63 infection can lead to severe complications, such as bronchiolitis (Chiu et al., 

2005) and the virus has been identified as a major cause of pseudocroup in young 
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children (van der Hoek et al., 2005). Early studies linked HCoV-NL63 to Kawasaki 

disease (Esper et al., 2005), a suggestion that was not confirmed in later studies. 

Infections with HCoV-NL63 are considered to cause relatively mild common cold 

symptoms but can be more severe in young children, the elderly and people with 

underlying diseases and/or in cases of co-infections with other respiratory viruses 

(Arden et al., 2005b, Bastien et al., 2005a, Bastien et al., 2005b, Chiu et al., 2005, 

van der Hoek et al., 2005).  

In 2005, a novel respiratory virus, HCoV-HKU1 was detected in an elderly person 

suffering from pneumonia (Woo et al., 2005). Typical symptoms induced by HCoV-

HKU1 infection include rhinorrhea, fever, cough and disease manifestations included 

pneumonia and bronchiolitis. Furthermore, HCoV-HKU1 was found to be involved 

in gastroenteritis and, potentially, febrile seizures in children with acute respiratory 

tract infections (Vabret et al., 2006). Overall, severe complications are rarely seen in 

infections with HCoV-HKU1 and other human coronaviruses, such as HCoV-NL63, 

HCoV-229E and HCoV-OC43. 

 

 

1.4 Coronavirus genome organisation and expression 

 

Coronaviruses possess a linear, non-segmented single stranded RNA genome with 

the largest known viral RNA genome ranging in size from 27 to 32 kb (Siddell, 

1995). The genomic RNA is of positive polarity with a 5‟ cap structure (Lai et al., 

1982) and a 3‟ poly(A) tail, with the latter shown to be essential for viral genome 

replication due to critical interactions with host proteins (Spagnolo & Hogue, 2000). 

Complete sequence analysis of coronavirus genomes revealed a common genome 

organisation (Fig. 1.2). Thus, all coronavirus genomes contain a 5‟ terminal 

untranslated region (UTR) followed by two large overlapping open reading frames, 

ORF 1a and ORF 1b that together encode the viral replicase polyproteins pp1a and 

pp1ab. A number of ORFs located further downstream on the viral genome encode 

the structural and accessory proteins and another UTR is located at the 3‟ end of the 

genome. The order of the major structural protein genes is conserved among all 

coronavirus genera: S-E-M-N.  
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Fig. 1.2: Coronavirus genome organisation using HCoV-229E as an example (accession no. 

NC_002645). ORF 1a and 1b are joined by a ribosomal frameshift sequence and encode the replicase 

polyproteins pp1a and pp1ab. Downstream ORFs encode the structural proteins, spike (S), envelope 

(E), membrane (M), nucleocapsid (N) and accessory proteins 4a and 4b. The red box at the 5‟-end of 

the mRNAs represents the leader sequence. 

 

 

In contrast to the conserved structural protein genes, the location and number of 

accessory proteins varies significantly among different coronavirus species and 

genera. While being dispensable for virus replication in vitro, accessory proteins are 

involved in virus-host interactions and contribute to viral pathogenicity (Herrewegh 

et al., 1995, Woods, 2001, Song et al., 2003). HCoV-229E and HCoV-NL63 are 

members of the genus Alphacoronavirus. HCoV-NL63 encodes one accessory 

protein (ORF3) whereas two small ORFs encoding proteins 4a and 4b are conserved 

in HCoV-229E (Pyrc et al., 2004, Dijkman et al., 2006). ORFs 4a and 4b are 

expressed from the same sg mRNA. Most likely, these two ORFs evolved by a 

deletion of nonessential sequences in cell culture. This is supported by sequence 

comparisons with recent clinical isolates, which encode an additional protein in this 

part of the genome. It has been proposed that the HCoV-229E strain commonly used 

in the laboratory has a 2-nucleotide deletion in the ORF 4a/4b sequence, resulting in 
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a premature termination of translation of the ORF4-encoded protein (Dijkman et al., 

2006). 

 

 

1.4.1 Cis-acting RNA elements  

 

The 5‟ and 3‟ UTRs, together with flanking sequences, contain important cis-acting 

elements required for viral RNA synthesis. The 5‟ UTRs of coronaviruses range in 

length from 0.3 to 0.5 kb and generally contain a short ORF encoding 3 to 11 amino 

acids. It remains to be determined whether these short ORFs are expressed and what 

role they have in virus-infected cells. It has been suggested that they may regulate 

viral replication and/or gene expression (Senanayake & Brian, 1999, Morris & 

Geballe, 2000, Brian & Baric, 2005). The 5‟-terminal 65 – 98 nts of the 5‟UTR are 

referred to as leader (L) sequence. Downstream of the leader, a transcription 

regulatory sequence (TRS) element is found (Spaan et al., 1983, Lai & Cavanagh, 

1997). The element consists of six to eight conserved nucleotides (generally referred 

to as TRS core sequence). Additional TRS elements are located upstream of the 

ORFs encoding the structural and accessory protein genes. TRSs have been shown to 

be crucial for sg mRNA synthesis and are involved in regulating the abundance of 

specific sg mRNAs in infected cells (Lai et al., 1983, Hiscox et al., 1995, Joo & 

Makino, 1995, Snijder & Spaan, 1995, van der Most & Spaan, 1995, van Marle et 

al., 1995). 

 

The two large 5‟-proximal ORFs (ORFs 1a and 1b, respectively) encode two 

overlapping polyproteins, with the expression of the more downstream ORF 1b 

requiring a -1 ribosomal frameshift event. Ribosomal frameshifting depends on the 

presence of an RNA pseudoknot structure and a “slippery sequence” located just 

upstream of the ORF 1a stop codon The slippery sequence UUUAAAC is highly 

conserved in all coronaviruses analysed thus far (Brierly et al., 1987, Brierly et al., 

1989). Elaborated (tripartite) pseudoknots have been identified in HCoV-229E 

(Herold & Siddell, 1993), TGEV (Eleouet et al., 1995) and PEDV (Kocherhans et 

al., 2001). They contain an extremely large loop 2 and 3 stems and thus differ from 
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the previously characterised pseudoknots of IBV (Brierly et al., 1989) and MHV 

(Bredenbeek et al., 1990). 

 

The 3‟ UTRs ranges in length from 0.3 to 0.5 kb and has been shown to contain a 

coronavirus-wide conserved sequence (5‟ U/GGGAAGAGC 3‟) about 70 nts 

upstream of the poly(A) tail (Kapke & Brian, 1986, Schreiber et al., 1989). 

 

 

1.4.2 Coronavirus RNA replication and transcription  

 

Coronavirus replication refers to the synthesis of genome-sized RNA. Genome-sized 

plus-strand RNA serves as genome RNA in the production of infectious virus 

progeny but also acts as an mRNA from which the replicase polyproteins are 

expressed. Transcription refers to the production of mRNAs used to express 

nonstructural and structural proteins. Except for mRNA 1 (genome RNA), 

coronavirus mRNAs are of subgenomic (sg) length. Viral RNA synthesis is mediated 

by the replication-transcription complex and involves a virally encoded RNA-

dependent RNA polymerase (RdRp).  

The infection process starts with the attachment of the virus to its cellular receptor 

and fusion of viral and cellular membranes, followed by the release of the virus 

nucleocapsid and uncoating of the viral genome RNA. Translation of the two large 5‟ 

ORFs 1a and 1b of the genomic RNA leads to the expression of polyprotein pp1a 

(450-500 kDa) and of pp1ab (750-800 kDa), if a programmed ribosomal frameshift 

event occurs at the ORF1a/1b junction.  

As mentioned above (section 1.4.1, cis-acting RNA elements) the programmed 

ribosomal frameshifting involves the heptanucleotide slippery sequence and an RNA 

pseudoknot located five to seven nucleotides downstream (Brierley et al., 1992). The 

resistance of this pseudoknot structure to unwinding by 80S ribosome-associated 

helicase activities interferes with the movement of the mRNA into the ribosome and 

thus creates tension between the mRNA and the bound tRNA. This tension is 

relieved by a disruption of codon-anticodon interactions in the A- and P-sites and   
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re-pairing of the anticodon with the codon in the -1 frame (Plant et al., 2003, Namy 

et al., 2006). Following unwinding of the pseudoknot structure, translation proceeds 

in the ORF 1b. Ribosomal frameshifting at the ORF 1a-1b overlapping region which 

has been shown to occur in 18-30% of all translation events in vitro (Herold et al., 

1993a, Herold & Siddell, 1993) and is thought to be an important factor in balancing 

the ratio of ORF 1a- versus ORF 1b-encoded proteins in infected cells.  

The resulting polyproteins pp1a and pp1ab are co- and posttranscriptionally 

processed by two to three virus-encoded proteases into up to 16 nonstructural 

proteins (nsps). Nsp1 to nsp11 are encoded in ORF 1a and nsp12 to nsp16 are 

encoded in ORF 1b (Ziebuhr et al., 2000). The viral proteases are related in sequence 

and structure with two groups of cellular proteases (Gorbalenya et al., 1986, 

Gorbalenya et al., 1991, Lee et al., 1991). While the amino-proximal part of the 

polyproteins pp1a/pp1ab is processed by one or two nsp3-associated papain-like 

proteases (called PL
pro

 or PLP) (Ziebuhr et al., 2000, Thiel et al., 2003, Ziebuhr et 

al., 2007), the majority of cleavage sites are processed by the coronaviral main 

protease (M
pro

), also called 3C-like protease (3CL
pro

) residing in nsp5 (Ziebuhr et al., 

2000, Xu et al., 2001, Anand et al., 2002, Anand et al., 2003).  

The released mature nsps assemble to form viral replication-transcription complexes 

(RTC) which also involve the viral N protein (Almazan et al., 2004, Schelle et al., 

2005, 2006) and (possibly) cellular proteins (Prentice et al., 2004b, Shi & Lai, 2005, 

Snijder et al., 2006). The hydrophobic transmembrane domains in nsp3, nsp4 and 

nsp6 are thought to anchor the nascent polyproteins pp1a/pp1ab to intracellular 

membranes at which viral RNA synthesis takes place (Gorbalenya et al., 1989b, 

Ziebuhr, 2006, Kanjanahaluethai et al., 2007). 

 

The replication of the viral genome takes place at double membrane vesicles 

(DMVs) which, most likely, are derived from rough endoplasmic reticulum (rER) 

membranes (Gosert et al., 2002, Prentice et al., 2004a, Knoops et al., 2008). 

Coronaviral replication strategy requires the synthesis of a full-length negative copy 

of the genome, called anti-genome, which subsequently serves as a template for the 

synthesis of positive-strand genome-length RNAs (Pogue et al., 1994, Lai & 

Cavanagh, 1997, Brian & Baric, 2005).  
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Expression of the nidovirus genes downstream of the replicase gene involves the 

synthesis of a 3‟ co-terminal (nested) set of subgenomic (sg) mRNAs, a process that 

is commonly referred to as “mRNA transcription”. With a few exceptions, only the 

most 5‟ ORF is translated from each sg mRNA. Except for the smallest one, all sg 

mRNAs are structurally polycistronic but functionally monocistronic (Leibowitz et 

al., 1988, Liu et al., 1991, Liu & Inglis, 1992) because only the “unique” 

region/ORF(s) of a given sgRNA, i.e. the 5‟-terminal ORF(s) not present on the next 

smallest sgRNA, is translated. The 5‟ ends of sg RNAs carry a cap structure and a 

leader sequence of about 60 nts. This sequence is also found at the 5‟ end of the 

genome (Spaan et al., 1983). Thus the sg mRNAs are not only 3‟- but also 5‟ co-

terminal. In the past, several models of how the 5‟ leader and 3‟ “body” sequences 

present in mature sg mRNAs are joined have been proposed (Baric et al., 1983, 

Sawicki & Sawicki, 1995, van der Most & Spaan, 1995, Lai & Cavanagh, 1997, 

Snijder & Meulenberg, 1998, Sawicki & Sawicki, 2005). Of these, the 

“discontinuous extension of minus strands” model proposed by Sawicki et al. (1995) 

is now widely accepted and well supported by biochemical and genetic studies 

(Sawicki & Sawicki, 1995, 1998, van Marle et al., 1999, Pasternak et al., 2001, 

Zuniga et al., 2004, Sawicki & Sawicki, 2005, Pasternak et al., 2006, Sawicki et al., 

2007). TRS elements (transcription regulation sequences) conserved at (i) the 3‟ end 

of the genomic leader sequence (leader-TRS), (ii) the 5‟ ends of the “body” sequence 

(body-TRS) and (iii) at the leader-to-body fusion site of each sg mRNAs (Pasternak 

et al., 2006, Sawicki et al., 2007) have been shown to play a key role in the “fusion” 

of non-contiguous sequences during genome RNA-template minus strand synthesis. 

The synthesis of the minus-strand is initiated at the 3‟ end of the genome and 

continues until the RTC encounters a TRS sequence. At this point, the RTC may 

either (i) continue to copy the genome RNA (replication mode) or (ii) the synthesis 

of the nascent minus-strand is terminated and the nascent strand detaches from the 

template and, guided by complementary base-pairing between the body anti-TRS 

(present at the 3‟-end of the nascent minus strand) and the leader TRS, the RTC is 

translocated to the 5‟-end of the genome and completes minus-strand RNA synthesis 

by copying the leader sequence. Subsequently, the minus-strand sg RNAs carrying a 

copy of the leader at their 3‟-ends serve as a template for the synthesis of leader-

containing sg mRNAs.   
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1.5 Coronavirus replicase polyproteins 

 

As described above (section 1.4.2), nidovirus genome replication and the synthesis of 

sg mRNA is mediated by RTCs encoded by the replicase gene (ORFs 1a and 1b, 

approximately 20 kb). Translation of these ORFs gives rise to polyproteins pp1a 

(450-500 kDa, encoded by ORF 1a) and pp1ab (750-800 kDa, encoded by ORFs 1a 

and 1b). The coronavirus polyproteins are co- and posttranslationally processed by 

virus-encoded proteases into 16 nonstructural proteins (nsps) the majority of which 

form the backbone of viral RTCs. Nidovirus polyproteins contain a conserved array 

of functional domains which may be scribed as follows (from N-terminus to C-

terminus): (i) two transmembrane domains (TM) flanking the viral main protease 

(M
pro

), (ii) ribosomal frameshift site (RFS), (iii) RNA-dependent RNA polymerase 

(RdRp), (iv) helicase (Hel) with an N-terminal zinc-binding domain and (v) nidoviral 

uridylate-specifc endoribonuclease (NendoU) (Gorbalenya, 2001).  

Large nidoviruses contain additional domains some of which are rarely (or not) 

found in other RNA viruses, such as putative primase (Imbert et al., 2006), 3'→5' 

exoribonuclease (ExoN) (Minskaia et al., 2006), N7-guanosine and ribose-2'-O 

methyltransferase (MTR) activities (von Grotthuss et al., 2003, Snijder et al., 2003, 

Decroly et al., 2008, Chen et al., 2009), ADP-ribose-1”-phosphatase (ADRP) 

(Snijder et al., 2003, Putics et al., 2005) and a putative cyclic phosphodiesterase 

(CPD, only found in Betacoronaviruses lineage A) (Gorbalenya, 2001, Snijder et al., 

2003). The domain organisation of the polyproteins pp1a and pp1ab is summarised in 

Fig. 1.3. 
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The nonstructural proteins 1 to 10 are proteolytically released from both pp1a and 

pp1ab, whereas nsp11 is only processed from pp1a. Nsp12 to nsp16, including the 

RNA-dependent RNA polymerase (RdRp, nsp12) and helicase (HEL, nsp13), are 

processed from pp1ab. As outlined above, the relative molar ratio of ORF1a- and 

ORF1b-encoded domains and activities is determined by the efficiency of ribosomal 

frameshifting at the ORF1a/1b junction during translation. Mutations that alter the 

frameshift rate have a pronounced negative effect on viral replication (Plant et al., 

2010).  

 

 

1.5.1 Functions of the replicase polyproteins pp1a/pp1ab domains 

1.5.1.1 The nonstructural proteins 1 to 4  

 

The amino-terminal part of the two replicase polyproteins pp1a/pp1ab encompasses 

the nonstructural proteins 1 to 4. The function(s) of these proteins are beginning to 

emerge.  

 

The nsp1 proteins of viruses of the genera Alpha- and Betacoronavirus show highly 

divergent sequences while in representatives of the genus Gammacoronavirus the 

protein is not conserved (Snijder et al., 2003, Almeida et al., 2007).  

Nsp1 has been reported to co-localise with the viral replication complex and 

interactions between nsp1 with nsp7 and nsp10, both of which are established 

replication complex components, have been reported (Brockway et al., 2004). 

Furthermore, studies on MHV nsp1 mutants revealed that the correct processing of 

this protein is essential for virus replication and the amount of RNA synthesis 

(Brockway & Denison, 2005). In the same study, the specific residues necessary for 

RNA synthesis were found to reside in the amino-terminal domain of the protein and 

that the C-terminal domain is dispensable for MHV replication in tissue culture albeit 

being important for efficient processing of nsp1 from nsp2. The fact that nsp1 is not 

found as a component of a precursor suggests immediate cleavage of nsp1|nsp2 after 

expression of the nsp3-associated papain-like proteases. This may suggest an early 

regulatory role for nsp1 during virus infection. In addition, SARS-CoV nsp1 was 
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shown to counteract and suppress the host immune response by (i) mediating 

selective host mRNA degradation and (ii) inhibiting IFN signalling pathways and 

host translation by interacting with the ribosomal 40S subunit (Kamitani et al., 2006, 

Wathelet et al., 2007, Narayanan et al., 2008, Kamitani et al., 2009, Wang et al., 

2010). In addition, a MHV mutant expressing a C-terminal truncated form of nsp1 

was shown to replicate to wild-type titers in tissue culture but was found to be highly 

attenuated in mice (Züst et al., 2007). Interestingly, in IFN receptor knock out 

(IFNAR
-/-

) mice the mutant virus was (almost) indistinguishable from the wild-type 

MHV with respect to titers and type I IFN levels. This finding let the authors to 

suggested that nsp1 interferers with IFN signalling pathways rather than suppressing 

IFN induction. Furthermore, nsp1 of SARS-CoV and MHV has also been shown to 

have an effect on cell cycling (Chen et al., 2004, Wathelet et al., 2007). These 

studies collectively suggest that the coronaviral nsp1 protein is a major virulence and 

pathogenicity determinant. 

Analysis of the nuclear magnetic resonance structure of SARS-CoV nsp1 revealed a 

complex β-barrel fold with the amino and carboxyl terminal shown to be flexibly 

disordered (Almeida et al., 2007). Although, nsp1 coding sequences of the 

Alphacoronaviruses HCoV-229E and HCoV-NL63 and the Betacoronavirus SARS-

CoV have little similarity, hydrophobic residues crucial for the unique β-barrel have 

been identified (Wang et al., 2010). This finding allows to speculate that the similar 

fold of the otherwise significantly diverse nsp1 proteins of alpha- and 

betacoronaviruses have similar structures and functions.  

 

Whereas mutations of nsp1 have significant effects on viral replication, deletion of 

the entire nsp2 coding sequence does not impinge on the recovery of recombinant 

SARS-CoV and MHV (Graham et al., 2005). Although these nsp2 deficient viruses 

displayed impaired viral growth and RNA synthesis, the observation of replicase 

polyprotein processing shows that the protein has no essential role in tissue culture. 

Furthermore, Gadlage et al. (2008) demonstrated that the observed defects in 

replication of MHV-nsp2 deletion mutants could not be compensated when nsp2 was 

encoded from other locations in the viral genome (Gadlage et al., 2008). This finding 

underlines the structural and functional flexibility of this region of coronavirus 

polyproteins. Virus mutants in which processing of the nsp1|nsp2 and nsp2|nsp3 
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cleavage site, respectively, was abolished displayed differential growth kinetics 

compared to the wild-type virus, suggesting a regulatory role for nsp2 in the 

temporally regulated release of mature nsp1 and nsp3 products (Denison et al., 2004, 

Graham & Denison, 2006). In addition, mass spectrometry data suggest that nsp2 

may be a component of the SARS-CoV virion (Neuman et al., 2008). The precise 

function of nsp2 in the viral life cycle remains to be determined.  

Nsp3 is a large, membrane-anchored protein featuring a multidomain organisation. 

Structure, possible functions and sequential order of conserved domains are 

discussed in detail in section 1.6. 

 

The nonstructural protein 4 has been shown to be a glycosylated integral membrane 

protein and is predicted to have a role in the formation of virus-induced double 

membrane vesicles (DMVs) and may have a scaffold function in the RTC assembly 

process (Gosert et al., 2002, Oostra et al., 2007, Clementz et al., 2008). The topology 

of nsp4 is predicted to contain four transmembrane domains with both the amino and 

carboxy terminus located in the cytoplasm. This is in agreement with the requirement 

of the cleavage site being accessible to the protease activities residing in the adjacent 

nsp3 and nsp5, respectively (Oostra et al., 2007, Sparks et al., 2007, Clementz et al., 

2008). N-glycosylation occurs between the first and second transmembrane domain 

at a predicted large luminal loop (Oostra et al., 2007). Although glycosylation was 

shown to be dispensable for virus growth in tissue culture, glycosylation site mutants 

gave rise to aberrant or disrupted DMVs, leading to reduced viral RNA synthesis and 

supporting the predicted critical function of nsp4 in the formation, stability and 

structure of DMVs (Gadlage et al., 2010). Furthermore, Sparks and co-workers 

(2007) used reverse genetics to demonstrate the essential role of the transmembrane 

domains 1 to 3 for the recovery of infectious viruses, whereas the C-terminal TM4 

region was shown to be dispensable for MHV replication. Interestingly, sequence 

alignment of the nsp4 C-terminal of representatives of all three Coronavirinae genera 

revealed a high level of conservation, suggesting an important role in the viral life 

cycle, possibly in specific virus-host interactions (Manolaridis et al., 2009). 
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1.5.1.2 The main protease (M
pro

)  

 

The nsp5-associated 3C-like main protease (M
pro

, 3CL
pro

) processes a total of 11 

cleavage sites to release itself and a further 12 mature proteins, including proteins 

essential for viral replication (Ziebuhr et al., 1995, Ziebuhr et al., 2000, Thiel et al., 

2003). The central function of this protease in the proteolytic cleavage of 

polyproteins pp1a/pp1ab makes this enzyme an attractive antiviral target and a 

number of selective inhibitors have been developed (Yang et al., 2005, Lai et al., 

2006, Yang et al., 2006). 

Similar to the distantly related picornaviral 3C protease, the coronaviral M
pro

 adopts 

a two-β-barrel fold, characteristic of serine proteases related to chymotrypsin 

(Gorbalenya et al., 1989b, Allaire et al., 1994, Matthews et al., 1994, Anand et al., 

2002, Anand et al., 2003). Furthermore, the coronaviral enzyme contains an 

additional domain at its C-terminus (Gorbalenya et al., 1989b, Anand et al., 2002, 

Anand et al., 2003, Yang et al., 2003). This unique domain (domain III) is comprised 

of 5 α-helices and was shown to mediate dimerisation of protease monomers through 

interactions with conserved N-terminal residues (Anand, K., et al., 2002, Anand, K., 

et al., 2003). In addition, studies on C-terminal truncation mutants show that 

dimerisation is essential for trans-proteolytic activity of the coronavirus M
pro

 (Lu & 

Denison, 1997, Ziebuhr et al., 1997, Ng & Liu, 2000, Anand et al., 2002). The 

coronavirus M
pro

 employs a catalytic Cys-His dyad replacing the catalytic Cys-His-

Asp/Glu triad found in picornaviral 3C proteases (Allaire et al., 1994, Matthews et 

al., 1994, Mosimann et al., 1997, Anand et al., 2002, Anand et al., 2003, Xue et al., 

2008, Zhao et al., 2008).  

The substrate specificity of the M
pro

 is highly conserved among coronaviruses (Hegyi 

& Ziebuhr, 2002, Thiel et al., 2003). A Gln residue is conserved at the P1 position of 

all M
pro

 cleavage sites. At the P1‟ position small residues are conserved (with a 

preference for Ser)  (Ziebuhr et al., 2000). Bulky hydrophobic residues (Leu, Phe) 

are commonly found at the P2 position, while relatively small residues, such as Val, 

Ser and Thr, respectively, occupy the P4 position of M
pro

 cleavage sites (Ziebuhr et 

al., 2000, Yang et al., 2003). X-ray crystallography studies have identified the 

structural basis for this pronounced substrate specificity (Yang et al., 2003, Yang et 

al., 2006). 
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1.5.1.3 The nonstructural proteins 6 to 11 

 

The third transmembrane domain of the replicase polyproteins pp1a/pp1ab resides in 

nsp6 and has been shown to have a Nendo/Cendo topology with an even number of 

transmembrane helices analogous to the transmembrane domains present in nsp3 and 

nsp4 (Oostra et al., 2008). Puzzlingly, however, comparative sequence alignments of 

coronavirus nsp6 homologs revealed the presence of seven putative transmembrane 

domains in this protein. Taking into account the cytoplasmic location of the N- and 

C- terminus and the need to present M
pro

 cleavage sites on the same (cytoplasmic) 

side of the membrane, Oostra and co-workers (2008) proposed a model in which six 

of the seven transmembrane domains span the lipid bilayer, whereas either the sixth 

or seventh hydrophobic domain may interact with other replicase components or aid 

in the formation of DMVs (and thus not span the membrane). Further functional and 

structural details remain to be investigated. 

Nsp7-nsp10 are highly conserved among coronaviruses but have no homologs in 

other viral or cellular systems. 

Expression of nsp7 has been demonstrated in cells infected with representatives of all 

three Coronavirinae genera (HCoV-229, Ziebuhr & Siddell, 1999; MHV, Bost et al., 

2000; IBV, Ng et al., 2001) and it appears to localise to sites of viral replication 

during early stages of infection (Ziebuhr & Siddell, 1999, Bost et al., 2000, 

Brockway et al., 2004). It is assumed that nsp7 is essential for virus replication since 

no recombinant MHV could be rescued in which nsp7 had been deleted or in cases 

where cleavage at the nsp7|nsp8 cleavage site was abolished (Deming et al., 2007). 

Nuclear magnetic resonance (NMR) analysis of the protein structure revealed that 

nsp7 consists of a scaffold of three α-helices with a fourth helix adopting to 

environment specific physiological activities (Peti et al., 2005, Johnson et al., 2010). 

In both studies, nsp7 displayed different structural conformations depending on the 

pH condition. This may indicate that nsp7 promotes different protein-protein 

interactions during the viral life cycle following conformational changes; e.g. 

replication takes place at ER/early Golgi intermediates (pH 7.0) whereas budding 

occurs in the Golgi apparatus (pH 6.5) (Salanueva et al., 1999, Stertz et al., 2007).  
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Crystal structure analysis showed that SARS-CoV nsp7 interacts with nsp8 to form a 

hexadecameric complex containing eight copies of each protein (Zhai et al., 2005). A 

central channel formed by the nsp7-nsp8 supercomplex is sufficiently large and has 

the appropriate positive charge to accommodate double-stranded RNA. Based on this 

observation, a possibly function as a processivity factor of the RNA-dependent RNA 

polymerase (nsp12) was suggested. Two different conformations of nsp8 in the 

complex were observed. Both resemble a “golf club” with either a straight (nsp8I) or 

a bent (nsp8II) amino-terminal “shaft”. The carboxy-terminal fold of the protein 

adopts a globular “head” structure (Zhai et al., 2005). Within the complex, four 

monomers of each nsp8 conformation are arranged perpendicular to one another, 

providing the basic framework of this structure, whereas the eight nsp7 monomers 

fill the remaining spaces to further stabilise this structure.  

Imbert and co-workers (2006) identified an RNA-dependent oligonucleotide 

synthesising activity for nsp8. The activity may be related to that of cellular primases 

(Imbert et al., 2006). The polymerase activity is metal ion dependent, with a 

preference for manganese. Main products of the reaction were short (<6 nts) 

oligonucleotides. A sequence-specific initiation site containing 5‟-(G/U)CC-3‟ was 

identified and the activity was shown to have low fidelity. Nsp8 was found to have 

poor thermal stability in comparison to the nsp7-nsp8 complex, the primase activity 

was not affected by the presence or absence of nsp7 (Zhai et al., 2005, Imbert et al., 

2006), suggesting that nsp7 is not essential for this activity. 

The dimeric ssRNA-binding protein nsp9 of SARS-CoV was shown to interact with 

nsp8, thereby stabilising an otherwise disordered domain (Egloff et al., 2004, Sutton 

et al., 2004). In another study nsp8 and nsp9 were shown to interact with cis-acting 

elements at the 3‟ UTR of MHV (Züst et al., 2008). Thus suggesting a role of these 

two proteins in negative-strand RNA synthesis involving (i) binding to a RNA target 

secondary structure at the start site of negative-strand RNA synthesis, (ii) initiation 

of negative-strand RNA synthesis mediated by the predicted primase activity resin in 

nsp8 and (iii) subsequently recruiting additional replicase components (nsp12-16) 

resuming elongation of the negative strand.  
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Dimerisation of nsp9 was shown to involve parallel α-helices containing a GXXXG 

protein-protein interaction motif (Miknis et al., 2009). Using a reverse genetics 

approach, virus mutants in which the formation of nsp9 dimers were disrupted by 

substitution of either of the Gly residues with Glu were not viable in tissue culture. 

This indicates a critical role for nsp9 dimerisation in viral replication. Interestingly, 

RNA binding was only minimal affected in either of the mutant proteins. In addition, 

an MHV nsp9 deletion mutant could not be recovered, whereas a mutant virus in 

which the nsp9|nsp10 cleavage site had been abolished displayed growth kinetics 

similar to the wild-type virus. Reversion was not observed, indicating that an 

uncleaved nsp9-10 fusion protein is functional (Deming et al., 2007). Interestingly, 

the crystal structure of the SARS-CoV protein revealed a distant structural similarity 

with domain II of the M
pro

 and an oligosaccharide/oligonucleotide-binding fold 

(Egloff et al., 2004, Sutton et al., 2004).  

Nsp10 has been shown to contain two Zn
2+

-fingers at its amino- and carboxy-

terminal region which are conserved in all three coronavirus genera (Joseph et al., 

2006, Matthes et al., 2006, Su et al., 2006). By using gel-shift assays, it was 

demonstrated that nsp10 interacts with single-and double-stranded RNA and DNA 

albeit with low affinity and with no apparent sequence specificity (Joseph et al., 

2006, Matthes et al., 2006). As reported in several studies, nsp10 interacts with nsp9 

which, in turn, interacts with the hexadecameric nsp7-nsp8 complex (Bost et al., 

2000, Brockway et al., 2004, Joseph et al., 2006, Su et al., 2006) and its biological 

function appears to be vital for viral RNA synthesis (Siddell et al., 2001). Nsp10 also 

is an essential cofactor of nsp16, which could be confirmed in biochemical and 

structural studies (Lugari et al., 2010, Debarnot et al., 2011). 

 

The nonstructural protein 11 is a small peptide of less than 20 residues. Its coding 

sequence overlaps with RNA sequences involved in mediating the programmed (-1) 

ribosomal frameshift. The protein shares its amino-terminal amino acids with nsp12. 

It is only expressed if no frameshift occurs and has not been detected in virus-

infected cells. It therefore seems unlikely that the protein has a role in viral 

replication. 
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1.5.1.4 The RNA dependent RNA polymerase  

 

The RNA-dependent RNA polymerase resides in the carboxyterminal half of nsp12 

and, in line with its presumed key function in viral genome replication and 

transcription, is the most conserved domain in the coronavirus genome (Snijder et 

al., 2003). Expression of nsp12 and the more downstream located nsps depends on a 

programmed ribosomal frameshift. In common with other RNA polymerases, the 

coronaviral RdRp catalytic domain shows the typical cupped right hand palm-finger-

thump topology (Gorbalenya et al., 1989b, Koonin, 1991, O'Reilly & Kao, 1998, Xu 

et al., 2003). While the amino-terminal domain of the protein has no similarities to 

other RdRp domains, both the N- and C-terminal domains of nsp12 are proposed to 

be essential for the activity of the protein (Brockway et al., 2003, Xu et al., 2003). 

The RdRp activity of nsp12 was confirmed using a bacterially expressed GST-

SARS-CoV nsp12 fusion protein and a poly(A)-template to which an oligo(U) 

primer was hybridised (Cheng et al., 2005). As outlined above, the “non-canonical” 

RdRp activity associated with nsp8 was speculated to provide short RNA 

oligonucleotides which may serve as primers to initiate nsp12-mediated RNA 

synthesis (Imbert et al., 2006). The proposed collaboration between nsp8 and nsp12 

is in agreement with the recently confirmed primer dependency of the SARS-CoV 

RdRp activity (te Velthuis et al., 2010).  

 

 

1.5.1.5 The helicase  

 

Sequence analysis of the helicase domain encoded by the coronaviral nonstructural 

protein 13 revealed the presence of two separated domains: a zinc-binding domain 

(ZBD) at the N terminus and a superfamily 1 helicase domain at the C terminus of 

the protein (Gorbalenya et al., 1989, 1989b, Heusipp et al., 1997, Bernini et al., 

2006). The ZBD contains twelve cysteine and histidine residues conserved among all 

nidoviruses and is indispensable for the activity of the helicase (van Dinten et al., 

2000, Seybert et al., 2005) and viral replication in tissue culture (Hertzig and 

Ziebuhr, unpublished). Furthermore, biochemical studies revealed other important 

properties of the coronaviral helicase: (i) ability to unwind both RNA and DNA 
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duplexes (Seybert et al., 2000a, Seybert et al., 2000b, Thiel et al., 2003, Ivanov et 

al., 2004, Ivanov & Ziebuhr, 2004b), (ii) 5‟-to-3‟ directionality of the unwinding 

reaction (Seybert et al., 2000a, Tanner et al., 2003, Ivanov et al., 2004) whereas 

helicases of most other RNA viruses operate in a 3‟-to-5‟ direction (Kadare & 

Haenni, 1997) and (iii) RNA 5‟-triphosphatase activity generally assumed to catalyse 

the first step of the 5‟ capping reaction on viral RNAs (Ivanov et al., 2004, Ziebuhr, 

2004, Ivanov & Ziebuhr, 2004b). 

 

 

1.5.1.6 The nonstructural proteins 14 to 16 

 

Members of the order Nidovirales have been proposed to use specific mechanisms to 

replicate and maintain their large RNA genomes (<30 kilobases) and prevent the 

accumulation of nucleotide misincorporations during viral RNA synthesis. Sequence 

analysis of nidovirus genomes identified an exonuclease activity, ExoN, in members 

of the families Corona- and Roniviridae. The domain is not conserved in the much 

smaller Arteriviridae and other RNA viruses, suggesting that ExoN may be involved 

in proofreading mechanisms required for the replication of very large RNA genomes 

(Snijder et al., 2003, Gorbalenya et al., 2006).  

Nsp14 was shown to be a metal ion-dependent 3‟→5‟ exonuclease (ExoN) related to 

the DEDD nuclease superfamily. It also contains a Zn
+
-finger structure, the role of 

which has not been determined (Snijder et al., 2003, Minskaia et al., 2006). 

Furthermore, it was shown that the SARS-CoV nsp14 hydrolyses both single- and 

double-stranded RNAs while DNA and ribose-2‟-O-methylated RNAs proved to be 

resistant to cleavage by this activity (Minskaia et al., 2006). The previously proposed 

proofreading activity (related to 3‟→5‟ exonucleases found in cellular DNA 

replication systems) was supported by reverse genetic studies in which substitutions 

of the conserved DEDD motif in nsp14 led to the accumulation of mutations 

throughout the genomes of coronavirus nsp14 mutants (Eckerle et al., 2007, Eckerle 

et al., 2010). The rescued recombinant MHV and SARS-CoV mutants proved to be 

viable but showed delayed and reduced viral replication and viral growth compared 

to the respective wild-type virus, whereas HCoV-229E RNAs containing similar 
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ExoN active-site substitutions failed to result in viable virus progeny (Minskaia et 

al., 2006, Eckerle et al., 2007, Eckerle et al., 2010). 

In addition, an in vivo experiment demonstrated that the C-terminal region of nsp14, 

which is not part of the N-terminal ExoN activity, plays a role in pathogenesis. The 

virulence of MHV nsp14C mutants was attenuated in mice although viral replication 

was not affected (Sperry et al., 2005). Furthermore, a more recent study identified a 

cap-guanosine N7 methyltransferase activity in the C-terminal region of SARS-CoV 

nsp14 (Chen et al., 2009). Despite considerable progress in recent years, the 

identification and characterisation of enzymes required for the production of 5‟-

terminal cap structures on coronaviral RNAs (Lai & Stohlman, 1981b, a, van Vliet et 

al., 2002) is incomplete (Ivanov et al., 2004, Ivanov & Ziebuhr, 2004b, nsp16, RNA 

2‟-O- MTR Decroly et al., 2008). 

The coronaviral nsp15-associated second conserved ribonuclease activity, NendoU 

(nidoviral endoribonuclease, specific for U) is highly conserved in the order 

Nidovirales but no homologs have been identified in other RNA viruses (Snijder et 

al., 2003, Ivanov et al., 2004a, Gorbalenya et al., 2006). The SARS-CoV and HCoV-

229E nsp15 proteins were shown to cleave single- and double-stranded RNAs in a 

Mn
2+

-enhanced reaction with a preference of ss over ds RNA substrates (Bhardwaj et 

al., 2004, Ivanov et al., 2004a). Furthermore, it was observed that the enzyme 

cleaves 3‟ of uridylates generating 2‟-3‟cyclic phosphate termini. The enzyme was 

inactive on RNA 2‟-O-ribose methylated substrates (Ivanov et al., 2004a). The 

enzyme forms hexamers which are generally thought to be required for full activity 

(Guarino et al., 2005, Ricagno et al., 2006, Xu et al., 2006).  

The biological function of the conserved NendoU is not understood in detail. The 

related endoribonuclease of Xenopus leavis (XendoU) functions in an RNA 

processing pathway generating small nucleolar RNA (snoRNA) (Caffarelli et al., 

1997, Laneve et al., 2003). This RNA processing pathway involves exoribonucleases 

and methyltransferases, activities that are associated with the proteins that flank 

nsp15 in the coronavirus pp1ab (nsp14 [ExoN] and nsp16 [MTR]). It was therefore 

tempting to speculate that the C-terminal processing products of pp1ab (nsp14-

nsp16) may function in a similar RNA processing pathway in viral replication 

(Snijder et al., 2003). To date, there is no direct evidence to further support this idea. 
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Nsp16 is a protein with confirmed ribose 2‟-O methyltransferase activity that 

converts cap-0 into cap-1 structures (Feder et al., 2003, Snijder et al., 2003, von 

Grotthuss et al., 2003, Decroly et al., 2008). It is conserved in members of the 

Coronaviridae and Roniviridae. The proposed role of this enzyme in viral RNA 

capping was substantiated by Decroly and co-workers (2008) showing that FCoV 

nsp16 selectively binds to cap-0 structures and converts the 
7Me

GpppAC5 into a cap-1 

structure by mediating methylation at the ribose-2‟-O moiety. In eukaryotic cells, in 

which cap structures are known to protect mRNAs from degradation by 5‟ 

exoribonucleases and have important functions in  translation initiation and (evasion 

from) antiviral immune responses (Zust et al., 2011) the conversion of a cap-0 into a 

cap-1 (and cap-2) structure is mediated by four enzymatic activities: (i) the RNA 5‟ 

γ-phosphate is removed by an RNA 5‟-triphosphatase (TPase), (ii) GMP is then 

transferred to the remaining 5‟ diphosphate end by a guanylyltransferase (GTase), 

(iii) a guanosine-N7-methyltransferase (N7-MTase) methylates the guanine at the N7 

position. (iv) The resulting cap-0 structure is further methylated by a ribose-2‟-O 

methyltransferase (2‟-O Mtase) at the first (cap-1) and second (cap-2) nucleotide of 

the mRNA (Langberg & Moss, 1981). Capping of cellular mRNAs occurs in the 

nucleus, hence coronaviruses, which are known to replicate in the cytoplasm, likely 

depend on virally encoded enzymes to generate 5‟-capped viral RNAs. The initial 

step is thought to be mediated by the nsp13-associated RNA 5‟-triphosphatase 

activity (Ivanov et al., 2004, Ivanov & Ziebuhr, 2004b). The methylation at the cap 

guanosine N7 position and the conversion of the cap-0 into a cap-1 structure, 

respectively, are suggested to be mediated by nsp14 and nsp16 (Decroly et al., 2008, 

Chen et al., 2009). A virally encoded activity mediating the GMP transfer has not 

been identified thus far. 
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1.6 Nonstructural protein 3 

 

The multi-domain protein nsp3 is the largest coronavirus replicase protein, 

containing between 1,700 and 1,900 amino acid residues. It is autocatalytically 

released by one or two virus-encoded papain-like proteases, termed PLP1 and PLP2, 

with PLP2 being universally conserved (see section 1.6.1 below). Another highly 

conserved domain resides upstream of PLP2. It is generally referred to as ADP-

ribose 1‟‟-phosphatase, formerly known as the X-domain (summarised in section 

1.6.2). In a recent study, Neuman and co-workers (2008) proposed a network of 

possible interaction partners of SARS-CoV virion components based on their relative 

abundance, in addition to previously described intraviral protein-protein (von Brunn 

et al., 2007) and protein-RNA (Narayanan et al., 2003, Egloff et al., 2004, Serrano et 

al., 2007) interactions. In conjunction with the membrane protein M, a crucial role 

for nsp3 in the viral life cycle was proposed and numerous interactions with viral 

(and cellular) proteins were identified or suggested (Imbert et al., 2008, Neuman et 

al., 2008). Many of these predictions remain to be verified in further experiments. On 

the basis of a detailed sequence analysis combined with biochemical assays, up to 16 

putative functional domains were identified in nsp3, including ubiquitin-related, 

metal-binding, nucleic acid-binding, chaperone-like activities, as well as 

transmembrane domains. The domains were found to be conserved to a different 

extent among coronavirus genera and significantly extend the list of previously 

identified nsp3 subdomains, such as the conserved protease and ADRP activities 

(Ziebuhr et al., 2001, Snijder et al., 2003, Thiel et al., 2003, Gorbalenya et al., 2006, 

Neuman et al., 2008). 

 

At the amino-terminus of this multifunctional protein, an Asp/Glu-rich region has 

been identified, which was termed the acidic domain (Ac) (Ziebuhr et al., 2001). 

Although being conserved among coronaviruses, this domain displays a high degree 

of size (150 – 240 amino acids) and sequence variability (Ziebuhr et al., 2001, 

Serrano et al., 2007) and little is known about its possible function(s). In purification 

assays, the bacterial expressed SARS-CoV nsp3a region (alternative name of Ac) co-

purified with ssRNA, suggesting a nucleic acid-binding property (Serrano et al., 

2007). The nuclear magnetic resonance spectroscopy of the protein revealed a 
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structure consisting of an N-terminal ubiquitin-like domain linked to a disordered 

Glu-rich C-terminal domain. The structural similarity of the N-terminus to proteins 

known to interact with Ras-interacting proteins, a protein family involved in 

regulation of the cell cycle and intracellular transport (Dobrowolski et al., 1994, 

Peeper et al., 1997), has led to the hypothesis that SARS-CoV nsp3 has a role in 

interfering with cell cycle regulation. In addition, the Glu-rich C-terminus of nsp3a 

had similarities to cellular proteins involved in mRNA transport from the nucleus to 

the cytoplasm, a pathway that other viruses have been shown to usurp or disrupt in 

order to promote viral replication (Higashino et al., 2005). 

 

A chaperone-like function was proposed for another nucleic acid-binding domain 

which was found to be conserved in the Coronavirinae genera Beta- and 

Gammacoronavirus but not in members of the genus Alphacoronavirus (Neuman et 

al., 2008). In common with the SARS-CoV nucleocapsid protein N, the novel 

nucleic acid-binding domain (NAB) located just downstream of the PLP2 in nsp3, 

exhibited single-strand nucleic acid-binding and double-strand nucleic acid-

unwinding properties in an ATP-independent manner (Saikatendu et al., 2007, 

Zuniga et al., 2007, Neuman et al., 2008).  

 

The conserved C-terminal domain, designated the Y domain, of nsp3 combines two 

hydrophobic domains (predicted transmembrane domains) and a number of 

conserved cysteine/histidine residues at its C-terminus (Gorbalenya et al., 1991, 

Ziebuhr et al., 2001, Snijder et al., 2003). Based on its primary structure, the latter 

region is predicted to be a metal ion-binding domain presumably involved in RNA-

protein interactions. 

 

Although the number of predicted transmembrane spanning domains (TM) for 

SARS-CoV and MHV nsp3 differ (2,3,4), all proposed models agree on a Nendo/Cendo 

topology of nsp3 (Harcourt et al., 2004, Kanjanahaluethai et al., 2007, Neuman et 

al., 2008, Oostra et al., 2008). The positioning of both termini at the cytoplasmic side 

of the membrane is consistent with the idea that both, the relevant cleavage sites and 

the protease activities involved in nsp3 processing and release are located on the 

same side of the membrane. In addition, the presence of the TM domain appeared to 

be required for the efficient processing of the nsp3|nsp4 cleavage site by both the 
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MHV and SARS-CoV PLP2 (Harcourt et al., 2004, Kanjanahaluethai et al., 2007). 

An EGFP-nsp3TM fusion protein has been shown to be associated with cellular 

membranes and immunoprecipitation assays revealed that the nsp3 transmembrane 

domain alone is sufficient to mediate the predicted membrane association of the 

protein and that it is tethered to the ER (Ziebuhr et al., 2001, Kanjanahaluethai et al., 

2007). Along with the transmembrane domains residing in nsp4 and nsp6, the nsp3 

TM is suggested to be involved in the formation of DMVs and anchoring of 

coronaviral RTC to these vesicular perinuclear structures (Gosert et al., 2002, Oostra 

et al., 2007, Knoops et al., 2008, Oostra et al., 2008). 

 

 

1.6.1 The papain like proteases 

 

Coronaviruses encode one or two papain-like proteases, termed PLP1 and PLP2, 

which reside in the amino-terminal and central regions of nsp3, respectively. These 

enzymes cleave pp1a/pp1ab at two or three cleavage sites, thus releasing nsp1, nsp2 

and nsp3 and the nsp4 N-terminus. 

The C-terminal release of nsp4 involves a M
pro

-mediated cleavage at the nsp4|nsp5 

site. Fig. 1.4 summarises the processing patterns observed for members of the 

Coronavirinae. 

 

The Betacoronavirus SARS-CoV and the Gammacoronavirus IBV encode only one 

active papain-like protease involved in N-terminal pp1a/pp1ab processing (Lim et 

al., 2000, Ziebuhr et al., 2001, Snijder et al., 2003, Thiel et al., 2003). Sequence 

analysis identified these enzymes to be PLP2 orthologues (Ziebuhr et al., 2001, 

Snijder et al., 2003, Thiel et al., 2003). Furthermore, a  non-functional remnant of the 

PLP1 domain was identified upstream of the ADRP domain in IBV (Ziebuhr et al., 

2001).  
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Fig. 1.4: Simplified schematic of nsp3 subdomain organisation and proteolytic processing of the 

N-terminal pp1a/pp1ab regions of members from different Coronavirinae genera. Positions of 

papain-like protease (PLP) cleavage sites are indicated by the respective P1|P1‟ residues, the predicted 

nsp3|nsp4 cleavage site in HCoV-229E is indicated by a question mark. Furthermore, black arrows 

indicate dominant protease activities while grey arrows designate minor cleavage activities.  

Abbreviations: Ac, acidic domain; PLP1, papain-like protease 1; ADRP, ADP-ribose 1‟‟-phosphatase; 

SUD, SARS-CoV unique domain; PLP2, papain-like protease 2; TM, transmembrane domain. To 

indicate that the IBV PLP1 is not proteolytically active this box is crossed out. Please note that nsps 

and domains are not drawn to scale. 
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In contrast to SARS-CoV, MHV also a Betacoronavirus, expresses two papain-like 

proteases with PLP1 mediating the processing at the nsp1|nsp2 (Baker et al., 1989, 

Dong & Baker, 1994, Hughes et al., 1995) and nsp2|nsp3 (Bonilla et al., 1995a, 

Bonilla et al., 1997). To determine the role of efficient cleavage at these sites, 

substitutions that either abolish cleavage at the nsp1|nsp2 site or render PLP1 

inactive were introduced into the MHV genome using reverse genetics. While viable, 

the rescued recombinant viruses exhibited delayed growth and a reduction in RNA 

synthesis (Denison et al., 2004). In addition, a rescued MHV-Δnsp2 mutant virus 

with a chimeric nsp1|nsp3 cleavage site exhibited reduced peak titers and RNA 

synthesis in comparison to wild-type virus (Graham et al., 2005). These data suggest 

that processing at nsp1|nsp2 is dispensable but is required for optimal RNA synthesis 

and viral growth. The nsp3|nsp4 site is processed by PLP2 (Kanjanahaluethai & 

Baker, 2000, 2001). 

 

HCoV-229E and HCoV-NL63 belong to the genus Alphacoronavirus and encode 

two papain-like proteases.  

Analogous to MHV, the HCoV-229E PLP1 was shown to mediate cleavage at the 

nsp1|nsp2 site (Herold et al., 1998b) and is also able to cleave at the nsp2|nsp3 site, 

albeit less efficiently (Ziebuhr et al., 2001). Further characterisation of proteolytic 

processing at the nsp2|nsp3 site revealed that PLP2 cleaved this site very efficiently 

and probably is the dominant activity at this site (Ziebuhr et al., 2001). A similar 

overlapping specificity was recently reported for the nsp1|nsp2 cleavage site. Here, 

PLP2 mediates less efficient cleavage in the absence of PLP1 activity (Ziebuhr et al., 

2007). The study also showed that inactivation of PLP2 is lethal whereas 

recombinant HCoV-229E PLP1 inactivation mutants were viable, suggesting that the 

PLP1 activity is dispensable (and may be compensated by PLP2). However, the 

PLP1-deficient mutants exhibited reduced growth kinetics and reverted to the wild-

type PLP1 sequence within a few passages in tissue culture, indicating that efficient 

processing at nsp1|nsp2 is beneficial for virus growth (Ziebuhr et al., 2007). The 

observed overlapping specificities of the two nsp3-encoded paralogous HCoV-229E 

PLPs at the nsp1|nsp2 and nsp2|nsp3 sites further extends the complexity of the 

proteolytic processing pathways of the amino-terminal pp1a/pp1ab region in this 

virus. The activity at the predicted nsp3|nsp4 cleavage site has not been elucidated 

and is one of the subjects addressed in this study (see below).  
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In HCoV-NL63, PLP1 was shown to be responsible for processing the nsp1|nsp2 

cleavage site, while PLP2 is required for cleavage at both the nsp2|nsp3 and 

nsp3|nsp4 sites (Chen et al., 2007). Furthermore, cleavage assays using both PLP1 

and PLP2 active-site mutants revealed that, unlike their HCoV-229E homologs, the 

HCoV-NL63 PLPs do not possess overlapping specificities at the respective cleavage 

sites (Chen, Z., et al., 2007). 

 

In line with other papain-like proteases, coronaviral PLPs employ a Cys-His-Asp 

catalytic triad (Herold et al., 1998b, Barretto et al., 2005, Sulea et al., 2005). Crystal 

structures have recently been elucidated for the Alphacoronavirus TGEV PLP1 and 

Betacoronavirus SARS-CoV PLP2 (Ratia et al., 2006, Wojdyla et al., 2010). Both 

proteins resemble a right-handed structure consisting of three domains termed palm, 

thumb and finger. The four cysteine residues located at the fingertip region are part 

of a zinc-ribbon structure, a feature that is not conserved in cellular and other viral 

papain-like proteases (Gorbalenya et al., 1991, Ziebuhr et al., 2001, Ratia et al., 

2006, Sulea et al., 2006b, Wojdyla et al., 2010). This zinc ion-coordinating structure 

has been shown to be indispensable for the proteolytic activity of HCoV-229E PLP1 

and SARS-CoV PLP2 (Herold et al., 1999, Barretto et al., 2005). In addition, the 

zinc-binding domain was suggested to mediate protein-protein and/or protein-nucleic 

acid interactions to regulate viral and/or cellular processes (Herold et al., 1999). 

More recently this zinc ribbon structure was suggested to be involved in the 

recognition of ubiquitin-like modifier sequences by interacting with the β gasp fold 

of ubiquitin (Sulea et al., 2005, Lindner et al., 2007).  

A striking structural difference between the TGEV PLP1 and SARS-CoV PLP2 is 

the presence of an N-terminal ubiquitin-like domain in the SARS-CoV protein 

(Barretto et al., 2005, Lindner et al., 2005, Ratia et al., 2006, Sulea et al., 2006b). 

This domain which is conserved in all coronaviral PLP2s is absent in TGEV PLP1 

(Wojdyla et al., 2010).  

Based on bioinformatic analysis, a deubiquitinating activity (DUB) had been 

previously proposed for coronaviral PLPs and was confirmed for SARS-CoV PLP2, 

MHV PLP2, HCoV-NL63 PLP2 and TGEV PLP1 (Barretto et al., 2005, Lindner et 
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al., 2005, Sulea et al., 2005, 2006b, Chen et al., 2007, Zheng et al., 2008, Clementz 

et al., 2010, Wojdyla et al., 2010).  

The SARS-CoV and HCoV-NL63 encoded PLP2 and TGEV PLP1 were shown to 

debranch Lys
48

- and Lys
63

-conjugated polyubiquitin chains, both of which are 

involved in innate immunity regulatory pathways (Lindner et al., 2007, Bhoj & 

Chen, 2009, Clementz et al., 2010, Wojdyla et al., 2010).  

 

Ubiquitin is a highly conserved regulatory protein present in all eukaryotic cells. The 

protein comprises 76 amino acids within which the seven Lys residues, along with 

the C-terminal LRLRGG motif are considered to be key features. Ubiquitin and 

ubiquitin-like modifiers (Ubl, e.g. ISG15), which consistently contain the C-terminal 

LRGG residues, mediate post-translational modifications of proteins and have a 

critical role in numerous cellular processes (e.g. apoptosis, DNA repair, protein 

degradation, cell signalling, immune response) (Herrmann et al., 2007, Bhoj & Chen, 

2009). The in vitro demonstrated deubiquitinating and deISGylating (removal of 

ISG15) activities of coronaviral PLPs may enable the virus to protect viral and/or 

cellular proteins from degradation and may play a role in inhibition of host innate 

immune responses (Lindner et al., 2007, Bhoj & Chen, 2009, Clementz et al., 2010, 

Wojdyla et al., 2010). However, the precise role(s) of the deubiquitinating activities 

of coronavirus PLPs remain to be established in vivo. In this context, SARS-CoV, 

HCoV-NL63 and MHV have been shown to induce only low levels of IFN-β upon 

infection and the deubiquitinase activities have been demonstrated to modulate IRF-3 

and/or NFκB-dependent pathways (Devaraj et al., 2007, Clementz et al., 2008, 

Zheng et al., 2008, Frieman et al., 2009). Surprisingly, this IFN antagonism was not 

reversed in PLP inactivation mutants, suggesting that this effect is independent of 

protease/deubiquitylase activity of coronaviral PLPs (Devaraj et al., 2007, Clementz 

et al., 2010). 
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Most coronaviral PLPs have substrate specificity for small residues, such as glycine 

and alanine, at the P1 and P2 positions of the cleavage site (Dong & Baker, 1994, 

Bonilla et al., 1997, Lim et al., 2000, Ziebuhr et al., 2001, Kanjanahaluethai et al., 

2003, Snijder et al., 2003). Furthermore, the SARS-CoV-encoded PLP2 has been 

shown to exclusively process LXGG|AG motifs, which match the consensus 

sequence of ubiquitin and ubiquitin-like modifiers (LRGG) (Thiel et al., 2003, 

Harcourt et al., 2004). This restricted sequence specificity is shared by all 

coronaviral PLP2s and Alphacoronavirus-encoded PLP1s. These enzymes were 

classified as belonging to the R-group in the binding site-based classification 

introduced by Sulea and co-workers (Sulea et al., 2006b). The second group in this 

classification, designated the O-group, comprises coronaviral papain-like proteases 

which can accommodate larger residues in their S2 subsite. The fact that all known 

coronaviruses contain at least one R-group protease may give rise to the development 

of PLP-based high efficient universal anti-coronaviral drugs.  

 

 

1.6.2 ADP-ribose-1”-monophosphatase 

 

The ADP-ribose-1‟‟-phosphatase (ADRP) domain (formerly also known as the X 

domain) is conserved among viruses of the Coronaviridae family (Gorbalenya et al., 

1991, Snijder et al., 2003, Draker et al., 2006, Schütze et al., 2006) and several other 

plus strand RNA viruses, such as alphaviruses (e.g. Ross-River virus, Sindbis virus, 

O'nyong'nyong virus), rubella virus and hepatitis E virus (Gorbalenya et al., 1991, 

Koonin et al., 1992). In the coronavirus nsp3, the ADRP domain is flanked by the 

two papain-like proteases (PLP1 and PLP2). In the case of SARS-CoV and IBV, the 

ADRP domain is located upstream of the active protease (Fig. 1.4). Viral ADRP 

domains were shown to be related to cellular macro domains, a large protein family 

which is named after the carboxy-terminal non-histone macro domain of MacroH2A, 

a human histone variant (Pehrson & Fried, 1992, Allen et al., 2003). MacroH2A is 

enriched in the inactive X chromosome and is therefore suggested to play a role in 

transcriptional silencing (Costanzi & Pehrson, 1998, Perche et al., 2000). In addition 

to their conservation in positive-strand RNA viruses, macro domains are also found 
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in a wide range of cellular systems (bacteria, archaea, eukaryotes) (Anantharaman et 

al., 2002, Allen et al., 2003). Based on structural and bioinformatic information, the 

functions of macro domain proteins are believed to be associated with their binding 

capacity of ADP-ribose-containing molecules or, in some cases, processing activity 

of ADP-ribose-containing molecules (Martzen et al., 1999, Karras et al., 2005a, 

Kumaran et al., 2005, Shull et al., 2005). Based on sequence comparisons, the 

coronavirus nsp3 was predicted to encode an ADP-ribose phosphatase activity 

(Snijder et al., 2003). Subsequently, evidence was obtained to confirm that the 

HCoV-229E, TGEV and SARS-CoV ADRP domains have phosphatase activity and 

are able to convert ADP-ribose-1‟‟-phosphate to produce ADP-ribose (Putics et al., 

2005, Saikatendu et al., 2005, Egloff et al., 2006, Putics et al., 2006a, Putics et al., 

2006b, Neuvonen & Ahola, 2009, Xu et al., 2009).  

Structures of coronavirus ADRP domains, both as apoenzymes and in complex with 

ADP-ribose, were reported for representatives from all coronavirus genera: 

Alphacoronavirus HCoV-229E (Piotrowski et al., 2009, Xu et al., 2009), FCoV 

(Wojdyla et al., 2009), Betacoronavirus SARS-CoV (Saikatendu et al., 2005, Egloff 

et al., 2006) and Gammacoronavirus IBV (Piotrowski et al., 2009, Xu et al., 2009). 

All these proteins were shown to have a compact macro domain-like fold with a 

mixed α/β structure. The core consists of 7 β-strands, with the central five strands 

being parallel to each other. The IBV ADRP was shown to only have 6 β sheets. In 

all cases, the core was flanked by three α-helices at each site, resulting in a three-

layered α/β/α topology. The observed tendency of the protein to form multimers was 

suggested to be of biological relevance since the domain is part of the multi-domain 

nsp3, which itself was proposed to act as major „hub‟ for protein-protein and protein-

RNA interactions (von Brunn et al., 2007, Imbert et al., 2008, Neuman et al., 2008). 

The ADP-ribose molecule was revealed to be bound in an open, solvent accessible 

cavity by adopting a slightly bent conformation (Egloff, M.-P., et al., 2006, 

Piotrowski, Y., et al., 2009, Wojdyla, J. A., et al., 2009, Xu, Y., et al., 2009). 

Structural and mutagenesis analysis revealed conserved residues important for 

enzymatic activity and substrate binding (Putics et al., 2005, Egloff et al., 2006). 
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Despite the recent progress in the biochemical and structural characterisation of 

coronavirus ADRPs, the biologically relevant function of this conserved enzyme 

remains to be elucidated. ADP-ribose-1‟‟-phosphate is a side product of tRNA 

splicing in eukaryotic cells (Culver et al., 1994, Martzen et al., 1999, Shull et al., 

2005). Thus, the highly conserved coronaviral ADRP domain has been speculated to 

have a function related to the regulation of viral RNA synthesis (Snijder et al., 2003) 

which became less likely in subsequent studies (Putics et al., 2005, Saikatendu et al., 

2005, Egloff et al., 2006, Putics et al., 2006a, Wojdyla et al., 2009). Also, HCoV-

229E and MHV mutants in which the ADRP activity was abolished by substitution 

of a catalytic Asn with Ala did not affect virus replication/transcription and viral 

growth in cell culture (Putics et al., 2005, Eriksson et al., 2008).  

Egloff and co-workers (2006) reported that viral ADRP domains possess poly(ADP-

ribose) (PAR)-binding activity, possibly indicating a role in counteracting antiviral 

defence pathways of the host cell (e.g. cell signalling, apoptosis) (Chang & Alvarez-

Gonzalez, 2001, Hay & Kannourakis, 2002, Egloff et al., 2006). This was further 

supported by the characterisation of an ADRP-deficient MHV mutant in vivo. This 

virus grew to wild-type titers but did not cause severe liver pathology and induced 

lower levels of cytokine production in the infected host (Eriksson et al., 2008).  

Another macro domain has recently been identified in the SARS-CoV nsp3 unique 

domain (SUD, Fig. 1.4) (Chatterjee et al., 2009). Based on its poly(dG)/poly(G)-

binding activity, a role of the SUD-associated macro domain in counteracting 

cellular innate immune responses has been discussed (Tan et al., 2007). 
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1.7 Aim of study 

 

The two HCoV-229E-encoded papain-like proteases (PLP1 and PLP2) have 

overlapping substrate specificity, which allows both proteases to cleave at the 

nsp1|nsp2 and nsp2|nsp3 cleavage sites and to replace/assist each other in the 

cleavage at these and, possibly, other sites. 

The first aim of this study was to characterise the proteolytic processing of the 

nsp3|nsp4 site, focusing on the detection of mature pp1a/pp1ab processing products 

in HCoV-229E-infected cells and the characterisation of the roles of PLP1 and PLP2, 

respectively, in the processing of this cleavage site. To facilitate these studies, 

polyclonal antisera suitable to detect proteins derived from the amino-proximal 

pp1a/pp1ab regions were required. It was therefore planned to express protein 

domains from relevant pp1a/pp1ab regions in E. coli and generate polyclonal antisera 

suitable to detect putative processing products in infected cells using different assays, 

such as immunoblot and immunofluorescence. Furthermore, it was planned to study 

the processing at the nsp3|nsp4 cleavage site by using a vaccinia virus T7-based 

system suitable to express the HCoV-229E nsp1-to-nsp4 region in mammalian cells. 

Using PLP1 and PLP2 active-site mutants the protease responsible for nsp3|nsp4 was 

expected to be identified using this approach. 

 

In the second part of the study, the role of the HCoV-229E ADP-ribose-1‟‟-

phosphatase (ADRP) in the viral life cycle was planned to be further characterised 

using a reverse genetics system. First, the codon specifying a residue predicted to be 

critically involved in the ADP-ribose-binding site was to be substituted in the HCoV-

229E genome sequence. Second, an HCoV-229E mutant carrying a deletion of the 

ADRP coding sequence and, third, an HCoV-229E mutant in which the ADRP 

coding sequence was replaced with that of HCoV-NL63 was planned to be generated 

and characterised in terms of virus viability, RNA synthesis and growth kinetics in 

tissue culture. Furthermore, sequence analyses were planned to confirm the identity 

of the virus mutants produced in this study and to identify reversions or second-site 

mutations indicative of protein-protein interactions of the ADRP domain with other 

components of the viral replication-transcription complex. 
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2 Material and Methods 
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2.1 General laboratory material, methods and practice 

2.1.1 Waste disposal 

 

Re-usable plasticware and glassware contaminated with viruses or bacteria were 

treated with 1% (w/v) Virkon-solution (Day-Impex Ltd., UK) for 18 h prior to 

disposal and the plastic-/glassware washed and autoclaved. Solutions containing 

viruses or bacteria were treated for 18 h with powdered Virkon to give a final 

concentration of 1% (w/v), and subsequently discarded. Disposable plasticware 

contaminated with viruses or bacteria was autoclaved before disposal. 

Gels containing ethidium bromide or acrylamide were stored in labelled plastic 

containers for collection and disposal. Chlorinated liquid waste was stored in 

Winchester bottles for collection and disposal. Plasticware contaminated with 

chlorinated solutions was retained in labelled plastic containers for collection and 

disposal. Needles, syringes and scalpels were collected in sharps containers. 

Radionucleotide contaminated plasticware and equipment were treated with Decon 

90 (Decon) solution and thoroughly rinsed with water. Disposable plasticware was 

then collected in labelled Perspex containers and subsequently disposed. Low level 

radioactive solutions were discarded in a designated radioactive sink in accordance 

with regulations. 

 

 

2.1.2 Sterilisation 

 

Glass-/ plasticware and solutions were sterilised at 15 lb in
-2

 for 15 min at 115-120
o
C 

in a prior clave autoclave. Heat-labile solutions were filter-sterilised using a 0.22 m 

Millex-GV filter-sterilising unit (Millipore Ltd., USA) in a class II microbiological 

safety cabinet (Advanced Biosafety-II cabinet, Microflow). 
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2.1.3 Chemicals and preparation of solution 

 

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich or BDH 

Chemicals Ltd (UK) at the highest available purity and were stored according to the 

manufacturer‟s instructions and safety regulations.  

All solutions were prepared using ultrapure water which was produced using a 

Milli-Q® Biocel system (Millipore Ltd., USA). If necessary the pH was determined 

using a pH 210 Microprocessor pH meter (Hanna® Instruments Ltd, UK) and 

adjustments made using an appropriate acid or alkaline solution. Solutions were then 

made up to the final volume using distilled deionised water (ddH20) and autoclaved 

or filter sterilised as appropriate. 

Nuclease–free water was purchased from Promega and used for working with DNA 

and RNA. 

 

 

2.1.4 Glass- and plasticware 

 

Glassware such as beakers, cylinders and conical flasks were purchased from Pyrex 

and Fisher Scientific, with glass bottles obtained from Schott. 

Thin walled thermo-tubes (0.2 ml) and 12-type strips were obtained from Fisher 

Scientific.  

Pipette tips, individually wrapped sterile pipettes, microcentrifuge tubes (0.5 ml and 

1.5 ml), 15 ml and 50 ml conical tubes as well as Petri dishes were purchased from 

Sarstedt.  

All plasticware for cell culture (25 cm
2
, 75 cm

2 
and 175 cm

2
 culture flasks, 6 and 96 

multi-well plates and Cryotubes) was purchased from Nunc. 

Centrifuge bottles were obtained from Sorval and Tubes for small volume suspension 

cultures of bacteria were bought from Sterilin. 
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2.1.5 Molecular biology reagents 

 

Restriction enzymes, T4 DNA Ligase, Thermus aquaticus (Taq) DNA polymerase 

and Pyrococcus furiosus (Pfu) DNA polymerase were obtained from New England 

Biolabs (NEB) or Promega.  

PCR purification and gel extraction kits were supplied by QIAGEN. BigDye® 

Terminator v3.1 Cycle Sequencing kit was obtained from Applied Biosystems (ABI). 

Molecular biology grade agarose, TRIzol® reagent, Lipofectin® and 

Lipofectamine
TM

 2000 transfection reagents were purchased from Invitrogen. Unless 

otherwise stated, culture media and serum was purchased from Gibco. 

 

 

2.1.6 Spectrophotometry 

2.1.6.1 Spectrophotometry of DNA and RNA  

 

To determine the concentration and purity of solutions containing DNA or RNA 

spectrophotometry measurements were carried out. The absorbance of the solutions 

were verified at 260 nm (A260) and 280 nm (A280) using a BioPhotometer 

(Eppendorf) and UV cuvette micro (70 µl volume, centre height 8.5 mm, 

Plastibrand). The ratio of A260 to A280 is an indicator of protein contamination in the 

solution. Depending on the pH and the salt rate in the nuclease samples, ratio values 

between 1.7 and 2.0 were considered to be pure. The concentration was calculated 

according to the following equation: 

                                                           

 

The multiplication factor is specific for the individual nucleases. For double stranded 

DNA (dsDNA) it is 50, for single stranded DNA (ssDNA) it is 33 and for single 

stranded RNA (ssRNA) it is 40.  
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2.1.6.2 Optical density of bacterial cultures  

 

Growth of bacteria cultures was observed by measuring the optical density (OD) by 

aseptically transferring 1 ml of the culture into a disposable plastic cuvette 

(Fisherbrand). The OD at 600 nm was determined using a BioPhotometer 

(Eppendorf). 1 ml of the growth medium served as reference.  

 

 

2.1.7 Gel electrophoresis  

2.1.7.1 Agarose gel 

 

Agarose gel electrophoresis was used to separate and identify DNA fragments based 

on the principle that due to its negative electric charge DNA migrates to the anode in 

an electric field. The electrophoretic separation of DNA fragments and the resolution 

depend on the concentration of agarose and subsequently on the resulting pore size of 

the gel. Larger fragments migrate slower through the agarose matrix than smaller 

ones. The reason for this is that the pores within the filter structure of the agarose 

offer little resistance to smaller fragments. In order to achieve a correct fragment 

separation, an agarose concentration of between 1% and 2% was used. The size of 

the different migrated fragments was measured by reference to an adequate DNA 

ladder which was also loaded onto the gel. 

Agarose (1%-2% [w/v] Invitrogen Inc.) was boiled in 1x TBE buffer (0.1 M Tris, 

0.08 M boric acid, 1 mM EDTA [pH 8.2]) and cooled to approximately 50°C. 

Ethidium bromide was added to a final concentration of 0.5 µg/ml and the melted 

agarose was poured into a gel chamber containing a fitted comb. The polymerised 

gel was transferred into a horizontal electrophoresis tank (Flowgene Biosciences) 

filled with 1x TBE buffer and the comb was removed. Before DNA-samples were 

loaded onto the gel, 1/6 volume of 6x DNA-loading buffer (40% [w/v] sucrose, 

75 mM EDTA [pH 7.5], 0.1% [w/v] bromophenol blue, 0.1% [w/v] xylenecyanol) 

was added. The loading buffer increases the density of the solution to enable it to 

sink into the appropriate well. The dyes present in the loading buffer (bromophenol 
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blue and xylene cyanol) migrate analogous to 2000 bp an 500 bp DNA fragments, 

respectively which allows the progress of the sample through the gel to be tracked 

during the electrophoretic run. DNA size marker was added (section 2.5.1.1) and 

electrophoresis was accomplished through the use of 130 V for 30 to 45 min.  

The result was visualised and documented under UV light.  

 

The identity and integrity of in vitro transcribed RNA fragments (section 2.5.2.3) 

were analysed in a 0.8x  TBE/0.1% (w/v) SDS/1% (w/v) agarose gel. Prior to loading 

onto the gel, 1/6 volume of 6x RNA loading buffer (40% [w/v] sucrose, 75 mM 

EDTA [pH 8.0], 0.1% [w/v] SDS, 0.1% [w/v] bromophenol blue) were added to 1 µg 

RNA sample. Following gel electrophoresis at 80 V for 2 h in 1x TBE/0.1% (w/v) 

SDS electrophoresis buffer, the gels were stained in an ethidium bromide (5 µg/ml) 

bath for 10 – 30 min and subsequently visualised under UV light. 

 

 

2.1.7.1.1 Gel documentation 

 

Intercalation of ethidium bromide between bases in the DNA fragments results in the 

production of florescence upon UV excitation. Therefore, separated DNA fragments 

on ethidium bromide-containing agarose gels were visualised using a Chromato-Vue 

MT-40 UV transilluminator (U.V.P.) linked to a P91 video-copy processor 

(Mitsubishi Electric Corporation). 

It has been documented that high levels of UV light can cause damage to DNA. 

Therefore, to avoid the introduction of mutations into PCR products, DNA vectors 

and inserts during gel purification of DNA fragments gels were visualised using a 

low-power and longer wavelength setting of the U.V.P. The fragments were 

visualised in this way for a minimal time period. The desired DNA fragment was 

excised from the gel in an agarose block using a sterile, disposable scalpel (section 

2.5.1.9). 
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2.1.7.2 Agarose-formaldehyde gel 

 

Electrophoresis of RNA preparations were performed under denaturing conditions 

using an agarose-formaldehyde gel. Denaturing conditions were used because the 

majority of RNA molecules contain extensive secondary structure through 

intramolecular base pairing which prevents it from migrating strictly according to 

size. A 1% (w/v) agarose/6% (v/v) formaldehyde/1x MOPS-buffered gel was 

prepared by the addition of 1 g agarose to 73 ml ddH2O. This solution was boiled 

prior to the addition of 10 ml 10x MOPS (0.2 M MOPS, 0.05 M sodium acetat, 

0.01 M EDTA [pH 8] and 16.2 ml (37% [v/v]) sterile filtrated formaldehyde. This 

mixture was poured into a gel chamber with a fitted RNase – free comb. 1x MOPS 

was used as electrophoresis buffer. RNA samples were denatured by the addition of 

3 volume denaturation buffer (1.3x MOPS, 7.4% [v/v] filtered formaldehyde, 67% 

deionised formamide) and heating to 60°C for 15 min. Prior to loading onto a gel, 

1/10 volume of RNA loading buffer (50% [v/v] glycerol, 1 mM EDTA, 0.4% [w/v] 

bromophenol blue, 0.4% [w/v] xylencyanol FF) were added to the RNA samples. 

Electrophoresis was accomplished with an applied voltage of 25 V over night (17 h). 

The running buffer was continuously re-circulated from the cathode to the anode to 

avoid the built up of a pH gradient between the two buffer reservoirs of the 

electrophoresis chamber by using a peristaltic pump. 

 

 

2.1.7.3 SDS-Polyacrylamide gel electrophoresis (PAGE) 

 

Proteins are separated by SDS-PAGE on the basis of their molecular weight. SDS 

(sodium dodecyl sulfate) is a detergent that can dissolve hydrophobic molecules but 

also confers a negative charge to the polypeptide in proportion to its length. It binds 

in a ratio of approximately 1.4 g SDS per 1.0 g protein, giving an approximately 

uniform mass : charge ratio for most proteins, so that the distance of migration 

through the gel can be assumed to be directly related to the size of the protein. 

It is usually also necessary to reduce disulphide bridges in proteins before they adopt 

the random-coil configuration necessary for separation by size: this is achieved 

through the addition of 2-mercaptoethanol or dithiothreitol (DTT). 
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Negatively-charged proteins migrate across the polyacrylamide gel (PAG) towards 

the anode. Depending on their size, each protein will move differently through the 

gel matrix; short proteins will more easily fit through the pores in the gel and thus 

migrate further than larger proteins which encounter more resistance. The pore size 

of the gel is dependent on the total amount of acrylamide present (%T) (T = Total 

acrylamide/bis-acrylamide monomer concentration) and the amount of cross-linker 

(%C) (C = crosslinker concentration, bis-acrylamide). The pore size decreases with 

increasing concentration of acrylamide. The determinants %T and %C are calculated 

as follows: 

     
                              

      
     

and 

     
                 

                              
     

A PAG generally consists of two gels, the separating and the stacking gel. The 

stacking gel contains a low concentration of acrylamide which leads to the 

accumulation of the proteins at the dye front („starting zone‟).  

A glass and a notched aluminium plate were clamped with two side spacers into an 

upright pouring chamber. The ingredients of the separating gel (10%-17%T in 

375 mM Tris HCl, [pH 8.8] and 0.1% SDS, polymerised by addition of 0.05% APS 

and 0.05% TEMED) were gently mixed to ensure that no air bubbles were formed. 

Thereafter, this mixture was carefully poured into the plate assembly and 

immediately overlaid with isopropanol to ensure a flat gel surface and to exclude air. 

After the gel had completely polymerised (30 min) the isopropanol was removed by 

extensively rinsing with water. The stacking gel always contained 5% T and 3.2% C 

in 156 mM Tris-HCl (pH 6.8) and 0.1% SDS polymerised by the addition of 0.1% 

APS and 0.1% TEMED. The ingredients were carefully mixed together and poured 

onto the top of the set separating gel. A comb was immediately inserted and after 

polymerisation of the stacking gel (30 min), the plate assembly was clamped into an 

electrophoresis chamber filled with 1x SDS-Tris-glycine electrophoresis buffer 

(25 mM Tris, 192 mM glycine, 0.1% SDS) and the comb was removed. 

http://en.wikipedia.org/wiki/Wiktionary
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The prepared protein samples were mixed with an equal volume of 2x Laemmli 

sample buffer (4% SDS, 20% glycerol, 200 mM DTT, 0.004% bromophenol blue, 

125 mM Tris-HCl [pH 6.8]), denatured at 94°C for 2 min, briefly centrifuged and 

loaded into the sample pockets. Furthermore, an appropriate molecular weight ladder 

was loaded onto the gel (appendix 2). The electrophoresis was performed by 

applying a constant electric current of 30 mA until the bromophenol blue dye 

reached the bottom of the gel.  

After completion of electrophoresis the gel was either stained in a coomassie blue 

staining solution (25% isopropanol, 10% acetic acid, 0.05% Coomassie brilliant blue 

R250) for 2-3 h, followed by destaining in 10% acetic acid and drying with vacuum 

for 2 h at 80°C on Watman 3MM filter paper, or else processed further (Western blot 

described in section 2.6.2.3). 

 

 

2.2 Bacterial cell culture 

2.2.1 Strains 

 

The Escherichia coli strain Top10 F‟ (Invitrogen) was used for cloning and 

accumulation of plasmid DNA. E. coli TB1 (NEB) allow a high level of expression 

from E. coli promoters such as trc, tac and lac promoters and were therefore used as 

expression vectors for MBP fusion proteins encoded by pMal-c2X derived plasmids 

(section 2.6.1.1).  

 

 

2.2.2 Media and antibiotics 

 

Bacteria were cultured exclusively in Luria-Bertani (LB) broth (1% [w/v] Bacto-

tryptone, 1% [w/v] NaCl, and 0.5% [w/v] Bacto-yeast extract in ddH2O) or LB agar 

(LB broth containing 1,5% [w/v] Bacto-agar). LB broth and agar were autoclaved 

and supplemented with antibiotics where appropriate. Antibiotic stock solutions were 

http://en.wikipedia.org/wiki/Western_blot
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prepared at a concentration of 100 mg/ml and 50 mg/ml in ddH2O for ampicilin and 

kanamycin, respectively and filter-sterilised using a 0.22 µm filter. The final 

concentration of antibiotics in LB liquid media and agar was 100 µg/ml and 

50 µg/ml for ampicillin and kanamycin, respectively. LB agar was then poured into 

sterile 150 mm Petri dishes and allowed to set for 45 min. 

 

 

2.2.3 Bacterial cell culture 

 

Bacteria cells were streaked onto LB agar plates containing the appropriate antibiotic 

and incubated over night at 37°C. Individual bacterial colonies were picked with a 

sterile pipette tip to inoculate 3 ml of LB broth, containing the appropriate antibiotic 

in disposable plastic universal bottles for further cultivation. 

Cultivation of bacteria in LB broth was performed in an orbital temperature-

controlled incubator (New Brunswick Scientific Ltd., UK) shaking at 220 rpm. The 

volume of the culture, temperature and duration of incubation was dependent on the 

subsequent intended use of the culture. 

 

A small amount of an E. coli cell growth culture was transferred onto an LB-agar 

plate using aseptic techniques and evenly distributed using a Drigalski spatula. The 

agar plate was then placed upside down in a 37°C incubator for 16 h. 

 

 

2.2.4 Storage of bacterial culture 

 

Bacterial agar plates and LB broth growth cultures were stored at 4C as colonies for 

up to one week. However, for long-term storage a glycerol stock was necessary. This 

was prepared by first incubating 3 ml of a bacterial pre-culture at 37°C in an orbital 

incubator until the exponential growth stage was reached. Sterile-filtered glycerol 

solution was added to an aliquot of this culture to an end concentration of 15% (v/v), 

rapidly frozen using liquid nitrogen and stored at -80°C. Bacteria were recovered 

from glycerol stocks by streaking an aliquot onto agar plates. 
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2.2.5 Preparation of calcium chloride (CaCl2) chemically competent E. coli 

cells (Dagert & Ehrlich, 1979) 

 

The cells were kept on ice during all re-suspension steps throughout the preparation 

of calcium chloride chemically competent cells.  

Chemically competent bacteria were prepared by first inoculating 200 ml of LB 

broth with 500 µl of a pre-culture (section 2.2.3) in a sterile 1 L conical flask. The 

bacterial culture was incubated in an orbital incubator at 37°C until an optical density 

(OD600) of 0.4 was reached. 

The cells were transferred to a pre-chilled 500 ml centrifuge tube and harvested by 

centrifugation at 1200    and 4°C for 20 min (using a Sorvall centrifuge and GS-3 

rotor). The supernatant was removed and the pellet was gently re-suspended in 20 ml 

ice-cold, filter-sterilised CaCl2-solution (60 mM CaCl2, 15% glycerol, 10 mM PIPES-

NaOH [pH 7.0]) and again centrifuged (1200   , 4°C, 10 min). The pellet was re-

suspended in 20 ml ice-cold CaCl2-solution and incubated on ice for 30 min. The 

cells were once again pelleted by centrifugation. The supernatant was carefully 

removed and the pellet re-suspended in 5 ml ice-cold CaCl2-solution. The suspended 

cells were dispensed into aliquots (50 µl and 100 µl) in pre-chilled microcentrifuge 

tubes (Sarstedt). Aliquots were shock frozen in liquid nitrogen and stored at -80°C. 

 

 

2.2.6 Transformation of competent bacteria cells 

  

Reagents were kept on ice throughout the procedure. An aliquot of chemically 

competent E. coli cells was thawed on ice and 15 µl of ligation reaction or up to 

10 ng of plasmid DNA were added. The mixture was incubated on ice for 30 min. 

After this incubation, the cell-DNA mixture was heat shocked at 42°C for 90 sec. 

750 µl of LB broth (without antibiotics) was added to the cells which were then 

incubated at 37°C for 40 min. Cells were pelleted by centrifugation at 1000    for 

30 sec. The pellet was re-suspended in about 150 µl LB broth and spread-plated onto 

an LB-agar plate containing the appropriate antibiotic (section 2.2.3).   
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2.3 Eukaryotic cell culture 

2.3.1 Cell lines 

 

BHK-21 (Baby hamster kidney) cells and CV-1 (African green monkey kidney) 

cells, were obtained from the ATCC (the global Bioresource center). Huh7 (human 

hepatoma) cells were purchased from the JCRB cell bank (Japan). D980R (a 

hypoxanthine phosphoribosyltransferase [HPRT]-negative HeLa derivative) cells 

were kindly provided by G. L. Smith (Imperial College, London, UK). BSR-T7/5 

cells (BHK-derived cell line stably expressing T7 RNA polymerase) were obtained 

from Karl-Klaus Conzelmann (Munich, Germany, Buchholz et al., 1999). 

 

 

2.3.2 Cell media and supplements 

 

Unless otherwise stated, Cells were grown in Dulbecco‟s modified Eagle medium 

(DMEM, Gibco) supplemented with 10% (v/v) foetal calf serum (FCS, obtained 

from PAA) and 1% (v/v) non-essential amino acids (MEM-NEAA 100x, Gibco).  

Growth medium for BSR-T7/5 cells contained 5% (v/v) FCS and 1 mg/ml Geneticin. 

Opti-MEM® (Gibco) serum free medium was used for transfection experiments 

(section 2.3.7.1 and 2.3.7.2). 

1x Phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

2 mM K2HPO4 [pH 7.4]) was used as a wash solution and was acquired by 

dissolving the chemicals in ultrapure H2O and adjusting the pH with HCl. The 

solution was sterilised by autoclaving. The Trypsin (2.5%) with EDTA stock solution 

(10x) (Gibco) was diluted to working concentration (1x) with PBS under aseptic 

conditions and stored at 4C. 
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2.3.3 Cell culture techniques  

2.3.3.1 Cell culture 

 

Cell culture was performed in a class II microbiological safety cabinet (Microflow, 

UK) using standard aseptic techniques. Cells were cultured in 75 cm
2
 flasks at 37°C 

in an atmosphere of 5% CO2 and routinely observed visually using an inverted phase 

contrast microscope (Leica). To ensure cell viability, monolayers were routinely 

trypsinised prior to reaching 100% confluency (usually 95%), and the cells used to 

seed further 75 cm
2
 flasks. For this purpose, growth medium was completely 

decanted and the monolayer was washed twice with PBS (10 ml) to remove all traces 

of serum. Sufficient trypsin (2 ml) was dispensed into the culture flask to completely 

cover the monolayer and cells were allowed to incubate until they detached from the 

surface. Cells were re-suspended in growth medium to obtain a homogenous cell 

suspension and were appropriately diluted into culture flasks or dishes. Here the 

dilution factor was depending on the cell line and the purpose of the intended 

experiment. For routine maintenance, MRC-5 cells were sub-cultured at a ratio of 

1: 2, BHK-21, CV-1 and D980R cells at 1: 3 to 1: 5 in a new 75 cm
2
 flask every two 

to three days. Huh7 cells were passaged at a ratio of 1: 4 every three days. 

 

 

2.3.3.2 Culture of cells in 6-well trays 

 

Cells were cultured in 6-well trays (Nunc) for various applications. Confluent cell 

monolayers were trypsinised as described in section 2.3.3.1. The trypsin digestion 

was inhibited by the addition of growth medium and the cell suspension was passed 

rapidly through a 10 ml serological pipette to obtain a single cell suspension. An 

appropriate aliquot of this cell suspension (ratio between 1: 15 to 1: 40 depending on 

the cell line) was added to each well of a 6-well tray and the volume of medium was 

adjusted to 2 ml. Before incubation at 37
o
C and 5% (v/v) CO2 for 18 hours, trays 

were agitated to ensure an even dispersal of cells over the well surfaces. 
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2.3.3.3 Culture of cells in 96-well trays 

 

Virus titers (section 2.4.2.2) were determined by infection of Huh7 cells cultured in 

96-well trays (Nunc). To this end, confluent cell monolayers were trypsinised 

(Section2.3.3.1) and 50 ml of growth medium was added directly to the cells. The 

cell suspension was passed rapidly through a 10 ml pipette to disperse any cell 

clumps and subsequently transferred to a sterile reservoir (costar). An 8 channel 

multi-pipette was used to transfer 100 µl cell suspension to each well of a 96 -well 

tray. Prior to virus-infection (section 2.4.2.2), cells were incubated at 37
o
C with 5% 

(v/v) CO2 for 18 h. 

 

 

2.3.3.4 Culture of cells on glass coverslips 

 

Cells were cultured on 13 mm glass coverslips (BDH Laboratory Supplies, UK) for 

the purpose of immunocytochemistry of fixed cells. Coverslips were boiled twice in 

ddH2O and stored in absolute ethanol. Prior to use, coverslips were air-dried and 

placed in a well of a 6-well try (3/well). In order to attach the coverslip to the surface 

of the well pressure was carefully applied to the centre of the slip. Cells were then 

seeded as described under section 2.3.3.2.  

 

 

2.3.4 Storage of eukaryotic cells 

 

Cell lines were periodically frozen to enable long term storage. An 80-90% confluent 

150 cm
2 

flask of cells was trypsinised and the cells re-suspended with sterile PBS. 

The cell suspension was centrifuged at 1000    for 5 minutes at 4C (Eppendorf, 

centrifuge 5810R). Supernatant was carefully decanted and the cell pellet was gently 

re-suspended in 3 ml of Recovery
TM

 cell freezing medium (Invitrogen Inc.) to reach 

a concentration of three times 6   10
6
 cells/ml. 1 ml aliquots of the cell suspension 

were transferred into cryotubes (Nunc) and slowly cooled through storage for 1 h at 
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-20C. The cryotubes were then transferred to -80C (18 h) before final transfer to 

long term storage in liquid nitrogen (-196C).  

 

 

2.3.5 Recovery of cells from frozen stocks 

 

To recover cells from long term storage, an aliquot was rapidly thawed and the cell 

suspension was transferred to a 75 cm
2
 flask containing pre-warmed growth medium. 

This was incubated at 37°C with 5% CO2 to allow the cells to attach. The next day 

the growth medium was changed to enable complete removal of DMSO from the 

medium and cells were incubated until the appropriate confluence for subsequent 

passaging (section 2.3.3.1) was attained.  

 

 

2.3.6 Determination of cell number 

 

Prior to infection and transfection of cells (section 2.3.7) and experiments requiring 

the use of electroporation (section 2.3.7.3) it was important to quantify the number of 

cells in the culture dish. To determine the number of cells per unit volume of a 

suspension a Neubauer cell counting chamber and a microscope were used. 

Following manufacturer‟s instruction the counting chamber was prepared and filled 

with cell suspension. The number of cells per ml (cm
3
) of the cell suspension could 

then be calculated by multiplying the average number of cells counted in each corner 

square by the special chamber factor (10
4
), taking the appropriate dilution factor into 

account. 
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2.3.7 Transfection of eukaryotic cells with nucleic acids 

2.3.7.1 Lipofectin® mediated transfection 

 

Approximately 5   10
5
 CV-I cells were seeded into 6-well trays and grown to 80-

90% confluence. Following over night incubation at 37°C with 5% (v/v) CO2, cells 

were infected with the appropriate vaccinia virus (multiplicity of infection [MOI] = 1) 

and incubated at 37°C for 2 h. After 1 h of infection 2-20 µl Lipofectin® reagent 

(Invitrogen) was mixed with 100 µl Opti-MEM® in a 1.5 ml microcentrifuge tube 

and incubated for 45 min at room temperature. After this time, plasmid DNA 

(1-10 µg) was diluted in 100 µl of Opti-MEM® and added to the Opti-

MEM/Lipofectin solution, mixed through pipetting, and incubated for a further 

15 min at room temperature. After the 2 h infection time, the medium was removed 

and cells were washed once with warm growth medium without serum. 800 µl Opti-

MEM® was added to the 200 µl transfection complexes, gently mixed and added 

dropwise over the surface of the well. The cells were incubated at 37°C with 5% 

(v/v) CO2 for 4 h. The transfection medium was replaced with 2 ml growth medium 

containing 10% FCS (2 ml). After three days of incubation at 37°C with 5% (v/v) 

CO2, cells were scraped into 1 ml growth media, freeze/thawed three times and in 

between ultra sonicated for 2 min. The virus stock was stored in Nunc cryotubes at 

-20°C. 

 

 

2.3.7.2 Lipofectamine™ 2000 mediated transfection 

 

One day prior to transfection, 8   10
5
 BSR-T7/5 cells were seeded into a 6-well tray 

and incubated in BSR-T7/5 growth medium over night at 37°C with 5% (v/v) CO2. 

Upon observation that cells were suitable for transfection, 2-4 µg plasmid DNA was 

diluted in 100 µl Opti-MEM®, mixed by pipetting and incubated for 20 min at room 

temperature. Similarly, 2 µl/µg DNA Lipofectamine™ 2000 reagent (Invitrogen) 

was diluted in 100 µl Opti-MEM®, mixed and incubated for 20 min at room 

temperature. The plasmid DNA solution was then combined with the liposome 

solution and incubated for 20 min at room temperature. 



 2 Material and Methods  

58 

 

The BSR-T7/5 growth medium was removed, the cell monolayer washed once with 

1 ml Opti-MEM® and 200 µl of the DNA/liposome transfection mix and 800 µl 

fresh Opti-MEM® was added to each well in a drop-wise manner. Transfected cells 

were incubated at 37°C with 5% (v/v) CO2 for 5 h after which the transfection mix 

was removed, 2 ml growth medium added and the cells incubated over night at 37°C 

with 5% (v/v) CO2.  

 

 

2.3.7.3 Electroporation 

 

Electroporation is a technique which allows the introduction of large highly charged 

molecules into cells and was used to transfect Huh7 cells with in vitro synthesised 

HCoV-229E genomic RNAs.  

The cells were trypsinised as described previously (section 2.3.3.1), resuspended in 

growth medium and the cell number determined (section 2.3.6). For each 

electroporation, 4   10
6
 cells were transferred to a 50 ml tube (falcon) and 

centrifuged at 4°C for 10 min at 200   . The supernatant was removed, the cell 

pellet washed with ice cold PBS and once again pelleted through centrifugation 

(10 min, 200   , 4°C). The supernatant was discarded and the cells resuspended in 

400 µl Cytomix (25 mM Hepes, 120 mM KCl, 0.15 mM CaCl2, 10 mM potassium 

phosphate buffer [pH 7.6], 2 mM EDTA, 5 mM MgCl2 [pH 7.6] which was 

supplemented with 2 mM ATP [pH 7.6 with KOH] and 5 mM glutathione [pH 7.6 

with KOH]) per electroporation reaction. 15 µg in vitro transcribed virus genomic 

RNA and 5 µg in vitro transcribed nucleocapsid protein RNA were transferred into 

an ice chilled electroporation cuvette (4 mm gap width, Invitrogen) and mixed with 

the cell suspension. Previous studies have shown that the nucleocapsid protein 

enhances virus replication and increases virus recovery (Almazán et al., 2004, 

Schelle et al., 2005, 2006). 

The cells were electroporated at 270 V, 975 µF using the Gene Pulser Xcell
TM

 

Electroporation System (BIO-RAD) and subsequently seeded into a 10 cm cell 

culture dish (Nunc) containing pre-warmed growth medium. After 16 h incubation at 

37°C and 5% (v/v) CO2 the medium was replaced with fresh growth medium (10 ml) 
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and the cells incubated for a further 24 h at 33°C and 5% (v/v) CO2. After this time, 

the virus containing supernatant was transferred into a 15 ml falcon tube, total RNA 

isolated from the cells as described in section 2.5.2.1 and the virus titer determined 

(section 2.4.2.2). 

 

 

2.4 Virus 

2.4.1 Vaccinia Virus 

 

The recombinant vaccinia virus vHCoV-inf1 was obtained from Dr. Volker Thiel 

(Thiel et al., 2001a). 

 

 

2.4.1.1 Plaque forming unit assay 

 

The cytopathic effect (CPE) caused by virus infection can be used to determine the 

number of infectious virus particles. Thus, 5   10
5
 CV-1 cells were seeded into a 6-

well tray and incubated at 37°C and 5% (v/v) CO2 until the cells formed a confluent 

monolayer (2 d). The growth medium was replaced with serial dilutions of the 

appropriate vaccinia virus and incubated for 2 d at 37°C and 5% (v/v) CO2. After this 

period the cells were stained for 5 min with a crystal violet solution (1% [w/v] in 

20% Ethanol). Only living cells were stained and plaques appeared as unstained 

areas. The PFU was calculated by taking account of the number of plaques and the 

dilution factor:  

                                            

with 
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2.4.1.2 Purification of recombinant vaccinia viruses 

 

BHK cells were cultured in a 175 cm
2
 flask. Upon the formation of a confluent 

monolayer, cells were infected with the appropriate vaccinia virus clone (MOI 0.1) 

and incubated at 37°C and 5% (v/v) CO2 until cells showed cytopathic effect (around 

3 d p.i.). Cells were harvested by one freeze/thaw cycle. The virus containing cell 

suspension was used to infect a further twelve 175 cm
2
 flasks of BHK cells and 

virus-infected cells were incubated at 37°C and 5% (v/v) CO2 until CPE was 

apparent throughout the cell monolayer. Cells were harvested by one freeze/thaw 

cycle and subsequently centrifuged at 6000    for 15 min at 4°C. The supernatant 

was discarded and the cell pellet resuspended in 12 ml 10 mM Tris-HCl/1 mM 

EDTA (pH 7.0) and subjected to three cycles of freeze/thaw followed by sonication 

for 5 min in an ultrasonic bath (Ultrawave). The cells were further solubilised by 30 

strokes in a dounce homogeniser (Wheaton) and the suspension was centrifuged at 

1000    for 3 min at 4°C. The supernatant was carefully transferred onto a 16 ml 

30% (w/v) sucrose cushion and centrifuged at 14.000    for 80 min at 4°C to pellet 

vaccinia virus particles. The supernatant, containing the lower density cell debris was 

discarded; the pellet resuspended in 5 ml 10 mM Tris-HCl/1 mM EDTA/0.025% 

trypsin (pH 7.0) and incubated at 37°C for 45 min. The trypsin digest was then 

carefully layered onto a sucrose gradient (5.6 ml of each 24%, 28%, 32%, 36%, 40% 

[w/v] sucrose) which had been prepared the previous day and stored at 4°C over 

night. The gradient was centrifuged at 14.000    for 45 min at 4°C. Following 

centrifugation one to two white bands (containing vaccinia virus) between the 32% 

and 36% sucrose gradient step were visible and carefully isolated. If there was a 

pellet after this centrifugation step, it was resuspended in 5 ml 10 mM Tris-

HCl/1 mM EDTA/0.025% trypsin (pH 7.0), incubated and subjected to a second 

sucrose gradient as described before. The concentrated vaccinia virus was 

centrifuged at 14.000    for 80 min at 4°C resuspended in 600 µl 10 mM Tris-

HCl/1 mM EDTA (pH 7.0), divided into 200 µl aliquots and stored at -20°C. 

 

 



 2 Material and Methods  

61 

 

2.4.1.3 Selection of recombinant vaccinia viruses 

 

In this study, the E. coli guanine phosphoriboxyltransferase gene (gpt) was used as a 

selectable marker in isolating recombinant vaccinia viruses carrying foreign DNA of 

interest (Falkner & Moss, 1988, Isaacs et al., 1990). 

 

 

2.4.1.3.1 Positive selection 

 

Positive selection for recombinant vaccinia viruses carrying the gpt gene was 

achieved by (i) blocking the de novo purine nucleotide synthesis using mycophenolic 

acid (MPA) making the cells exclusively dependent on the salvage pathway and (ii) 

the provision of xanthine, a purine base which cannot be used by the cellular salvage 

pathway enzyme hypoxanthine-guanine phosphoriboxyltransferase (HPRT) but by 

the bacterial Gpt. Thus, only cells infected with a gpt-positive recombinant vaccinia 

virus are able to survive.  

The positive selection step is based on the inhibitory effect of mycophenolic acid 

(MPA) on the cell growth. MPA inhibits the enzyme inosine monophosphatase 

dehydrogenease which prevents the formation of xanthine monophosphates, leading 

to depletion of cellular purine nucleotides. The inhibition of the de novo purine 

nucleotide synthesis was overcome by the provision of hypxanthine and xanthine, a 

purine base which cannot be used by the cellular salvage pathway enzyme 

hypoxanthine-guanine phosphoriboxyltransferase (HPRT) but by the bacterial Gpt. 

Thus, only cells infected with a gpt-positive recombinant vaccinia virus are able to 

survive. 

CV-1 cells were grown in 6-well culture dishes using selection medium (growth 

medium supplemented with 250 µg/ml xanthine, 15 µg/ml hypoxanthine and 

25 µg/ml MPA). Once they reached 60% confluency cells were infected with the 

respective vaccinia virus (MOI 1) and transfected with a plasmid carrying the gpt-

gene flanked by appropriate HCoV-229E sequences (section 2.3.7.1). After 6 h 

incubation time at 37°C and 5% (v/v) CO2 the cell culture supernatant was replaced 

with selection medium. Following an incubation period of three days at 37°C and 5% 
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(v/v) CO2 the transfection supernatant was subjected to several rounds of plaque 

purification. For the initial round of selection cells were infected with serial dilutions 

(10
-1

–10
-3

) of the transfection stock in 500 µl selection medium, for subsequent 

rounds 15 µl of the resuspended plaque was used. The viruses were left to attach for 

3 h at 37°C, the selection medium was renewed and cells were kept at 37°C and 5% 

(v/v) CO2. Two to three days after infection plaques became detectable. Viruses from 

individual plaques were harvested by carefully scraping plaque area with a pipette tip 

and resuspending attached viruses in 50°µl growth medium. Prior to each subsequent 

plaque purification round virus stocks were subjected to three freeze and thaw cycles 

followed by sonication in a sonication water bath.  

 

 

2.4.1.3.2 Negative selection 

 

The gpt gene in the vHCoV_ΔX-GPT vaccinia virus DNA was replaced by 

incorporation of sequences containing the desired ADRP mutation. The resulting gpt-

negative viruses are able to replicate in the presence of 6-thioguanine, a purine 

analogue which (i) triggers genotoxic stress upon incorporation into DNA leading to 

cell cycle arrest and apoptosis, (ii) inhibition of protein synthesis upon incorporation 

into RNA by preventing translation of mRNA and (iii) conversion of 6-TG to 6-

thioguaninemonophosphat (TGMP) by the Gpt interferes with the synthesis of 

guanine nucleotides. Thus, serial passaging of virus stock in the presence of 6-

thioguanine allows selection against gpt-positive viruses and subsequently results in 

the rescue of pure recombinant ADRP mutant vaccinia viruses. 

D980R cells were cultured in 6 well culture dishes. When cells formed a confluent 

monolayer, the growth medium was replaced with selection medium (growth 

medium containing 1 µg/ml 6-thioguanine) and the cells were incubated at 37°C and 

5% (v/v) CO2 for a further 12 h. For the first round of plaque purification, cells were 

infected with serial dilutions (10
-1

–10
-3

) of the respective vaccinia virus transfection 

stock. In subsequent purification rounds cells were infected with 25 µl of the 

resuspended plaques. Cells were incubated at 37°C and 5% (v/v) CO2 to allow 

viruses to attach. Three hours post infection the supernatant was removed and the 
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cells were carefully covered with agarose overlay (1 volume 2x selection medium 

mixed with 1 volume 2% [w/v] low melting point agarose [in water]) and incubated 

at 37°C. Usually 3 d p.i. virus plaques became distinguishable and were harvested by 

inserting a pipette tip into the agarose overlay and carefully scraping cells of the 

plaque area. Viruses attached to the tip were resuspended in 100 µl growth medium 

and subjected to three rounds of freeze thawing and sonication (section 2.3.7.1) 

before this virus stock was used for infection. To recover gpt negative virus stocks 

three rounds of plaque purification were necessary.  

 

 

2.4.2 Human Coronavirus 229E (HCoV-229E) 

 

Human coronavirus 229E (HCoV229E, accession no: NC_002645) (Hamre, D. & 

Procknow, J.J, 1966, Herold et al., 1993b). 

 

 

2.4.2.1 Virus stock preparation 

 

Human coronavirus 229E was propagated in Huh7 cells. The cells were cultured in 

75 cm
2
 flasks to 90 % confluency, infected with an aliquot of virus at a multiplicity 

of infection (MOI) of 0.1 TCID50 in growth medium and subsequently incubated at 

33°C for 1 h to allow adsorption of the virus. After this time, the inoculum was 

removed and an appropriate volume of growth medium was added. The infected cells 

were incubated for 2 d at 33°C. After this period, the cells were subjected to two 

rounds of freeze and thaw by alternate incubation at -80C and room temperature, 

and centrifuged at 500    for 10 min at 4C. The virus containing supernatant was 

aliquoted (500 µl) into cryotubes (Nunc) and stored at -80C.  
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2.4.2.2 Virus stock titration 

 

The titer of all HCoV-229E stocks was determined using the end-point dilution assay 

of Reed & Muench, 1938. This method was developed to measure the titer of viruses 

which do not form plaques. 

Huh7 cells were grown in 96-well trays as described in section 2.3.3.3. A series of 

logarithmic dilution of a virus stock was prepared in growth medium. 12 monolayer 

cell cultures were infected with each virus dilution (100 µl of dilution per well) and 

inoculated for 5 d at 33°C and 5% (v/v) CO2. After the incubation period, wells 

which displayed cytopathic effects (CPE) were scored positive which allowed the 

titer to be calculated using the following equation:  

 

                                                 

with  
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                    . 
 

 

 

2.5 Nucleic acid techniques 

2.5.1 DNA 

2.5.1.1 DNA size marker 

 

“GeneRuler™ 1 kb Plus DNA ladder” (Fermentas life sciences) and λ DNA marker 

III were used in agarose gel electrophoresis to estimate the sizes of DNA fragments. 



 2 Material and Methods  

65 

 

Fig. 2.1 shows the band pattern of the DNA markers obtained by electrophoresis 

using a 1% agarose gel.  

λ DNA marker III was prepared by digesting 500 µl (0.5 µg/ml) of λ phage DNA 

(Invitrogen Inc.) with 25 U EcoRI and 25 U HindIII for 2 h at 37°C using the 

appropriate restriction enzyme buffer (NEB). Upon digestion, 10 µl 0.5 M EDTA, 

166 µl 6x DNA loading dye and 344 µl H2O were added. 5 µl of the digested λ DNA 

solution (250 ng DNA) was used as a size marker on agarose gels. 

 

 

2.5.1.2 Isolation of DNA 

2.5.1.2.1 Preparation of plasmid DNA 

Small-scale preparation 

 

Small scale preparation of plasmid DNA was performed by transferring 1.5 ml of an 

overnight bacteria culture (section 2.2.3) into a 1.5 ml microcentrifuge tube which 

was centrifuged at 6000    for 1 min (microcentrifuge, Eppendorf). The LB broth 

was carefully discarded and the cell pellet was resuspended in 150 µl buffer 1 

(50 mM Tris-HCl [pH 7.5], 10 mM EDTA, 0.1 µg/ml RNase A). 150 µl buffer 2 

(200 mM NaOH, 1% [w/v] SDS) was added, mixed through inverting the tube and 

incubated for 30 sec to allow cell lysis to occur. Subsequently, 150 µl buffer 3 (3 M 

potassium acetate [pH 5.5]) was added and again gently mixed by inverting the tube 

five times. The precipitate was pelleted by centrifugation at 13.000    for 10 min at 

room temperature. The clear supernatant was transferred into a clean 1.5 ml 

microcentrifuge tube. Plasmid DNA was precipitated by the addition of one volume 

isopropanol (around 300 µl) mixed using a vortex and pelleted by centrifugation 

(15 min, 13.000   , room temperature). The supernatant was discarded and the 

pellet washed with 70% ethanol. All supernatant was removed and the pellet was 

briefly air dried. Finally the DNA pellet was dissolved in 50 µl nuclease free H2O 

(Promega).  
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Medium-scale preparation 

 

Medium-scale preparation of plasmid DNA was performed using the Pure Yield
TM

 

Plasmid Midiprep System (Promega) following the manufacturer‟s instructions.  

 

 

2.5.1.2.2 Preparation of viral DNA from infected eukaryotic cells 

 

The growth medium of vaccinia virus infected CV-1 cells (section 2.4.1.3) was 

removed; cells were washed twice with 1 ml 1x PBS, scraped into 500 µl 1x PBS 

and the suspension transferred into a 1.5 ml microcentrifuge tube. The cells were 

pelleted by centrifugation (microcentrifuge, Eppendorf) at 13.000    for 30 sec. The 

supernatant was discarded and the cell pellet resuspended in 200 µl 1x digest buffer 

(0.1 M Tris-HCl, 0.2 M NaCl, 5 mM EDTA, 0.2% [w/v] SDS) and incubated with 

0.15 mg/ml Proteinase K (pH 7.5) at 50°C until the solution became clear 

(approximately 2 h). This reaction was followed by nucleic acid purification by 

means of phenol-chloroform extraction (section 2.5.1.3) and ethanol precipitation 

(section 2.5.1.4). 

 

 

2.5.1.3 Purification of DNA by phenol-chloroform extraction 

 

Proteins were removed from nucleic acids solutions by the addition of an equal 

volume of phenol–chloroform–isoamyl alcohol (        [v/v/v], respectively) to 

the DNA sample. This was carefully mixed and subsequently centrifuged 

(microcentrifuge, 13.000   , 5 min). The upper aqueous phase was transferred to a 

fresh 1.5 ml microcentrifuge tube and an equal volume of chloroform-isoamyl 

alcohol (24:1[v/v], respectively) was added. The sample was again centrifuged for 

5 min at 13.000    and the upper phase transferred to a fresh 1.5 ml microcentrifuge 

tube.  
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2.5.1.4 Ethanol precipitation 

 

In order to remove all traces of phenol-chloroform and to precipitate the DNA, 1/10 

volume 3 M NaCl and 2.5 volume 100% ethanol were added to a phenol-chloroform 

purified nucleic acid solution and thoroughly mixed. The precipitated DNA was 

pelleted by centrifugation at 13.000    for 10 min, washed with 70% ethanol, 

briefly air dried and finally resuspended in an appropriate volume of nuclease free 

water (Promega). 

 

 

2.5.1.5 Polymerase chain reaction 

 

Polymerase chain reaction (PCR) was used to amplify a DNA sequence of interest by 

in vitro enzymatic replication. PCR starts with a double-stranded DNA and each 

cycle of the reaction begins with a brief heat treatment to separate the two strands. 

After this denaturation step, the temperature is lowered to allow the two primer DNA 

oligonucleotides, chosen to flank the desired nucleotide sequence, to hybridise to 

complementary sequences of the DNA (annealing step) and are subsequently 

elongated complementary to the template DNA sequence by a heat stable DNA 

polymerase using the provided deoxyribonucleoside triphospates (dNTP‟s). In this 

study two different heat stable DNA dependent DNA polymerases were used. Taq 

polymerase (Invitrogen, Fermentas) was used where fidelity of the amplification was 

insignificant (e.g. sequencing reaction, section 2.5.1.11). Pfu polymerase (Promega, 

Phusion) was utilised to amplify DNA fragments for cloning due to its additional 

proofreading activity. 

Reaction condition involved an initial denaturation step at 95°C for 2 min, followed 

by 25-30 cycles of 95°C for 30 sec, a primer specific annealing temperature (45-

60°C) for 30 sec, elongation step at 72°C for 1 or 2 min/kb using Taq or Pfu 

polymerase respectively and a final extension at 72°C for 5 to 10 min. The annealing 

temperature was adjusted depending on the melting temperature of the two primers.  
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A typical 50 µl PCR reaction contained 1x reaction buffer supplied by the 

polymerase manufacturer, 200 µM of each dNTP, 200 nM of each primer, DNA 

template and 2.5 U polymerase.  

The resulting PCR-product was verified by agarose gel electrophoresis (section 

2.1.7.1). 

 

 

2.5.1.6 Restriction enzyme digestion 

 

Restriction enzymes (or restriction endonucleases) recognise specific sequences in 

the DNA (known as recognition sites) and cut the DNA at these sites to produce so 

called restriction fragments. These enzymes, found in bacteria and archaea have an 

important role in the construction of recombinant DNA molecules and are also used 

to confirm DNA identity.  

A digest reaction contained 1-5 U of enzyme per µg DNA, 1x specific buffer 

supplied by the manufacturer and water, which was used to adjust the final reaction 

volume if necessary. 

The restriction digest was carried out under the manufacturer‟s recommended assay 

conditions.  

In the case of restriction analysis the outcome of the reaction was verified by running 

an aliquot on a 1% agarose gel and comparing the fragment sizes to the calculated 

fragment pattern. If the digested DNA was to be used in downstream applications, 

such as cloning into a DNA vector, the enzyme was either heat inactivated in 

accordance to the manufacturer‟s recommendation or purified by using the 

QIAquick® PCR Purification Kit (QIAGEN) (section 2.5.1.8). 
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2.5.1.7 Modification of DNA termini 

2.5.1.7.1 Removal of 5’ phosphates from DNA 

 

The removal of 5‟ phosphate groups from linearised vector DNA was necessary to 

prevent self-ligation of the vector and thereby facilitates the ligation of other DNA 

fragments into the vector. The reaction mix containing digested vector DNA (section 

2.5.1.6), 1x alkaline phosphatase buffer and Calf intestinal alkaline phosphatase 

(CIP) (NEB) (1 U per 1-5 µg DNA) was incubated at 37C for 1 h and subsequently 

purified using the QIAquick® PCR Purification Kit (QIAGEN) (section 2.5.1.8). 

 

 

2.5.1.7.2 Phosphorylation of 5’OH termini 

 

In this study PCR products were generated using non-phosphorylated primers. In 

order to subclone PCR fragments into alkaline phosphate treated DNA vectors, the 

fragments needed to be phosphorylated, a reaction which is catalysed by an enzyme 

called polynucleotide kinase (PNK). PNK transfers a phosphate from ATP to the 5' 

end of either DNA or RNA. In a standard reaction, containing 10 U T4 PNK (NEB), 

1x T4 PNK buffer and 1 mM ATP, up to 350 pmol of 5´ termini can be 

phosphorylated. The reaction was incubated for 30 min at 37C followed by an 

incubation of 20 min at 65C to completely heat inactivate the enzyme.  

 

 

2.5.1.7.3 A-tailing of PCR products synthesised with Pfu Polymerase 

 

PCR products amplified with Taq DNA polymerase contain a non-template adenine 

residue at the 3‟ terminal. In contrast, the exonuclease activity of Pfu DNA 

polymerase results in the generation of amplification products with blunt ends. 

Therefore, cloning of Pfu generated PCR products into commercial TA cloning 

vectors (pGEM®-T Easy vector system, Promega, USA) required A-tailing 

modification. To 1-7 µl purified PCR product (generated by a proofreading 



 2 Material and Methods  

70 

 

polymerase), 1 µl of 10x Taq polymerase reaction buffer with MgCl2, dATP (final 

concentration 0.2 mM) and 2-5 U Taq DNA polymerase were added. The reaction 

volume was made up to 10 µl with nuclease free water and subsequently incubated 

for 15-30 min at 70C. 1-2 µl of this reaction was then used in a ligation reaction 

with the pGEM®-T Easy vector system following the manufacturer‟s instruction. 

 

 

2.5.1.8 Purification of DNA from enzymatic reactions 

 

To remove primers, unincorporated nucleotides, enzymes, buffers and other 

impurities from DNA samples such as PCR products (section 2.5.1.5) and restriction 

digestions (section 2.5.1.6) the “QIAquick® PCR Purification Kit” (QIAGEN) was 

used following the manufacturer‟s instruction. The DNA was eluted from the binding 

column with 30-50 µl nuclease free water and stored at -20°C. Purified DNA 

samples were then suitable for use in applications such as sequence analysis, 

restriction digestion, ligation and transformation in addition to in vitro transcription 

reactions.  

 

 

2.5.1.9 Extraction and purification of DNA from agarose gel 

 

DNA was electrophoresed in a 1% agarose gel (section 2.1.7.1). The desired DNA 

fragments were identified under low power UV light and excised using a sterile 

scalpel (Sarsted, Germany). During this procedure it is important to not expose the 

DNA to mutagenic radiation for longer than absolutely necessary in order to avoid 

DNA damage. The excised gel slices were placed in 1.5 ml microcentrifuge tubes 

and the DNA isolated and purified following the QIAquick® Gel Extraction Kit 

(QIAGEN) protocol.  
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2.5.1.10 Ligation 

 

The purified vector and insert DNA were recombined using T4 DNA Ligase (NEB). 

Vector and insert DNA were initially visualised on an agarose gel, as described in 

section 2.1.7.1 and their concentrations estimated by comparison with known 

standards. Ligations were performed using 1:3 molar ratio of vector and insert unless 

stated otherwise. Water, vector DNA and insert DNA were combined in a 1.5 ml 

microcentrifuge tube and incubated for 2 min at 45°C and subsequently cooled to 

room temperature. 1x T4 DNA ligase buffer and 1-2 U enzyme were added and the 

reaction was incubated over night at 16°C. The ligation reaction was then used to 

transform chemical competent bacteria cells (section 2.2.6). 

 

 

2.5.1.11 DNA fluorescent sequencing 

 

In this study, DNA was sequenced by dye-termination sequencing which is based on 

the chain-termination method (Sanger et al., 1977). 

DNA is synthesised in vitro in a mixture that contains a template DNA fragment, 

DNA polymerase, a short DNA primer to enable the polymerase to start DNA 

synthesis and the four deoxyribonucleoside triphosphates (dATP, dCTP, dTTP, 

dGTP) as well as dideoxyribonucleoside triphospates (ddNTPs), derivates of the 

normal dNTP‟s that lack the 3‟ hydroxyl group. Incorporation of one of the ddNTPs 

into the growing DNA strain causes termination of synthesis. Through this procedure 

a set of DNAs of different lengths complementary to the template DNA is produced. 

Each of the four ddNTPs (ddATP, ddCTP, ddTTP, ddGTP) was labelled with a 

different fluorescent dye which enables each position of the DNA fragment to be 

identified by using a laser based detection system. 

The sequencing reaction was performed using the BigDye®v3.1 Terminator cycle 

sequencing kit (Applied Biosystems) and a 5 µl cycle sequencing reaction mixture 

was prepared in a 0.2 ml thermo tube as outlined below: 
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5x reaction buffer 1.0 µl 

BigDye®v3.1   0.2 µl 

Primer [1µM]   0.8 µl 

Template DNA  0.5 µl 

H2O      2.5 µl 

Samples were placed in a thermocycler and PCR was carried out for 25 cycles of 

96C for 10 sec, 50C for 5 sec and 60C for 4 min. Subsequent purification and 

capillary electrophoresis steps were performed by the Genomic Sequencing Core 

Facility, Queen's University Belfast. The electronic DNA sequence chromatograms 

were analysed using the SeqMan® Pro 7.2.1 software (DNASTAR, Inc). 

 

 

2.5.1.12 Southern Blot 

 

Southern Blots are used to detect specific DNA sequences within a DNA sample and 

involves the transfer of electrophoresis-separated DNA fragments to a nylon 

membrane and subsequent fragment detection by probe hybridisation.  

The sequence for the southern blot hybridisation probe was first amplified through 

three Taq polymerase catalysed PCR reactions using Oli5 and Oli89, Olv1/27 and 

Olv1/32 as well as OL 54 and Oli55 as primers and ClaI digested vHCoV-inf-1 DNA 

as template (Primer sequences are provided in appendix 1). The PCR products were 

purified using the QIAquick® PCR Purification Kit (QIAGEN) and the DNA 

concentration was quantified by spectrophotometry. The radioactive labelled probe 

was then generated using the Megaprime
TM

 DNA Labeling System (GE Healthcare) 

and α-[
32

P]-dCTP (3000 Ci/mmol, Perkin Elmer) according to the manufacturer's 

instruction. A reaction contained 25 ng of each PCR as well as DNA marker III 

DNA, 5 µl Random Primer, 10 µl 2x Reaction Buffer and 1 µl Klenow fragment 

polymerase and was incubated for 1 h at room temperature. Afterwards, 

unincorporated nucleotides were removed by gel filtration using a Micro Bio-Spin™ 

chromatography column with Bio-Gel P-6 (Bio-Rad). The probe was denatured by 

heating for 2 min at 95C and cooled on ice before it was added to the hybridisation 

buffer used in the hybridisation step. 
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Blotting procedure 

The DNA isolated from recombinant vaccinia virus infected CV-1 cells, was 

digested using the restriction endonuclease HindIII to cut the high-molecular weight 

DNA into smaller fragments (section 2.5.1.6), followed by size separation of these 

fragments through electrophoresis on an 1% agarose, 1x TBE gel, as described under 

2.1.7.1. DNA marker III (EcoRI and HindIII digested λ-DNA, section 2.5.1.1) was 

also electrophoresed to determine the size of DNA fragment and was detected 

through a marker specific probe. Following electrophoresis, the gel was incubated for 

20 min in 0.2 M HCl, which depurinates DNA fragments, breaking the DNA in 

smaller pieces, thus allowing a more efficient transfer of the negatively charged 

DNA from the gel to the positively charged membrane. The gel was then incubated 

in 0.5 M NaOH for 20 min to denature the DNA double strand, which is beneficial 

for later probe hybridisation. Finally, the gel was equilibrated in 1 M Tris-HCl, 

1.5 M NaCl (pH 7.5) for 20 min. Prior to the transfer of the DNA the nylon 

membrane (Bright Star®-plus, Ambion) was soaked for 5 min in 10x SSC (0.15 M 

trisodium citrate, 1.5 M NaCl) and the transfer plate in ultra pure water. The 

membrane was then placed onto the transfer plate in the vacuum blotting chamber. In 

order to seal the part of the transfer plate which was not covered by the membrane, a 

rubber mask was put in place, which slightly overlapped the membrane. The agarose 

gel was then positioned on top of the membrane and overlapping the rubber mask to 

ensure that the blotting chamber was air tight. Finally, the apparatus was filled with 

1 l 10x SSC and vacuum applied at 2 bar for 2 h. Following the vacuum blot the 

membrane was briefly air dried and exposed to ultra violet radiation (120 mJ, BLX-

E254, Vilber Lourmat) to permanently crosslink the transferred DNA to the 

membrane. Preceding the actual hybridisation step with the radioactive labelled 

probe the membrane was pre-hybridised with 15 ml hybridisation buffer (5x SSC, 5x 

Denhardt's, 1% [w/v] SDS, 100 µg/ml herring sperm DNA [Sigma-Aldrich]) for 1 h 

at 68C in a hybridisation oven (Hybridisation oven, Hybaid
TM

) to block unspecific 

binding sites and to reduce non-specific binding of the probe. The hybridisation 

buffer was changed, the radioactive labelled probe was added and the membrane 

incubated at 68C over night. The next day excess probe was removed from the 

membrane by washing three times with 2x SSC, 0.1% SDS at room temperature 

followed by three washing steps with 0.2x SSC, 0.1% SDS for 30 min at 68C. The 
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membrane was air dried, wrapped in cling film and the pattern of hybridisation 

visualised by exposing the membrane to an X-ray film or a phosphorimager plate to 

the membrane. 

 

 

2.5.2 RNA 

2.5.2.1 RNA extraction from eukaryotic cells  

2.5.2.1.1 Extraction of total RNA using TRIzol® reagent 

 

RNA was isolated from virus infected eukaryotic cells using TRIzol® reagent 

(Invitrogen). The growth medium was removed, the cells washed with 1x PBS and 

TRIzol® reagent (1 ml/10cm
2
 of culture dish area) was added. The samples were 

mixed by pipetting to assist cell lysis and incubated for 5 min at room temperature to 

allow complete dissociation of nucleoprotein complexes. The lysates were then 

transferred to 1.5 ml microcentrifuge tubes and 0.2 volumes of chloroform per ml 

TRIzol® were added. The samples were roughly shaken for 15 sec, incubated for 2-

3 min at room temperature and centrifuged at 12.000    for 15 min at 4C. The 

upper aqueous phase was transferred to a new microcentrifuge tube and the RNA 

was precipitated by the addition of 0.5 volumes of isopropanol per ml TRIzol®. The 

samples were incubated for 10 min at room temperature and once again centrifuged 

at 12.000    for 10 min at 4C. The supernatant was removed and the RNA pellet 

washed with 70% ethanol (1 ml per ml TRIzol®), the samples briefly vortexed and 

centrifuged at 7.500    for 5 min at 4C. The supernatant was completely removed 

and the pellet briefly air dried before being resuspended in nuclease free water 

(20 µl). The RNA was quantified by spectrophotometry (Section 2.1.6.1) and stored 

at -70C. 
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2.5.2.2 Reverse Transcription 

 

In this study the RNA Transcriptor reverse transcriptase (Roche) was used to reverse 

transcribe an RNA molecule into single stranded complementary DNA (cDNA). If 

not otherwise stated, the reaction mixture contained 0.5 µl of the appropriate primer 

(antisense, [10 µM]), 2 µl dNTPs (10 mM each) and up to 5 µg RNA. The reaction 

volume was adjusted to 15 µl with nuclease free water and the mixture incubated at 

70C for 5 min to denature RNA secondary structures. Following this incubation, the 

reaction containing thermo-tube was transferred onto ice and 4 µl 5x RT buffer and 

1 µl Transcriptor reverse transcriptase [1 U/µl] were added and the reaction was 

incubated at 55C for 1 h. In the subsequent PCR 1 µl of the reverse transcription 

(RT) synthesised cDNA was used as template. 

 

 

2.5.2.3 In vitro transcription 

 

The ability to synthesise RNA is critical to several techniques used in this study such 

as transfection of eukaryotic cells with viral RNA. 

In vitro transcription requires a purified linear DNA template containing a promoter 

(in this study T7-promoter), ribonucleotide triphosphates (rATP, rUTP, rCTP, 

rGTP), a buffer system and the appropriate RNA polymerase. The exact conditions 

used in the transcription reaction were adjusted according to the manufacturer‟s 

instruction and to the specific application in which the RNA was required. 

 

 

2.5.2.3.1 In vitro transcription of HCoV-229E full length genome RNA  

 

The RiboMAX
TM

 Large Scale RNA Production System-T7 (Promega) was used to in 

vitro transcribe the full length genome DNA copy of human coronavirus 229E and to 

include modifications as described previously (Thiel et al., 2001a). The 

7mG(5´)ppp(5´)G RNA cap structure analogue was purchased from NEB. 
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Initially the DNA was prepared from purified recombinant vaccinia virus by 

proteinase K digestion, phenol-chloroform extraction and ethanol precipitation as 

described in sections 2.5.1.2.2, 2.5.1.3 and 2.5.1.4, respectively. An aliquot (87 µl) of 

the purified vaccinia virus DNA was further digested with the restriction enzyme 

ClaI (25 U, NEB) in 1x NEB reaction buffer 4 over night at 37C. The outcome of 

the reaction was monitored by gel electrophoresis of 1 µl of the digestion reaction. 

The DNA was subsequently purified by phenol-chloroform extraction and ethanol 

precipitation and eluted in 15 – 20 µl water. The DNA was stored at -20C. 

Following these initial steps, 15.9 µl of the prepared vaccinia virus DNA was used as 

a template in an in vitro transcription reaction. A 50 µl reaction contained 7.5 mM of 

each rATP, rCTP, rUTP, 1.5 mM rGTP, 3 mM RNA cap analogue, 40 U RNasin, 1x 

reaction buffer and 5 µl of the enzyme mix including the T7-polymerase. The 

reaction was thoroughly mixed, briefly centrifuged and incubated at 30C for 2.5 h, 

followed by digestion with 1 U DNAse1 at 37C for 20 min to remove the template 

DNA. RNA was precipitated by addition of 0.5 reaction volumes of lithium chloride 

solution (7.5 M LiCl, 75 mM EDTA). The reaction mix was incubated for at least 

30 min at -20C, followed by centrifugation at 13.000    for 30 min at 4C. The 

supernatant was removed and the pellet washed with 70% ethanol. The RNA was 

resuspended in 10 - 20 µl RNA storage buffer (1mM sodium citrate [pH 6.4]).  

The RNA yield was spectrophotometrically determined, adjusted to 1 µg/µl and 

15 µl aliquots were stored at -80C.  

To evaluate transcript length and integrity, a sample of the transcription reaction was 

run on a denaturing agarose gel. For this purpose, 1 µl of RNA sample buffer (40% 

sucrose, 0.1% SDS, 0.25% bromophenol blue) was added to 1 µg RNA, heated at 

65C for 5 min to denature the RNA and immediately chilled on ice. The sample was 

loaded onto a 1% agarose, 0.1% SDS, 1x TBE gel. Electrophoresis was carried out 

using 1x TBE, 0.1% SDS as running buffer. The gel was stained with ethidium 

bromide and visualised using the gel documentation system described in section 

2.1.7. 
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2.5.2.4 Northern hybridisation 

 

Northern hybridisation involves the separation of RNA molecules by size through gel 

electrophoresis, their transfer onto a nylon membrane and verification of the RNA 

sample of interest by hybridisation with a labelled probe. 

Prior to the gel electrophoresis the RNA samples were denatured by the addition of 3 

volumes of denaturation buffer containing 1.3x MOPS, 7.4% [v/v] filtered 

formaldehyde and 67% deionised formamide and heating to 60°C for 15 min. 

Subsequently, 1/10 Volume loading dye (50% [v/v] glycerol, 1 mM EDTA, 0.4% 

[w/v] bromophenol blue, 0.4% [w/v] xylenecyanol FF) was added and the RNA 

samples were separated on a 1x MOPS-buffered, 1% agarose gel containing 6% (v/v) 

formaldehyde. Electrophoresis was carried out at 25 V for 17 h with a peristaltic 

pump circulating the running buffer from anode to cathode, to prevent the built up of 

an pH gradient. After electrophoresis, the gel was washed consecutively in 0.05 M 

NaOH for 30 min then in 0.1 M Tris (pH 7.5) for 30 min and finally in 10x SSC for 

20 min. In order to prepare the RNA samples for transfer onto the nylon membrane 

(Bright Star®-plus, Ambion) by vacuum blotting, the membrane was equilibrated in 

10x SSC for 5 min and placed on the in ultrapure water soaked transfer plate. The 

part of the transfer plate which was not covered by the membrane was then sealed 

with a rubber mask. The agarose gel was positioned on the nylon membrane so that it 

slightly overlapped with the rubber mask. The hermetically sealed apparatus was 

then filled with 1 l 10x SSC and vacuum was applied to 0.2 bar for 2 h. Once the 

RNA had been transferred to the membrane it was immobilised through covalent 

linkage to the membrane using UV light (UV-Crosslinker, BLX-E254, Vilber 

Lourmat) at 120 mJ.  

The membrane was prehybridised with 15 ml of hybridisation buffer (5x SSC, 5x 

Denhardt's solution, 1% [w/v] SDS, 100 µg/ml herring sperm DNA) for 1 h at 65°C 

to saturate unspecific binding sites. Meanwhile, the radioactive labelled probe was 

generated by using the Megaprime
TM

 DNA Labeling System (GE Healthcare) and α-

[
32

P]-dCTP (3000 Ci/mmol, Perkin Elmer) according to the manufacturer's 

instruction. The nucleotide sequence of the HCoV-229E specific probe was first 

amplified by PCR using Oli 80 and TNI 24,3k down as primers which equates to the 

3‟ untranslated region (UTR) of the HCoV-229E genome (nts 26857-27235) and 
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subsequently labelled as described in section 2.5.1.12. The primer sequences are 

provided in appendix 1. 

Following a 2 min denaturation step at 95°C the [
32

P]-labelled probe was added to 

15 ml of pre-warmed hybridisation buffer and the membrane was incubated over 

night at 68°C with the probe-containing hybridisation buffer. To ensure that the 

probe bound specifically and to avoid background signals, the membrane was 

washed three times with 250 ml 2x SSC, 0.1% (w/v) SDS at room temperature 

followed by three washing steps with 250 ml of 0.2x SSC,0.1% (w/v) SDS at 68°C 

for 30 min. The membrane was air-dried, wrapped in cling film and an X-ray film or 

a phosphorimager screen exposed to the membrane for up to 7 days.  

 

 

2.6 Protein methodology  

2.6.1 Heterologous protein expression in E. coli and purification 

2.6.1.1 Expression of MBP fusion proteins 

 

The vector pMal-c2X allows the bacterial expression and purification of a fusion 

protein consisting of the maltose binding protein (MBP) and the protein of interest. 

The target gene sequence is cloned downstream of the malE gene of E. coli, which 

encodes the maltose binding protein. The purification of the fusion protein is 

performed using the affinity property of MBP to maltose. The vector also carries the 

sequence encoding the recognition site of the protease factor Xa which is located 

upstream of the polylinker sequence and allows MBP to be cleaved from the protein 

of interest after purification. The plasmid map of pMal-c2X (NEB) is provided in 

appendix 7. 

 

E. coli TB1 cells were transformed with the relevant plasmid (section 2.2.6) and 

plated onto a LB-agar plate (Ampicillin 100 µg/ml). A single colony was used to 

inoculate a 3 ml LB-ampicillin culture which was incubated over night at 37°C in a 

rotary shaker at 220 rpm. 2.5 ml of this starter culture was used to inoculate 250 ml 

LB broth containing ampicillin which was incubated at 37°C in a rotary shaker (New 
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Brunswick) until the optical density (OD600) reached 0.5-0.6. At this point, protein 

expression was induced by adding IPTG (isopropyl-β-D-thiogalactosid, Invitrogen) to 

a final concentration of 1 mM and cells were incubated for a further 4 h at 24°C. 

After this period, the cells were harvested by centrifugation at 6000    for 15 min at 

4°C. The supernatant was discarded, the cell pellet resuspended in 10 ml per g of 

cells (wet weight) of ice cold protein purification buffer (PP-buffer, 20 mM Tris HCl 

[pH 7.5], 200 mM NaCl, 1 mM EDTA [pH 8.0], 1 mM DTT) and frozen at -20°C for 

16 h to aid lysis. 

 

 

2.6.1.2 Protein purification by affinity chromatography 

 

The cell lysate of the expression culture (section 2.6.1.1) was thawed rapidly in a 

water bath and immediately placed on ice. 1x protease inhibitor, EDTA free (Roche) 

was added to the sample which was transferred to a glass beaker placed within an ice 

bath. The cell lysate was sonicated in short pulses of 10 sec for 10 bursts with 30 sec 

cooling intervals. The sonicated sample was then centrifuged for 30 min at 5000    

at 4°C to sediment all insoluble material. 

Meanwhile, the amylose agarose (NEB) affinity column was equilibrated by washing 

the column with 5 column volume wash buffer (20 mM Tris-HCl [pH 7.5], 200 mM 

NaCl, 1 mM EDTA [pH 8.0], 1 mM DTT). Following centrifugation, the clear lysate 

sample was loaded onto the equilibrated column and proteins that bount 

unspecifically were removed by washing the column with 12 column volume wash 

buffer. The MBP-target-fusion protein was hereafter eluted with wash buffer 

containing 10 mM maltose and 4 to 6 elution fractions were collected in 1.5 ml 

reaction tubes. The outcome of the purification was analysed by SDS-PAGE (section 

2.1.7.3).  
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2.6.1.3  Factor Xa cleavage 

 

As described previously (section 2.6.1.1), the pMal-c2X expression vector contains 

the cleavage recognition site of factor Xa (IEGR), which allows the release of the 

target protein from the MBP fusion complex with its authentic termini.  

200 µl of the purified fusion protein was incubated with 10 U of factor Xa for 16 h - 

3 d at 4°C. The success of the cleavage reaction was analysed by SDS-PAGE.  

 

 

2.6.2 Immunological detection of proteins 

2.6.2.1  Preparation of protein samples from E. coli  

 

An appropriate volume (equivalent to 0.2 OD600/ml) of liquid culture was pelleted by 

centrifugation. The supernatant was removed and the pellet resuspended in one 

volume 2x Laemmli sample buffer (4% [w/v] SDS, 20% [v/v] glycerol, 200 mM 

DTT, 125 mM Tris-HCl [pH 6.8], 0.004% [w/v] bromophenol blue) and one volume 

water.  

Prior to SDS-PAGE, the samples were incubated for 2 min at 95°C. 

 

 

2.6.2.2  Preparation of protein samples from eukaryotic cells 

 

Cells were seeded into 6-well trays and infected and/or transfected as required 

(sections 2.3.3.1, 2.3.7, 3.1.2 and 3.2). Following incubation at 37°C and removal of 

growth medium, cells were washed twice with PBS, scraped into 500 µl PBS and 

pelleted by centrifugation (1000   , 5 min). The supernatant was removed and the 

cells lysed using 200 µl 2x Laemmli buffer (4% SDS, 10 mM DTT, 20% glycerol, 

0.126 M Tris-HCl [pH 6.8], 0.02% [w/v] bromphenolblue). The lysate was passed 

several times through a 25-gauge needle to shear the cellular DNA. 

Prior to SDS-PAGE, the samples were incubated for 5 min at 95°C. 
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2.6.2.3  Western blot 

 

Western blotting or immunoblotting involves the separation of proteins in a given 

sample by size through SDS-PAGE (section 2.1.7.3). The separated proteins are 

transferred onto a nitrocellulose membrane (BioRad) and the proteins of interest are 

detected using specific antibodies.  

Following SDS-PAGE, the stacking gel was removed and the separating gel and 

membrane were soaked for 20 min in semi-dry transblotting buffer (48 mM Tris, 

39 mM glycine, 0,037% [w/v] SDS, 20% [v/v] methanol). The transblotting was 

performed in a semi-dry transfer unit (Biometra) and installed as follows (from 

bottom to top) in semi-dry transblotting buffer soaked three layers of Whatman 3MM 

filter paper → Membrane → Gel → three layers of Whatman 3MM filter paper 

soaked in semi-dry transblotting buffer. The current was set at 2.5 mA/cm
2
 and the 

protein transfer was carried out from 45 min to 1 h 15 min. On completion of the 

transfer the membrane was immersed in PBSTM (1x PBS, 0.1% [v/v] Tween-20, 5% 

[w/v] powdered skimmed milk) for 2 h at room temperature. This step was necessary 

to prevent unspecific binding of the antibody to the membrane. The membrane was 

subsequently incubated over night at 4°C under gentle agitation (STR6 platform 

shaker) with a solution of the appropriate primary antibody used at the optimal 

dilution in PBST (1x PBS, 0.1% [v/v] Tween-20). Unbound primary antibody was 

removed by stringently washing the membrane 3   for 10 min in PBST prior to 

addition of the secondary antibody which was species-specific and directed against 

the primary antibody.  

In this study, IRDye® 680 Goat anti-Mouse IgG or IRDye® 800CW Goat anti-

Rabbit IgG alone or in combination were used. The fluorescently-labelled secondary 

antibodies were utilised at a dilution of 1:10000 in PBST and the membrane 

incubated in a closed container on a platform shaker (15 rpm, STR6 platform shaker) 

for 2 h at room temperature. The membrane was rinsed three times for 15 min in 

PBST to remove all unbound antibody. 

Detection of immunolabelled target-protein was achieved using the Odyssey Infrared 

Imaging System (LI-COR® Biotechnology, USA). 
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2.6.3 Immunocytochemistry 

 

The growth medium of confluent infected or uninfected cells grown on coverslips 

section 2.3.3.4) was removed and the cell monolayer was washed twice with 1x PBS. 

Cells were fixed for 30 min with 3.7% paraformaldehyde (w/v in 1x PBS) at room 

temperature and coverslips were washed three times thoroughly with 1x PBS 

containing 10 mM glycine to quench the reaction. Hereafter, cells were 

permeabilised by incubating the coverslips in 1x PBS containing 0.1% (v/v) Triton 

X-100 (Roche, Switzerland) for 10 min at RT. To block nonspecific binding 100 µl 

of blocking solution (1x PBS, 5% [v/v] FCS) was added to each individual coverslip 

and incubated for 30 min at RT. Blocking solution was replaced by 100 µl of a 

primary antibody solution (1:200 in blocking solution) and cells were incubated for 

2 h at room temperature. Unbound antibody was removed by three consecutive 

1 min-wash steps with blocking solution. Fluorescent conjugated secondary antibody 

(FITC-conjugated swine anti-rabbit immunoglobulins, DAKO, Denmark) was 1:200 

diluted in blocking solution, 100 µl was added per coverslip and incubated for 1 h at 

room temperature followed by four consecutive 5 min-wash steps with 1x PBS. 

Coverslips were mounted on a glass slide using VECTASHIELD mounting medium 

(Vectorlabs, USA) containing 4', 6 diamidino-2-phenylindole (DAPI) (1.5 µg/ml), 

sealed using nail vanish and stored at 4°C. Immunofluorescence staining was 

visualised using an SP5 confocal microscope (Leica Microsystems, Germany) with 

the support of Dr. Ken Lemon and Dr. Emma Louise Millar. 
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3 Results: Proteolytic processing at the HCoV-229E  

    pp1a/pp1ab nsp3|nsp4 cleavage site 
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3 Proteolytic processing at the HCoV-229E pp1a/pp1ab nsp3|nsp4 cleavage 

site 

 

As described above (Introduction section 1.5.1.1), the amino-proximal region of 

pp1a/pp1ab is not very well conserved among the different coronavirus genera and 

even between different species of the same genus. Despite this diversity, an 

increasing number of conserved domains have been identified over the past few 

years (Ziebuhr et al., 2001, Neuman et al., 2008). With the exception of IBV (which 

lacks a counterpart of nsp1), this region encompasses nsp1 to nsp4 (about 3000 

amino acid residues) and extends to the amino-terminus of the viral main protease, 

M
pro

. In line with the genetic diversity in this region of the genome, the number and 

function of papain-like proteases encoded in this part of the genome varies among 

different coronaviruses (reviewed in Ziebuhr, 2008, Ulferts et al., 2010). Whereas 

several members of the genus Betacoronavirus (SARS-CoV and closely related 

viruses) and members of the genus Gammacoronavirus, such as IBV, employ only 

one papain-like protease to process the cleavage sites present in the pp1a/pp1ab 

amino-proximal region, other coronaviruses encode 2 papain-like proteases, 

generally referred to as PLP1 (or PL1
pro

) and PLP2 (or PL2
pro

) (Ziebuhr et al., 2000, 

Thiel et al., 2003, Ziebuhr et al., 2007). These enzymes have different specificities 

and may thus process different sites in the pp1a/pp1ab N-terminal region. For 

example, in MHV, the nsp1|nsp2 and the nsp2|nsp3 sites are processed by PLP1, 

while PLP2 mediates cleavage at the nsp3|nsp4 site (Bonilla et al., 1995a, Bonilla et 

al., 1997, Kanjanahaluethai & Baker, 2000). For HCoV-NL63, an alphacoronavirus 

and the closest known relative of HCoV-229E, it has been shown that PLP1 cleaves 

at the nsp1|nsp2 site, while PLP2 processes the remaining cleavage sites, nsp2|nsp3 

and nsp3|nsp4 (Chen et al., 2007). The situation in HCoV-229E is special in that 

both PLP1 and PLP2 can cleave at the nsp1|nsp2 and nsp2|nsp3 sites, albeit with 

different efficiencies (Herold et al., 1998a, Ziebuhr et al., 2001, Ziebuhr et al., 

2007). Previous studies revealed that, in the presence of a proteolytically active 

PLP1, the nsp1|nsp2 site is efficiently cleaved. If PLP1 is inactivated by site-directed 

mutagenesis targeting active-site residues, the site is still cleaved by PLP2, although 

less efficiently.  
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Fig. 3.1: Schematic representation of PLP-mediated proteolytic processing of N-proximal 

pp1a/pp1ab regions of three human coronaviruses, HCoV-229E, HCoV-NL63 and SARS-CoV. 

P1 and P1‟ residues of cleavage sites are indicated (numbering of amino acids according to their 

position in pp1a/pp1ab). Black arrows indicate the protease(s) responsible for cleavage at specific 

sites. Grey arrows in HCoV-229E indicate cleavage with relatively low efficiency at a given site. The 

position of the nsp3|nsp4 cleavage site indicated by an „?‟ is predicted (
2484

Ala|Gly
2485

) but not yet 

confirmed. Ac, acidic domain; PLP1, papain-like protease 1; ADRP, ADP-ribose-1”-phosphatase; 

PLP2, papain-like protease 2; TM, transmembrane region; SUD, SARS-CoV unique domain. 

 

 

An HCoV-229E mutant encoding an inactive PLP1 was shown to grow to reduced 

titers compared to the wild-type virus and displayed reduced RNA synthesis, 

supporting the biological relevance of efficient processing at the nsp1|nsp2 site for 

viral replication. At the nsp2|nsp3 site, the situation was again different, with PLP2 

playing a dominant role and PLP1 cleaving this site much less efficiently than PLP2. 

To date, the conservation of two PLPs with overlapping specificities in HCoV-229E 

is unique among coronaviruses and led to the speculation that PLP1 and PLP2 might 

be able to replace each other also at the third (nsp3|nsp4) site in HCoV-229E 

pp1a/pp1ab (Ziebuhr et al., 2001; Ziebuhr et al., 2007). To test this hypothesis, the 

present study sought to identify and characterise the protease(s) involved in the 

processing of the HCoV-229E nsp3|nsp4 site. As pointed out in the Introduction 
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section, the equivalent site in HCoV-NL63 (Chen et al., 2007) and MHV 

(Kanjanahaluethai & Baker, 2000) was shown to be cleaved by PLP2, arguing 

against this hypothesis. However, based on the overlapping PLP specificities 

uniquely conserved in HCoV-229E, it was reasonable to believe that the partial 

redundancy of the two protease activities might also include the processing at the 

third predicted site. 

 

The available information on the proteolytic processing of the amino-proximal 

regions of the replicase polyproteins pp1a and pp1ab of the human coronaviruses 

HCoV-229E, HCoV-NL63 and SARS-CoV is summarised in Fig. 3.1. 

 

 

3.1 Detection of amino-terminal pp1a/pp1ab cleavage products in HCoV-

229E-infected cells 

 

In a first set of experiments, the expression and PLP-mediated proteolytic processing 

of the amino-terminal region of pp1a/pp1ab was studied in virus-infected cells. For 

this purpose, polyclonal antisera specific for nsp2, nsp3 and nsp4, respectively, were 

used in immunofluorescence assays of HCoV-229E infected cells and in Western 

blot experiments using whole cell lysates obtained from virus-infected cells.  

 

 

3.1.1 Generation of HCoV-229E nsp3-specific polyclonal antisera 

 

To detect nsp3-containing replicase products in infected cells, two antisera against 

this protein were generated. To this end, the coding sequences of two different 

regions in nsp3 (Fig. 3.2A) were inserted into pMal-c2X plasmid DNA. The 

commercially available pMal-c2X plasmid (NEB) allows the insertion of the 

fragment of interest in frame with the E. coli malE gene encoding maltose-binding 

protein (MBP) followed by an endoprotease factor Xa cleavage site                       
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(Ile-Glu-Gly-Arg). The expressed MBP fusion protein can then be purified by 

amylose affinity chromatography and the resulting protein can be cleaved from the 

MBP-fusion protein using the endoprotease Factor Xa to release the protein of 

interest from the fusion protein. 

 

A multiple protein sequence alignment of coronavirus nsp3 N-terminal domains 

revealed the conservation of a Gly-Gly dipeptide (
976

Gly|Gly
977 

in HCoV-229E 

pp1a/pp1ab) downstream of the acidic domain conserved in coronavirus nsp3 

proteins (Ziebuhr et al., 2001) (Fig. 3.1). Based on its sequence and strong 

conservation in alpha- and betacoronavirus pp1a/pp1ab proteins, the Gly-Gly 

dipeptide was considered a potential PLP cleavage site (or conserved interdomain 

linker). In both cases, this N-terminal domain of nsp3, designated nsp3a in this study, 

was expected to adopt a stable fold when expressed separately. Expression of a 

protein starting at the nsp2|nsp3 site (
897

Gly|Gly
898

) and terminating at the 
976

Gly-

Gly
977

 dipeptide sequence would produce a small protein of 80 residues with a 

calculated molecular mass of 9.09 kDa (HCoV-229E pp1a/pp1ab residues Gly-898 to 

Gly-977) which could be used to generate a specific polyclonal antiserum specific 

for the N-terminal region of nsp3.  

 

The coding sequence of the HCoV-229E pp1a/pp1ab amino acids 898 to 977 was 

amplified by PCR from HCoV-229E cDNA using primers SD 85up and SD 84dn. 

The sequence of the upstream primer SD 85up corresponds to HCoV-229E nts 2984 

to 3008. The downstream primer SD 84dn is complimentary to HCoV-229E nts 3202 

to 3223 and contains a translational stop codon (TAA) followed by a BamHI 

restriction site. Primer sequences are listed in appendix 3. The PCR was performed 

using Pfu DNA polymerase. The 5‟ ends of the purified PCR product were 

phosphorylated using T4 PNK (section 2.5.1.7.2). The PCR product was then 

cleaved at one end with BamHI, ligated with XmnI/BamHI-cleaved and 5‟-

dephosphorylated pMal-c2X plasmid DNA using T4 DNA ligase and subsequently 

used to transform competent E. coli Top10F‟ cells. Isolated plasmid DNAs of 

individual bacteria colonies were subjected to restriction digestion with BamHI and 

subsequently analysed by agarose (1% [w/v] gelelectrophoresis. Plasmids giving rise 

to a single fragment of 6877 bp were further analysed by nucleotide sequencing to 

confirm the correct in- frame insertion downstream of the MBP-coding sequence. 
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The resulting plasmid, designated pMal-nsp3a, encoded a fusion protein comprised 

of pp1a/pp1ab residues 898 to 977 and MBP (appendix 4). Another plasmid used in 

this study, pMal-HCoV-ADRP (also called pMal-X∆N), was provided by Prof. John 

Ziebuhr. The plasmid encodes HCoV-229E pp1a/pp1ab residues 1265 to 1436 

(ADRP) fused to MBP (Putics et al., 2005). 

 

To express the bacterial fusion proteins MBP-nsp3a and MBP-ADRP, competent 

E. coli TB1 cells were transformed with plasmids pMal-nsp3a and pMal-HCoV-

ADRP, respectively. For large-scale expression, 400 ml LB medium supplemented 

with 100 µg/ml ampicillin was inoculated with approximately 4 ml starter culture of 

the appropriate E. coli clone, TB1(pMal-nsp3a) or TB1(pMal-HCoV-ADRP). The 

cultures were incubated in an orbital shaker at 37°C until the OD600 reached 0.5-0.6, 

at which point expression of the fusion protein was induced by the addition of 1 mM 

IPTG and the incubation temperature was set to 24°C. Induced cells were harvested 

after incubation for another 4 h at 24°C and the cell pellet obtained by low speed 

centrifugation was resuspended in protein purification buffer. The respective MBP 

fusion proteins, MBP-nsp3a and MBP-ADRP, were purified by amylose-resin 

affinity chromatography as described in section 2.7.1.2.  

The amounts, purities and stabilities of the purified proteins were analysed by 

SDS-PAGE in a 15% SDS-polyacrylamide gel and subsequent staining with 

Coomassie blue as shown in Fig. 3.2 C and D for MBP-nsp3a and MBP-ADRP, 

respectively. Prior to the SDS-PAGE, 1 µl of total lysate (TL), cleared lysate (CL) 

and pellet (P), respectively, was mixed with 11 µl of 2x Laemmli sample buffer and 

5-µl aliquots of samples taken at individual wash and elution steps were mixed with 

7 µl 2x Laemmli sample buffer. The samples were incubated at 94°C for 3 min and 

subsequently separated in an SDS-15% polyacrylamide gel.  

Expression of recombinant MBP-nsp3a and MBP-ADRP, respectively, is shown in 

Fig. 3.2 C and D. Eluate fractions (fraction 1-5 in Fig. 3.2C) were revealed to contain 

a protein with an apparent molecular mass of 53 kDa. The calculated molecular 

masses of MBP and nsp3a are 42.4 kDa and 9.1 kDa, respectively, thus giving a 

theoretical molecular mass of 51.5 kDa for the MBP-nsp3a fusion protein (Fig. 

3.2B). The observed molecular mass of the purified protein corresponded well with 

the predicted molecular mass of the fusion protein. 



 3 Results  

89 

 

Similarly, fractions 1-5 in Fig. 3.2D were found to contain large amounts of a ~65-

kDa protein, which corresponds well with the calculated molecular mass for the 

MBP-HCoV-ADRP fusion protein (61.2 kDa, Fig. 3.2B). Peak fractions containing 

large amounts of the respective fusion protein were pooled and digested overnight 

with factor Xa at 4°C to cleave the recombinant viral proteins from MBP. Factor Xa 

digestion yielded MBP (42.4 kDa) and either nsp3a (9.1 kDa) or ADRP (18.8 kDa). 

Efficient cleavage of the recombinant fusion proteins was confirmed by SDS-PAGE 

(data not shown). 
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Fig. 3.2: (preceding page): Proteins used for the generation of HCoV-229E nsp3-specific 

antisera. (A) Schematic representation of the N-terminal region of HCoV-229E pp1a/pp1ab. Protein 

(sub)domains used to generate nsp3-specific antisera are indicated. (B) Schematic representation of 

the MBP-nsp3a and MBP-ADRP fusion proteins expressed in this study. The coding sequences for the 

HCoV-229E pp1a/pp1ab residues 898-977 (nsp3a) and 1265-1436 (ADRP), respectively, were fused 

in frame to the malE gene provided by the pMal-c2X plasmid DNA. Using these plasmids, fusion 

proteins comprised of the E. coli maltose-binding protein and either nsp3a or ADRP were expressed. 

The calculated molecular masses of the fusion proteins were 51.5 kDa for MBP-nsp3a (42.4 kDa + 

9.1 kDa) and 61.1 kDa for MBP-ADRP (42.4 kDa + 18.7 kDa). The position of the factor Xa cleavage 

site is indicated. (C) Purification of MBP-nsp3a. MBP-nsp3a was expressed as described above in a 

culture volume of 400 ml and purified by amylose-affinity chromatography. The outcome of the 

expression and purification was analysed by SDS-PAGE in an SDS-15% polyacrylamide gel and 

subsequent Coomassie staining. 1-µl aliquots of the total lysate (TL), cleared lysate (CL), pellet (P, 

resuspended in 4 ml 1x PBS), respectively, were analysed, along with 5-µl aliquots taken at each 

column wash step (1.5 ml) and 5-µl aliquots of each of the 1.5-ml eluate fractions. Lane M: 

PageRuler
TM

 Unstained Protein Ladder (Fermentas). Eluate fractions containing large amounts of 

MBP-nsp3a fusion protein were pooled and incubated with factor Xa for 24 h at 4°C (data not shown). 

(D) Purification of MBP-ADRP. The Coomassie-stained SDS-15% polyacrylamide gel shows the 

amylose affinity chromatography-purified MBP-ADRP fusion protein. TL, CL and P: 1 µl of total 

(TL) and cleared lysate (CL) and pellet (P) fractions, respectively. Wash 1-2: 5 µl of column wash 

fractions. Fractions 1-5: 5 µl of each of the 1.5-ml eluate fractions collected after addition of 10 mM 

maltose. The purified fusion protein in fractions 1-5 was subjected to cleavage by the endoprotease 

factor Xa for 24 h at 4°C (data not shown). 
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The resulting proteins were used to generate HCoV-229E nsp3a- and ADRP-specific 

antisera in specific pathogen-free rabbits (Eurogentec Inc.) according to the 

following protocol: 100 µg of purified protein was used for each of the initial and 3 

subsequent boost injections. Boost injections were given at days 14, 28 and 56 after 

the first immunisation. Prior to immunisation, preimmune serum was collected. To 

monitor the production of nsp3a- and ADRP-specific antibodies, respectively, serum 

samples were taken at day 38 and 66 after immunisation. The “final bleed” was done 

at day 87 and the antisera obtained at this time point (designated α-nsp3a and  

α-ADRP) were used in all subsequent experiments.  

To evaluate the specificity and sensitivity of the generated antisera, serial dilutions 

(1.2 µg to 2.5 ng) of the purified proteins used for immunisation (factor Xa-cleaved 

MBP-nsp3a and MBP-ADRP, Fig. 3.2) were separated on an SDS-17%  

polyacrylamide gel and transferred to nitrocellulose membrane as described in 

Material and Methods (section 2.7.2.3). Membranes were pre-incubated with non-fat 

milk to minimize nonspecific binding and subsequently probed with either rabbit-α-

nsp3a or rabbit-α-ADRP antiserum at a dilution of 1:100 and 1:400, respectively. 

Bound primary antibodies were detected using IRDye® 800CW-conjugated goat 

anti-rabbit IgG (Licor®) at a dilution of 1:10,000. Following extensive washing, the 

bound secondary antibodies were visualised using the Odyssey Infrared Imaging 

System (Licor®). The Fermentas PageRuler™ prestained protein ladder was used as 

a molecular weight marker. According to the manufacturer‟s recommendation, this 

protein marker was calibrated against an unstained protein standard. In these 

experiments, PageRuler™ unstained protein ladder (Fermentas) was used to calibrate 

the prestained protein marker (for further details appendix 2). Fig. 3.3A shows the 

immunoblot data for the nsp3a-specific antiserum. Proteins with apparent molecular 

masses of 52 kDa, 42 kDa and 10 kDa, corresponding to the MBP-nsp3a fusion 

protein and the factor Xa cleavage products MBP and nsp3a, respectively, were 

detected by the antiserum. Using antibody dilutions of 1:100 and 1:400 either 44 ng 

or 133 ng of nsp3a antigen could be detected, respectively. Fig. 3.3B shows the 

detection of the 61 kDa-MBP-ADRP fusion protein and the 42 kDa-MBP and 

18 kDa-ADRP factor Xa cleavage products using the polyclonal α-ADRP antiserum. 

7.4 ng and 15 ng of the ADRP epitopes could be detected using 1:100 or 1:400 

dilutions of this antiserum, respectively.  
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Fig. 3.3: Detection of nsp3a and ADRP by rabbit α-nsp3a and α-ADRP antisera. (A) Detection of 

the protein used to raise an nsp3a-specific antiserum in rabbits. Serial dilutions of factor Xa-cleaved 

MBP-nsp3a were separated in an SDS-17% polyacrylamide gel. Following SDS-PAGE, proteins were 

transferred onto nitrocellulose membrane by semi-dry Western blotting. Antigen was detected using 

α-nsp3a antiserum (1:100 left, 1:400 right). IRDye® 800CW-conjugated goat anti-rabbit IgG 

(1:10000) was used as a secondary antibody and immunoreactive proteins were visualised using the 

LI-COR®
 
Odyssey Infrared Imaging System. (B) Serial dilutions of the protein used for immunisation 

(ADRP) was electrophoresed in an SDS-17% polyacrylamide gel and subjected to immunoblotting 

using α-ADRP antiserum (1:100, 1:400). (A, B) PageRuler™ Prestained Protein Ladder (Fermentas) 

was used as molecular mass marker. Sizes of marker proteins (in kDa) are shown on the left of each 

gel (Lane M). Molecular masses of prestained proteins calibrated against PageRuler™ Unstained 

Protein Ladder (Fermentas) (for details, see text and appendix 2). Antigen concentrations loaded were 

as follows: 1: 1.2 µg, 2: 400 ng, 3: 133 ng, 4: 44 ng, 5: 15 ng, 6: 7.4 ng, 7: 2.5 ng.   
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3.1.2 Use of nsp2-, nsp3- and nsp4-specific polyclonal antisera in 

immunofluorescence and Western blot assays of HCoV-229E-infected 

cells 

 

The antisera were used to characterise the expression of the amino-proximal 

pp1a/pp1ab regions in HCoV-229E-infected Huh7 cells. Cells were grown on glass 

coverslips in six-well trays and confluent cell monolayers were infected with HCoV-

229E at an MOI of 5. Following incubation at 33°C in 5% (v/v) CO2 for 36 h, the 

cells were fixed with 3.7% paraformaldehyde, permeabilised with Triton X-100 and 

incubated with antisera specific for HCoV-229E nsp2 (α-H2, specific for HCoV-

229E pp1a/pp1ab residues 112-322; Ziebuhr et al., 2001), nsp3 (α-nsp3a and           

α-ADRP, this study) and nsp4 (α-H4, specific for HCoV-229E pp1a/1ab residues 

2872 to 2965, Prof. John Ziebuhr, unpublished), each at a dilution of 1:200. Non-

specific background staining of HCoV-229E nsp2-, nsp3- and nsp4-specific antisera 

was assessed in HCoV-229E-infected cells using preimmune sera collected from 

rabbits prior to immunisation with the respective recombinant proteins (see above). 

After incubation for 2 h with the appropriate primary antibodies, the coverslips were 

washed three times in blocking solution and FITC-conjugated goat-anti-rabbit IgG 

was added at a dilution of 1:200 for 60 min at 37°C. After extensive washing, the 

cover slips were mounted on glass slides and DAPI was included as a counterstain 

for cell nuclei. Mock-infected Huh7 cells, which were treated in the same way, were 

used as a control. The intracellular immunofluorescence staining pattern was 

analysed using an SP5 confocal microscope (Leica Microsystems). As Fig. 3.4 

shows, a punctate cytoplasmic staining pattern (green) could be detected in HCoV-

229E-infected cells, very similar to what has been previously reported for the 

intracellular localisation of amino-terminal pp1a/pp1ab processing products in cells 

infected with other corona- and nidoviruses (Shi et al., 1999, Harcourt et al., 2004, 

Snijder et al., 2006, Chen et al., 2007). No specific staining was detected in mock-

infected Huh7 cells using pp1a/pp1ab-specific antisera or in HCoV-229E-infected 

Huh7 cells stained with the appropriate preimmune sera. 
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Fig. 3.4: Analysis of amino-terminal pp1a/pp1ab proteins in HCoV-229E-infected cells by 

immunofluorescence assay. Mock-infected Huh7 cells (mock) cultured on glass coverslips or Huh7 

cells infected with HCoV-229E (MOI 5, HCoV-229E) were fixed and permeabilised at 36 h p.i. 

Polyclonal rabbit antisera specific for HCoV-229E nsp2 (α-H2), nsp3 (α-nsp3a, α-ADRP), nsp4 (α-

H4) and FITC-conjugated goat anti-rabbit IgG secondary antibody were used to detect specific 

pp1a/pp1ab products (green fluorescence). All antibodies were used at a dilution of 1:200. Nuclei 

were stained using DAPI (blue). Immunofluorescence images were taken using an SP5 confocal 

microscope.  
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In a subsequent set of experiments, the antisera α-H2, α-nsp3a, α-ADRP and α-H4 

were used to study N-terminal pp1a/pp1ab expression and processing in HCoV-

229E-infected cells by Western blotting. To this end, Huh7 cells were infected with 

HCoV-229E at a Moi of 5 and incubated at 33°C in a 5% CO2 atmosphere for 24 h. 

Mock-infected cells that were treated in an identical manner served as a control. 

Lysates from infected or mock-infected cells were prepared by resuspending the cells 

in 2x Laemmli sample buffer. To reduce the viscosity of the lysate, cellular DNA 

was sheared by passing the suspension several times through a 25-gauge needle. 

Whole-cell lysates equivalent to 2.5   10
5
 cells were electrophoresed in SDS-

polyacrylamide gels (7.5%, 10% or 15%) and then transferred onto nitrocellulose 

membranes. The blots were probed with the appropriate rabbit antisera as primary 

antibodies and IRDye® 800CW-conjugated goat anti-rabbit IgG as a secondary 

antibody. Bound antibodies were visualised using the Odyssey Infrared Imaging 

System. Fig. 3.5A shows the identification of a product with an apparent molecular 

weight of 87 kDa in HCoV-229E-infected but not in mock-infected cells using α-H2 

antiserum at a dilution of 1:200. The data are consistent with a previous study 

reporting the detection of nsp2 as an 87-kDa processing product in HCoV-229E-

infected MRC-5 cells (Ziebuhr et al., 2001). In lysates obtained from HCoV-229E-

infected Huh7 cells, the α-nsp3a antiserum (1:100, Fig. 3.5B) detected a protein with 

an apparent molecular mass of ~175 kDa. This data, together with the known 

specificity of the α-nsp3a antiserum (pp1a/pp1ab residues 898 to 977) and previous 

predictions on potential nsp3 cleavage sites and the molecular mass of nsp3 

(176.8 kDa) (Ziebuhr et al. 2001), suggest that, in HCoV-229E-infected cells, nsp3 is 

released from pp1a/pp1ab by cleavage at (or near) the predicted cleavage site 

2484
Ala|Gly

2485
 and the 

897
Gly|Gly

898
 cleavage site characterised previously (Ziebuhr 

et al., 2001). The 175-kDa processing product was not detected in mock-infected 

cells, further corroborating this conclusion and confirming the specificity of the α-

nsp3a antiserum.  

 

An immunoblot using α-ADRP (1:100) failed to specifically detect a 175-kDa 

protein in virus-infected cells (Fig. 3.5C). The reason for this is currently unclear but 

may be due to a low specific antibody titer (and thus limited sensitivity) or 

insufficient specificity of the antiserum, thus resulting in the detection of cellular 

proteins co-migrating with nsp3 in SDS-PAGE and preventing the specific detection 
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of the viral protein in virus-infected cells. As reported above, this α-ADRP serum 

was suitable to detect HCoV-229E nsp3 in immunofluorescence assays (Fig. 3.4). 

However, compared to the other antisera used, the fluorescence signal obtained with 

this antiserum was relatively weak, confirming the limited suitability of this 

antiserum for the specific detection of nsp3 in HCoV-229E-infected Huh7 cells. As 

described below, the antiserum proved to be useful in subsequent studies employing 

an overexpression system of the HCoV-229E nsp1-to-nsp4 region in BSR-T7/5 cells 

(section 3.2). 

 

As shown in Fig. 3.5D, the α-H4 serum (1:200) specifically detected a protein with 

an apparent molecular mass of 43 kDa in HCoV-229E-infected cells. The observed 

molecular mass differed from the theoretical mass calculated for nsp4 (53.8 kDa) but 

was in line with data obtained for nsp4 homologs from other coronaviruses.  

 

Thus, for example, in MHV- and HCoV-NL63-infected cells (Kanjanahaluethai et 

al., 2003, Chen et al., 2007), an unusual (faster-than-expected) migration of nsp4 

was observed, which was speculated to be linked to specific physico-chemical 

properties of this very hydrophobic, multiple-membrane-spanning and N-

glycosylated protein. Control experiments using appropriate preimmune sera were 

performed to confirm the specificities of the pp1a/pp1ab-specific antisera used in this 

study. The data are shown in appendix 5. 

 

Taken together, the data demonstrate that the newly generated polyclonal antisera α-

nsp3a and (to a lesser extent) α-ADRP, along with the previously uncharacterised 

polyclonal antiserum α-H4, are suitable tools for studying the expression, 

intracellular localisation and proteolytic processing of nsps derived from the N-

proximal regions of HCoV-229E pp1a/pp1ab in virus-infected cells. All three 

antisera were suitable to detect HCoV-229E nsps in immunofluorescence assays. 

Except for the ADRP-specific antiserum, which failed to specifically detect HCoV-

229E nsps in protein lysates obtained from HCoV-229E-infected cells, the α-nsp3a 

and α-H4 proved to be suitable for the detection of pp1a/pp1ab processing products 

in virus-infected cells by Western blotting. 
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Fig. 3.5: Detection of amino-terminal pp1a/pp1ab processing products in HCoV-229E-infected 

cells by Western blot assay. Huh7 cells were infected with HCoV-229E (HCoV) at an MOI of 5 and 

incubated at 33°C. Cells were lysed at 24 h p.i. using 2x Laemmli buffer, whole cell lysates were 

separated on (A) 10%, (B, C) 7.5% or (D) 15% SDS-polyacrylamide gels and subsequently 

transferred onto nitrocellulose membranes. Pp1a/pp1ab products were detected using the indicated 

antisera and IRDye® 800CW-conjugated goat anti-rabbit IgG as secondary antibody. PageRuler™ 

Plus Prestained Protein Ladder (Fermentas) was used as molecular mass marker shown at the left of 

each gel, which was calibrated against PageRuler™ Unstained Protein Ladder (as described above). In 

(A) a 87-kDa product (black arrow) was detected in infected, but not mock-infected cells using α-H2 

antiserum. (B, C) show immunoblots using the nsp3-specific antisera α-nsp3a (B) and α-ADRP (C). A 

175-kDa product (B) was detected in HCoV-229E-infected cells. In (C) no specific product was 

detected with the α-ADRP antiserum. (D) Identification of a 43-kDa product in HCoV-229E-infected 

cells but not in mock-infected cells using α-H4 antiserum. 
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3.2 Cleavage at the predicted nsp3|nsp4 site is mediated by PLP2 

 

Possible roles of the two HCoV-229E-encoded papain-like proteases in the 

proteolytic processing of the predicted nsp3|nsp4 cleavage site were investigated 

using a vaccinia virus-based expression system, taking advantage of the recombinant 

vaccinia viruses vPL1(+)/PL2(+), vPL1(–)/PL2(+) and vPL1(+)/PL2(–). The viruses 

had been generated previously to express the HCoV-229E amino-proximal 

pp1a/pp1ab region (nsp1 to nsp4) under the control of a T7 RNA polymerase 

promoter (Ziebuhr et al., 2007, Fig. 3.6A). vPL1(+)/PL2(+) encoded the wild-type 

HCoV-229E nsp1-2-3-4 sequence with two active papain-like proteases while the 

two mutants, vPL1(-)/PL2(+) and vPL1(+)/PL2(-), were engineered to contain Cys-

to-Ala substitutions of the active-site nucleophile of either PLP1 (C1054A) or PLP2 

(C1701A), thus abolishing proteolytic activity of the respective protease. In the 

context of HCoV-229E, proteolytic processing at the nsp4|nsp5 site is mediated by 

the viral main protease (M
pro

) residing in nsp5. In the recombinant vaccinia viruses 

used in this study, the authentic C-terminus of nsp4 was generated by introducing a 

translation stop codon immediately downstream of Gln2965, the nsp4 C-terminal 

residue (Ziebuhr et al., 1995). Fig. 3.6B illustrates the constructs used to study PLP-

mediated processing of the expressed polyprotein (nsp1-to-nsp4) into mature nsps.  
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Fig. 3.6: (preceding page): Recombinant vaccinia viruses used to study N-proximal pp1a/pp1ab 

processing by the two HCoV-229E-encoded papain-like proteases. (A) Schematic diagram 

showing the sequence elements inserted into vNotI/tk to generate recombinant vaccinia viruses 

suitable to express the HCoV-229E pp1a/pp1ab N-proximal region under control of a T7 RNA 

polymerase promoter. The resulting viruses expressed the nsp1-to-nsp4 wild-type (WT) sequence 

[vPL1(+)/PL2(+)] or the same sequence with a Cys-to-Ala active-site replacement either in PLP1 

[vPL1(–)/PL2(+)] or in PLP2 [vPL1(+)/PL2(–)]. T7: bacteriophage T7 RNA polymerase promoter, 

IRES: Encephalomyocarditis virus (EMCV) internal ribosomal entry site. The HCoV-229E N-

proximal replicase coding region (nsp1 to nsp4) was cloned into the unique NotI restriction site of 

vaccinia virus vNotI/tk (Ziebuhr et al., 2007). Inactivation of either PLP1 or PLP2 (indicated by red 

diagonal lines) was achieved by substitution of the codon specifying the active-site Cys residue 

(Cys1054Ala or Cys1701Ala respectively). PLP1, papain-like protease 1; PLP2, papain-like protease 

2. (B) Proteolytic processing of the N-proximal pp1a/pp1ab region spanning nsps 1 to 4. PLPs and 

cleavage sites processed by the respective PLPs are colour coded (light grey: PLP1, dark grey: PLP2). 

Cleavage sites are indicated by arrowheads, where the lower arrowhead indicates the PLP that 

predominantly cleaves this site and the upper arrowhead indicates a minor (but detectable) PLP1 or 

PLP2 cleavage activity towards this site. The nsp3|nsp4 cleavage site and the protease responsible for 

cleavage at this site are not identified as indicated by the question mark (subject of this study). Also 

indicated are the molecular masses of previously characterised processing products (nsp1, nsp2) or 

predicted processing products (nsp3, nsp4). 
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The recombinant vaccinia viruses were used to infect BSR T7/5 cells, a BHK-21-

derived cell line expressing phage T7 RNA polymerase (Buchholz et al., 1999). 

Confluent cell monolayers of these cells were infected with vaccinia viruses 

vNotI/tk, vPL1(+)/PL2(+), vPL1(–)/PL2(+) and vPL1(+)/PL2(–), respectively, at an 

MOI of 1 and incubated at 37°C. At 12 h p.i., the cells were lysed using 2x Laemmli 

buffer. To reduce the viscosity of the sample, cellular DNA was sheared by passing 

the lysates several times through a 25-gauge needle. The samples were then 

incubated at 95°C for 5 min and an aliquot of the sample equivalent to 2.5   10
5
 

cells was separated by SDS-PAGE and subsequently transferred onto nitrocellulose 

membrane using the semi-dry Western blot protocol. Pp1a/pp1ab processing 

products were detected using α-H2-, α-nsp3a-, α-ADRP- or α-H4-specific rabbit 

antisera according to the previously established protocol (1:100 or 1:200 dilution of 

the respective primary antibody, 1:10,000 dilution of IRDye® 800CW-conjugated 

goat anti-rabbit IgG secondary antibody).  

 

Despite significant background staining, α-H2 antiserum readily detected the mature 

nsp2 processing product (87 kDa) in lysates obtained from vPL1(+)/PL2(+)- and 

vPL1(–)/PL2(+)-infected cells. In lysates obtained from vPL1(+)/PL2(–)-infected 

cells, significantly lower amounts of nsp2 were detectable, whereas the protein was 

not detected in vNotI/tk- or mock-infected cells (Fig. 3.7). The data confirm the 

previously established key role of PLP2 in the processing of the nsp2|nsp3 site and 

shows that, in the absence of either PLP1 or PLP2 activity, fully processed nsp2 can 

still be generated, albeit less efficiently compared to the WT situation where both 

PLP activities contribute to efficient processing of nsp2 at its N- and C-terminal 

cleavage sites. In lysates obtained from vPL1(–)/PL2(+)-infected cells, both the 

mature form of nsp2 (87 kDa) and a major processing product of about 100 kDa were 

detected. As previously described, the latter represents the nsp1-2 processing 

intermediate generated by cleavage at the nsp2|nsp3 site (mediated by PLP2) 

whereas the nsp1|nsp2 site remained uncleaved in this case (Ziebuhr et al., 2001). 

The data is consistent with previous work (Ziebuhr et al., 2001) and confirms that 

PLP2 is able to cleave the nsp1|nsp2 site, but processing remains incomplete if PLP1 

is inactive.  
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The staining intensities of the two proteins, nsp2 and nsp1-2, indicate that, in the 

absence of PLP1 activity, about 50% of nsp1-2 was further processed to produce the 

mature form of nsp2. Furthermore, major band(s) migrating more slowly than the 

265-kDa marker protein was/were detected by the -nsp2 antiserum in all three 

lysates. Based on the calculated molecular mass(es) and the reactivity of the 

antiserum used in this experiment, the band was concluded to represent unprocessed 

nsp1-2-3-4 and/or partially processed nsp2-3-4 precursor protein(s) (330 kDa for 

nsp1-2-3-4, 318 kDa for nsp2-3-4; Fig. 3.7). In addition, a number of minor products 

were detected. The identities of the latter proteins, which had not been detected in 

HCoV-229E-infected cells (Fig. 3.5A), could not be confirmed (see Fig. 3.7, 

products indicated by question marks). The presence of additional bands not seen in 

HCoV-229E-infected cells possibly indicates experimental artefacts resulting from 

the use of a vaccinia-based (over)expression system. Besides the artificial 

overexpression of the nsp1-2-3-4 protein, several other factors could contribute to 

this, including (i) vaccinia virus-mediated proteolytic activities, (ii) different 

intracellular localisation of the expressed proteins due to vaccinia virus-induced 

cytopathogenicity and/or (iii) the lack of HCoV-229E RNAs and HCoV-229E 

structural and (other) nonstructural proteins. 
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Fig. 3.7: Immunoblot analysis of HCoV-229E nsp1-2-3-4-derived processing products using α-

H2 antiserum. BSR-T7/5 cells were infected with vaccinia viruses vNotI/tk, vPL1(+)/PL2(+), 

vPL1(–)/PL2(+), vPL1(+)/PL2(–) at an MOI of 1 pfu per cell or mock infected. At 12 h p.i., Virus- 

infected and mock-infected cells were lysed and aliquots equal to 1.5   10
5
 cells were separated in an 

SDS-10% polyacrylamide gel. Nsp2-containing processing products were detected by immunoblotting 

using α-H2 rabbit antiserum (1:200) and IRDye® 800CW-conjugated goat anti-rabbit IgG (Li-Cor®). 

Immunoblot of whole cell lysates electrophoresed in a large-size SDS-polyacrylamide gel. Black 

arrows indicate major processing products corresponding to previous predictions. Grey arrows 

indicate minor processing products with unknown identity. PageRuler™ Plus Prestained Protein 

Ladder (Fermentas) was used as a molecular mass marker. 
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Immunoblotting using the two nsp3-specific antisera generated in this study, α-nsp3a 

and α-ADRP, revealed a complex staining pattern. Both antisera produced significant 

background staining. As described above for the α-nsp2 Western blot data, the 

interpretation of the data was further complicated by possible artefacts resulting from 

the vaccinia virus-based overexpression system. Nevertheless, despite some 

remaining ambiguities, a number of consistent observations could be made in 

experiments using these two nsp3-specific antisera (Fig. 3.8 A and B). First, in 

vPL1(+)/PL2(+)- and vPL1(-)/PL2(+)-infected cells but not in vPL1(+)/PL2(–)-

infected cells, a ~175-kDa protein was detected by both antisera (Fig. 3.8 A and B). 

The size of the protein corresponded to both the calculated and observed size for 

nsp3 in HCoV-229E-infected cells (Figs 3.8 and 3.5). The data suggest that the 

nsp2|nsp3 and nsp3|nsp4 sites are efficiently cleaved by PLP2 in the absence or 

presence of PLP1, supporting the idea that PLP2 is responsible for nsp3|nsp4 

cleavage and PLP1 is fully dispensable for cleavage at this site. Second, a product 

that, based on its size, likely represents the nsp3|nsp4 processing intermediate was 

readily detected in vPL1(+)/PL2(+)- and vPL1(–)/PL2(+)-infected cells but was 

produced only in low amounts in vPL1(+)/PL2(–)- infected cells. The data suggests 

that, in the absence of PLP2, the nsp2|nsp3 site cannot be efficiently cleaved by 

PLP1, supporting a minor („assisting‟) role for PLP1 and a key role for PLP2 in the 

cleavage of the nsp2|nsp3 site as proposed previously (Ziebuhr et al., 2001). Third, in 

addition to large unprocessed precursors of >260 kDa presumably representing nsp1-

2-3-4 and nsp2-3-4, a product with an apparent molecular weight of 97 kDa was 

detected by the α-nsp3a antiserum with all three constructs used in these 

experiments. (i) The specificity of the α-nsp3a antiserum (HCoV-229E pp1a/pp1ab 

residues 898 to 977), (ii) cleavage site predictions based on comparative sequence 

analysis and (iii) the size of the product suggest that this product may represent an 

nsp2-3a processing intermediate. However, further experiments are required to 

clarify the identity of this product and determine the position of the cleavage site and 

the proteolytic activity(s) involved in this cleavage.   
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Fig. 3.8 (preceding page): Detection of HCoV-229E nsp1-2-3-4-derived processing products by 

nsp3-specific antisera in Western blot assay. BSR-T7/5 cells were infected and lysates prepared as 

described in the legend to Fig. 3.7. Following separation of total cell lysates in an SDS-7.5% 

polyacrylamide gel and transfer onto nitrocellulose membrane, processing intermediates and end-

products were detected using  (A) α-nsp3a or (B) α-ADRP-specific antisera at a dilution of 1:100. As 

a secondary antibody IRDye® 800CW-conjugated goat anti-rabbit IgG was used at a dilution of 

1:10,000. The blot was analysed using the LI-COR® Odyssey system and software. PageRuler™ Plus 

prestained protein ladder (Fermentas) was used as molecular mass marker. Sizes of marker proteins 

are given in kDa on the left of each gel. Black arrows indicate products of predicted or previously 

confirmed identity and grey arrows indicate processing products of unknown identity. 



 3 Results  

108 

 

Interestingly, although the α-ADRP antiserum failed to detect nsp3-containing 

products in HCoV-229E-infected Huh7 cells (Fig. 3.5), the antiserum proved to be a 

suitable tool for the detection of nsp3 in cells infected with recombinant vaccinia 

viruses overexpressing the nsp1-to-nsp4 region of pp1a/pp1ab. The antiserum had a 

slightly better signal-to-noise ratio than the α-nsp3a antiserum. Consistent with the 

data obtained with the α-nsp3a antiserum, the α-ADRP antiserum detected both fully 

processed nsp3 and an nsp3-4 precursor protein in vPL1(+)/PL2(+)- and           

vPL1(–)/PL2(+)-infected BSR-T7/5 cells but not in vPL1(+)/PL2(–)-infected, 

vNotI/tk-infected and mock-infected cells. Furthermore, the detection of large nsp3-

containing precursor proteins, possibly representing nsp1-2-3, nsp1-2-3-4 and nsp2-

3-4, respectively, was possible with all three recombinant vaccinia virus constructs. 

The sizes of these very large (>260 kDa) proteins could not be determined precisely, 

but the slightly different sizes observed for these proteins in cells infected with the 

three different viruses suggest partial processing defects if either of the two PLP 

activities was abolished. The combined data from this and other experiments, 

together with the available information on the substrate specificities of PLP1 and 

PLP2, suggest that nsp1-2-3 is the largest protein detectable in vPL1(+)/PL2(+)-

infected cells (Fig. 3.8B), nsp1-2-3 and nsp1-2-3-4 are the largest proteins in  

vPL1(–)/PL2(+)-infected cells and nsp2-3-4 is the largest protein detected in 

vPL1(+)/PL2(–)-infected cells. Taken together, the data suggest that PLP2 is mainly 

or solely responsible for cleavage at the nsp2|nsp3 (together with PLP1) and nsp3|4 

sites, respectively, whereas PLP1 is responsible for cleavage at the nsp1|nsp2 site but 

also cleaves with low efficiency at the nsp2|nsp3 site. In addition, PLP2 is able to 

cleave at the nsp1|nsp2 site, albeit less efficiently than PLP1. 

 

This assumption was confirmed by an immunoblot experiment using the nsp4 

specific antiserum α-H4 (Fig. 3.9). Besides a fully processed nsp4, a product 

migrating at the predicted size of an unprocessed nsp3-nsp4 precursor protein was 

identified in constructs possessing an active PLP2 [vPL1(+)/PL2(+),  

vPL1(-)/PL2(+)]. These products were not detectable in lysates obtained from 

vPL1(+)/PL2(–)-infected cells and in lysates of vNotI/tk- and mock-infected cells.  
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Fig. 3.9: Analysis of PLP-mediated release of nsp4. HCoV-229E nsp1-2-3-4-derived processing 

products were analysed by immunoblotting using lysates obtained from BSR-T7/5 cells infected with 

vNotI/tk, vPL1(+)/PL2(+), vPL1(–)/PL2(+) and vPL1(+)/PL2(–), respectively, along with the nsp4-

specific rabbit antiserum α-H4. The masses of PageRuler™ Plus prestained proteins are indicated in 

kDa on the left. 

 

 

 

In summary, the data lead to the conclusion that, in contrast to other processing sites, 

the PLP2 activity alone is responsible for cleavage at the predicted nsp3|nsp4 site. 

Further studies involving cleavage site mutants are necessary to fully characterise the 

cleavage at the predicted 
2484

Ala|Gly
2485

 site. 
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4 Characterisation of the HCoV-229E ADP-ribose-1’’-phosphatase using a 

reverse genetic system 

 

The coronaviral replicase complex is a multi-subunit macromolecular complex held 

together by numerous protein-protein and RNA-protein interactions to efficiently 

replicate and transcribe the virus genome. Minor changes in one of the constituents 

of the complex may change or disrupt these interactions, often resulting in loss of 

viral replication and viability. However, some changes may also retain a minimum of 

RNA replication, thus allowing compensatory mutations to emerge elsewhere in the 

complex which may help the virus to gradually adapt and restore fitness. Often these 

second-site mutations indicate possible interactions within the protein complex, thus 

providing further insight into structure and functions of the viral replication complex. 

 

Although the high conservation of the ADP-ribose-1‟‟-phosphatase (ADRP) among 

coronaviruses and other positive-stranded RNA virus is indicative of an important 

role in the viral life cycle, a previous study revealed that the loss of ADRP activity 

through substitution of a catalytic asparagine (HCoV-229E Asn
1305

, one of the most 

conserved residues in this domain) by alanine did not affect the viability of HCoV-

229E in tissue culture (Putics et al., 2005).  

 

To further characterise the function of the ADRP in the viral life cycle, a set of 

HCoV-229E mutants with different changes in the ADRP domain were generated. 

First, a mutant in which the ADRP coding sequence was replaced with the ADRP 

homologue from HCoV-NL63 was produced. Second, an HCoV-229E mutant with a 

single-residue substitution in the putative ADRP active site was produced. Third, a 

mutant was generated in which the entire ADRP coding sequence was deleted. The 

mutants were analysed with respect to RNA synthesis and growth kinetics. In order 

to produce these mutants, the HCoV-229E reverse genetics system developed by 

Thiel et al. (2001) was used. 
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4.1 The vaccinia virus-based HCoV-229E reverse genetic system 

 

The reverse-genetic system used in this study is based on the recombinant vaccinia 

virus vHCoV-inf-1, which carries a cDNA copy of the entire HCoV-229E genome, 

flanked by the bacteriophage T7 RNA promoter sequence at the 5‟-end and a 

synthetic poly(A) stretch, a hepatitis δ ribozyme and the recognition sites of the 

restriction enzymes ClaI and EagI at the 3‟-end (Thiel et al., 2001). The restriction 

sites downstream of the HCoV-229E cDNA insert were used to generate so-called 

run-off transcripts terminating precisely at the 3‟-end of the HCoV-229E RNA. 

 

The genetic manipulation of coronavirus cDNA cloned in vaccinia virus is based on 

the use of the E. coli guanine phosphoribosyltransferase (gpt) gene as a selectable 

marker in a two-step procedure. First, the gpt gene is inserted by homologous 

recombination into the region to be mutated and gpt-containing vaccinia viruses are 

isolated by three rounds of plaque purification under positive selection conditions in 

the presence of mycophenolic acid, xanthine and hypoxanthine (section 2.4.1.3.1). In 

the second step, the gpt gene is exchanged for the sequence of interest by selecting 

gpt-negative vaccinia viruses in the presence of 6-thioguanine (negative selection, 

section 2.4.1.3.2) in three successive rounds of virus plaque purification. 

 

As mentioned above, the genetic manipulation of the vHCoV-inf-1 genome was 

essentially based on homologous recombination between the vaccinia virus genome 

and suitable plasmid DNAs transfected into vHCoV-inf-1-infected cells. To facilitate 

homologous recombination, the DNA inserts were flanked on either side by specific 

HCoV-229E sequences, thus facilitating cross-over events at the desired positions in 

the vHCoV-inf-1 genome during viral replication. vHCoV-inf-1-derived mutants 

were selected and isolated based on the insertion or loss of the gpt gene. The identity 

of the recovered recombinant vaccinia viruses was confirmed by PCR, Southern blot 

analysis and sequencing. 

 

Genomic DNA from purified recombinant vaccinia viruses was isolated (section 

2.4.1.1), digested with ClaI and subsequently used as a template for in vitro 

transcription using bacteriophage T7 RNA polymerase and a synthetic cap analogue, 

resulting in 5‟-capped full-length genome RNAs of (wild-type or mutant)        
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HCoV-229E (section 2.5.2.3.1). The RNAs were used to transfect Huh7 cells to 

initiate the coronaviral replication cycle (section 2.3.7.3). The cells were co-

transfected with mRNA encoding the HCoV-229E N protein because the 

nucleocapsid (N) protein has previously been shown to enhance the efficiency of 

coronavirus genome replication (Schelle et al., 2005). RNA isolated from transfected 

cells was analysed by Northern blotting and the cell culture supernatant obtained 

from transfected cells was analysed for the presence of infectious virus progeny.  

 

vHCoV_ΔX-GPT (the recombinant vaccinia virus used in this study to produce 

HCoV-229E ADRP mutants) was derived from vHCoV-inf-1 by replacing the ADRP 

coding sequence with the gpt gene (Putics et al., 2005). In Fig. 4.1A, the procedures 

used to generate HCoV-229E mutants are illustrated for one of the mutants, 

vHCoV_ADRP-NL63, and will be described in more detail in the following 

paragraph (4.2).  
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Fig. 4.1: Strategy used to generate vHCoV_ADRP-NL63. (A) Insertion and subsequent 

replacement of the gpt selection marker gene in vHCoV-inf-1 and vHCoV_ΔX-GPT, respectively, 

through vaccinia virus-mediated homologous recombination. The virus obtained was equivalent to 

vHCoV-inf-1 except for the ADRP domain, which has been replaced with the homologous sequence 

from HCoV-NL63. (B) Generation of the plasmid pHCoV-X-NL63 to be used for homologous 

recombination with vHCoV_ΔX-GPT (see panel A). Essentially, this plasmid contained the HCoV-

NL63 ADRP coding sequence flanked by appropriate HCoV-229E nsp3 coding sequences. Using 

primer sets with partially overlapping 5‟-regions, two DNA fragments were amplified by PCR using 

pGPT-X (Putics et al. 2005) and a suitable HCoV-NL63 cDNA, respectively, as templates. A mixture 

of the two fragments, one representing the plasmid backbone including HCoV-229E flanking regions 

and the other representing the HCoV-NL63 ADRP coding sequence (HCoV-NL63 nts 4043 to 4543), 

was used to transform E. coli cells. Due to the presence of identical sequences introduced by the PCR 

primer on both DNAs, the two fragments underwent homologous recombination in E. coli, thereby 

reconstituting a circular plasmid DNA with the desired junction sites.  
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4.2 Generation of a recombinant HCoV-229E encoding a chimeric replicase 

polyprotein with the HCoV-229E ADRP domain being replaced with the 

homologue from HCoV-NL63  

 

Previous work in the laboratory has shown that it is possible to replace specific 

pp1a/pp1ab domains with homologous sequences from closely related 

alphacoronaviruses, such as HCoV-NL63, the closest known relative of HCoV-229E. 

With few exceptions, these chimeric viruses displayed defects in viral replication but 

some of the viruses managed to restore fitness upon serial passage in cell culture. 

Sequence analysis of these viruses identified second-site (compensatory) mutations 

in almost all cases. ADRP amino acid sequences of the HCoV-229E and HCoV-

NL63 share 73% similarity and 56% identity (Fig. 4.2) and previous work on several 

coronavirus ADRP domains provided information on the borders of enzymatically 

active ADRP domains. Together, this information provided the basis for the 

construction of an HCoV-229E mutant in which the ADRP domain was replaced 

with that of HCoV-NL63. The generated chimeric virus mutant was hoped to result 

in viable viruses that could be further characterised, for example to identify second-

site mutations elsewhere in the replicase gene and obtaining insight into potential 

protein-protein interactions in the replication complex.  
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Fig. 4.2: Multiple sequence alignment of coronavirus ADRP domains. The alignment was 

generated using ClustalX 2.0 (Larkin et al., 2007). White letters on black background indicate 

residues conserved in all sequences. Boxed letters show residues conserved in more than 70% of the 

aligned sequences. N- and C-terminal borders of coronavirus ADRP domains that were previously 

shown to mediate ADRP activity when expressed in bacteria are indicated in red for HCoV-229E, 

SARS-CoV and TGEV (Putics et al., 2005, Putics et al., 2006a, Putics et al., 2006b). Also shown are 

the domain borders of the HCoV-NL63 ADRP domain inserted into the HCoV-229E genome in this 

study. Accession numbers used for this alignment: AF304460 (HCoV-229E pp1a/pp1ab residues 

Va1251l to Pro1460), AY567487 (HCoV-NL63, pp1a/pp1ab residues Ser1236 to Phe1435), 

AF353511 (PEDV, pp1a/pp1ab residues Cys1268 to Val1438), AJ271965 (TGEV, pp1a/pp1ab 

residues Val1301 to His1500), and AY291315 (SARS-CoV, pp1a/pp1ab residues Thr986 to Pro1185). 

The numbers of the first and last residues of the shown sequence region are indicated and correspond 

to the position of the respective amino acid residue in the pp1a/pp1ab sequence of the respective virus.  
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4.2.1 Construction of plasmid pHCoV-X-NL63 

 

In the plasmid pGPT-X, the HCoV-229E sequence fragments nts 3116 to 4088 and 

nts 4597 to 5550, respectively, flank the gpt gene, thus facilitating insertion of the 

gpt selection marker at the desired position in the nsp3 coding region of vHCoV-inf-

1 by homologous recombination (Putics et al., 2005). pGPT-X plasmid DNA was 

used to generate a plasmid in which the gpt gene was replaced with the HCoV-NL63 

ADRP coding sequence (HCoV-NL63 nts 4043 to 4543). This was done using a 

PCR-recombination method in which the generated DNA fragments possess identical 

ends allowing reconstitution of a circular plasmid through E. coli-mediated 

recombination (Fig. 4.1B). For this purpose, the plasmid DNA (pGPT-X) was 

amplified with the primer pair SD 29up and SD 28dn using a DNA polymerase with 

proofreading activity (Pfu). The two primers contained at their 5‟ ends an additional 

21 nucleotides that were not complementary to the plasmid template but identical to 

the ends of the insert sequence (HCoV-NL63 ADRP) to be produced in a second 

PCR (see below). The presence of identical ends on the two PCR amplicons 

facilitated recombination following co-transfection of the two DNA fragments into 

E. coli. The PCR product (3.2 kb, Fig. 4.3, lane 2) was digested with DpnI to remove 

the (methylated) template DNA and subsequently purified using the QIAquick® 

PCR Purification Kit. 

 

The insert DNA was produced as follows. HCoV-NL63 RNA isolated from infected 

cells was reverse transcribed using primer NL7765 dn. This cDNA was used as a 

template in a subsequent PCR using primer NL4062 up and NL4521 dn and Pfu 

polymerase. An aliquot of the PCR product was analysed by agarose gel 

electrophoresis (0.5 kb, Fig. 4.3A, lane 1). In order to assemble the plasmid pHCoV-

X-NL63, the two PCR products were purified, combined and used to transform 

competent E. coli Top10F‟ cells (section 2.2.6). Plasmid DNA from eight bacterial 

colonies was isolated and analysed by restriction digestion using the enzyme PvuII. 

The resulting fragments were analysed by gel electrophoresis. For correctly 

recombined plasmid DNAs, PvuII digestion was expected to generate DNA 

fragments of 2.2 kb and 1.6 kb, respectively. As Fig. 4.3B (lanes 1, 4, 6, 7, 8) shows, 

five of the eight clones exhibit the expected restriction pattern. Furthermore, the 

correct insertion and sequence was verified by sequence analysis (Fig. 4.3C). 
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Plasmid DNA isolated from clone 4 was designated pHCoV-X-NL63 and used in 

subsequent transfection experiments as described in the following section. 

A list of primer sequences and plasmid properties is provided in appendix 6 and 7, 

respectively. 

 

 

 

 

Fig. 4.3: Construction of plasmid pHCoV-X-NL63. (A) Agarose gel electrophoresis of PCR 

products used to generate pHCoV-X-NL63. Lane 1: HCoV-NL63-derived insert DNA amplified from 

HCoV-NL63 cDNA using NL4062up and NL4521dn, lane 2: plasmid backbone amplified from 

pGPT-X using SD 29up and SD 28dn, lane 3: negative control (no template) for the PCR analysed in 

lane 1, lane 4: negative control (no template) for the PCR analysed in lane 2. (B) PvuII restriction 

analysis of pHCoV-X-NL63 plasmid DNAs isolated from single colonies obtained from co-

transformation and subsequent recombination of the two PCR fragments in E. coli. Lane 1 to 8: 

restriction analyses of clones 1 to 8. The expected restriction pattern (fragments of 2.2 kb and 1.6 kb) 

was observed in lanes 1, 4, 6, 7 and 8. (A and B) λ DNA size marker III, fragment sizes (in kb) are 

given on the left. (C) Chromatogram sections showing the junction sites (indicted in yellow) between 

the HCoV-NL63 ADRP (lower case letters) and HCoV-229E ADRP coding sequences. The 

numbering above indicates nucleotide positions in the pHCoV-X-NL63 plasmid DNA.  
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4.2.2 Generation of the recombinant vaccinia virus vHCoV_ADRP-NL63 

 

To replace the ADRP coding sequence of HCoV-229E with that of HCoV-NL63 in 

vHCoV-inf-1, CV-1 cells were infected with vHCoV_ΔX-GPT (MOI of 1) and 

subsequently transfected with pHCoV-X-NL63 plasmid DNA. At three days post 

infection/transfection, a “transfection stock” was prepared as described in section 

2.3.7.1. Vaccinia virus clones that had lost the gpt marker due to a double cross-over 

event with pHCoV-X-NL63 plasmid DNA were isolated by three successive rounds 

of plaque purification on D980R cells under gpt-negative selection pressure (1 µg/ml 

6-thioguanine). The plaque-purified virus was then used to infect a confluent 

monolayer of CV-1 cells grown in a 6-well dish. Once CPE became apparent, the 

vaccinia virus-containing culture supernatant was collected and stored at -20°C until 

further use, while vaccinia virus DNA was isolated from lysates obtained from the 

infected cells. This DNA was further analysed by PCR, Southern blot hybridisation 

and sequence analysis to confirm the identities of the vaccinia virus clones. First, 

DNAs obtained from two isolated vaccinia virus clones were used as template to 

amplify the HCoV-229E genome region in which recombination had occurred, along 

with flanking regions (primer pair: 3800up [nts 3800-3821] and Oli48 [nts 4853-

4871]). The elongation time used for the PCR cycles was adjusted to allow 

amplification of both the larger gpt-containing DNA fragment (present if no 

recombination had occurred; calculated product size 2330 bp) and the smaller gpt-

free 1057-bp product (present if the HCoV-NL63 sequence had been correctly 

inserted). As a positive control, a PCR was performed under the same conditions 

using template DNA isolated from vHCoV_ΔX-GPT-infected cells. The resulting 

PCR products were separated on a 1% agarose gel (Fig. 4.4). The PCR products 

obtained from both vHCoV_ADRP-NL63 clones (Fig. 4.4A, lanes 1 and 2) were 

found to have the size calculated for a gpt-free product (~1 kb), indicating that the 

desired replacement of the gpt gene had occurred. As expected, the size of the 

amplicon obtained from the DNA of the parental vHCoV_ΔX-GPT virus (>2 kb) 

was identical to the size calculated for a fragment containing gpt together with 

HCoV-229E flanking sequences (Fig. 3.4B).  
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Fig. 4.4: PCR analysis of two vHCoV_ADRP-NL63 clones. Primer 3800up and Oli48 were used to 

amplify the appropriate cDNA region in which the substitution of gpt with the HCoV-NL63 ADRP 

coding sequence was expected to occur. PCR products were separated in a 1% agarose gel. (A) PCR 

products obtained from cells infected with recombinant vaccinia viruses vHCoV_ADRP-NL63 1 and 

2 (lanes 1 and 2, respectively), λ DNA Marker III was used as size maker (sizes in kb are given on the 

left). (B) In a control reaction using DNA isolated from vHCoV_ΔX-GPT-infected CV-1 cells as a 

template, a PCR performed under the same conditions generated a >2-kb fragment, indicating the 

presence of gpt flanked by HCoV-229E sequences. Sizes (in kb) of DNA markers of the GeneRuler™ 

1 kb Plus DNA ladder (Fermentas) are indicated on the left. 

 

 

To confirm that the HCoV-NL63 ADRP-coding sequence had been correctly inserted 

and to exclude the presence of unwanted mutations introduced by PCR, the 

amplicons were sequenced. Comparison of the sequence data with the predicted 

HCoV_ADRP-NL63 “fusion sequence” assembled from published sequences 

available for HCoV-229E (accession no. NC_002645) and HCoV-NL63 (accession 

no. NC_005831) revealed that both clones had the correct sequence. 

 

The vaccinia virus clones were further analysed by Southern blot hybridisation to 

detect illegitimate recombination events that might have occurred elsewhere in the 

HCoV-229E genome cDNA. To this end, DNA isolated from infected cells was 

digested with the restriction enzyme HindIII, separated on a 1% agarose gel and then 

transferred onto a positively charged nylon membrane according to the blotting 

protocol described in section 2.5.1.12. The DNA was hybridised to a radioactively 
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labelled HCoV-229E-specific probe and the hybridisation pattern was visualised by 

autoradiography. Digestion of the genomic DNA of the recombinant vaccinia virus 

with HindIII was expected to generate a total of 14 HCoV-229E-specific fragments 

to be recognised by the probe, the latter covering the entire HCoV-229E sequence. 

The calculated sizes of vHCoV_ADRP-NL63 genome fragments to be detected by 

the probe used in this experiment were 5.95 kb, 5.1 kb, 4.24 kb, 3.27 kb, 1.8 kb, 

1.5 kb, 1.4 kb 1.24 kb, 0.98 kb, 0.65 kb, 0.58 kb, 0.4 kb, 0.12 kb and 0.09 kb of the 

parental vHCoV-inf-1 virus. Due to the use of an HCoV-229E-specific hybridisation 

probe, fragments containing both HCoV-229E and HCoV-NL63 sequences were 

expected to produce a slightly less intense hybridisation signal on the X-ray film. In 

the case of vHCoV_ADRP-NL63, three fragments (4.24 kb, 1.4 kb and 0.09 kb) 

were predicted to include such non-HCoV-229E sequences. A table summarising the 

number and lengths of digestion fragments of vHCoV-inf-1 and mutant derivatives 

produced in this study, along with the parental vHCoV_ΔX-GPT construct, is 

provided in appendix 9. Apart from small fragments of less than 0.6 kb, which could 

not be reliably detected, the fragments observed in the Southern blot experiment 

corresponded to the expected hybridisation pattern, suggesting that the selected 

clones contained the correct and complete cDNA sequence and excluding a 

contamination with the parental vHCoV_ΔX-GPT virus or unwanted recombination 

events (Fig. 4.5) in these virus stocks. Black arrows in Fig. 4.5 indicate fragments 

that (also) contain HCoV-NL63 sequence and therefore appear less intense compared 

to fragments of similar sizes that only contain HCoV-229E-derived sequences.  

 

Taken together, the PCR, sequence analysis and the Southern blot data confirmed 

that two recombinant vaccinia virus clones (vHCoV_ADRP-NL63 1 and 2) had been 

generated in which the gpt coding sequence present in vHCoV_ΔX-GPT was 

replaced with the HCoV-NL63 ADRP coding sequence. In the following section, 

clone 1 will be referred to as vHCoV_ADRP-NL63. This virus was used to produce 

the HCoV-229E/NL63 chimeric virus HCoV_ADRP-NL63 in subsequent 

experiments. 
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Fig. 4.5: Analysis of two recombinant vaccinia viruses, vHCoV_ADRP-NL63 1 and 2, by 

Southern blot hybridisation. To characterise the two vHCoV_ADRP-NL63 clones (integrity of the 

coronavirus cDNA insert and lack of contamination with the parental gpt-containing virus), DNAs 

isolated from vHCoV_ADRP-NL63-infected CV-1 cells were analysed by Southern blot. To this end, 

DNA was digested with the restriction enzyme HindIII, and DNA fragments were separated by 

agarose gel electrophoresis and transferred onto a nylon membrane (lane 1: vHCoV_ADRP-NL63 

clone 1, lane 2: clone 2) . A [
32

P]-labelled DNA probe specific for the complete HCoV-229E sequence 

was used and the hybridisation pattern was visualised by autoradiography. Sizes of λ DNA Marker III 

fragments are given in kb on the left hand side. Black arrows indicate two out of three restriction 

products predicted to contain parts of the HCoV-NL63 ADRP sequence.  

 

 

4.2.3 Rescue of the chimeric HCoV-229E virus, HCoV_ADRP-NL63  

4.2.3.1 Synthesis of HCoV_ADRP-NL63 full-length genomic RNA 

 

BHK-21 cells were routinely used to generate large amounts of recombinant vaccinia 

virus DNAs containing full-length genome cDNA of HCoV-229E and its mutant 

derivatives, respectively. To this end, BHK-21 cells grown to 95% confluency in 

twelve 175 cm
2
 cell culture flasks were infected with the recombinant vaccinia virus 

vHCoV_ADRP-NL63.  
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Fig. 4.6: Generation of full-length in vitro transcripts of recombinant HCoV_ADRP-NL63. DNA 

isolated from purified vHCoV_ADRP-NL63 was digested with the restriction enzyme ClaI. The DNA 

was then used as template for a run-off transcription of 5‟-capped full-length RNA of HCoV_ADRP-

NL63 using T7 RNA polymerase. (A) ClaI-digested vaccinia virus DNA was separated by gel 

electrophoresis in a 1% agarose gel. Lane 1: vHCoV-inf-1 DNA, lane 2: vHCoV_ADRP-NL63 DNA. 

The arrow indicates the HCoV-229E full-length cDNA fragment with small vaccinia virus-derived 

flanking regions. (B) 1 µg of in vitro-transcribed RNA was separated under denaturating conditions in 

a 1% agarose gel containing 0.1% (w/v) SDS. The arrow indicates the full-length transcript. 

GeneRuler™ 1 kb Plus DNA ladder (Fermentas) was used as size marker and sizes (in kb) are shown 

on the left of the gels. 

 

 

Once CPE was observed throughout the cell monolayer (3 d p.i.), vaccinia virus 

particles were purified using sucrose gradient centrifugation (section 2.4.1.2) and 

genomic DNA was isolated and purified as described previously (sections 2.5.1.2.2, 

2.5.1.3 and 2.5.1.4). To produce a suitable template for generating T7 run-off 

transcripts of the HCoV_ADRP-NL63 full-length cDNA, the purified vaccinia virus 

vHCoV_ADRP-NL63 DNA was digested with the restriction enzyme ClaI and an 

aliquot of this reaction was analysed by agarose gel electrophoresis in a 1% gel (Fig. 

4.6A). As this vaccinia virus contains multiple ClaI recognition sites upstream and 

downstream of the HCoV_ADRP-NL63 full-length cDNA insert (which lacks ClaI 

sites), the cleavage of vHCoV_ADRP-NL63 with ClaI produced a DNA fragment 

containing the HCoV-229E cDNA insert of slightly more than 28 kb and multiple 

significantly smaller products derived from the vaccinia virus genome sequence    
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(vv backbone). Following phenol-chloroform extraction and ethanol precipitation, 

the purified vaccinia virus DNA was used as a template in an in vitro transcription 

reaction using the RiboMAX
TM

 Large Scale RNA Production System-T7 (Promega, 

section 2.5.2.3.1). RNA was precipitated using LiCl2 –solution and the size and 

integrity of the synthesised RNA was analysed by gel electrophoresis. To this end, 

1 µg of the RNA was separated on a denaturing agarose gel (1% agarose gel 

containing 0.1% [w/v] SDS) (Fig. 4.6B).  

 

 

4.2.3.2 Rescue of HCoV_ADRP-NL63 and analysis of RNA synthesis 

 

15 µg of in vitro synthesised full-length genomic RNA of vHCoV-inf-1 or mutant 

derivatives were mixed with 5 µg of in vitro transcribed mRNA encoding the HCoV-

229E N-protein and co-transfected into 4x10
6
 Huh7 cells (section 2.3.7.3). Cells 

transfected with 5 µg N-mRNA alone served as a negative control (mock). After 16 h 

incubation at 37°C, the supernatant was discarded and cells were incubated for a 

further 24 h at 33°C using fresh growth medium. At 40 h p.t., the cell culture 

supernatant was collected and used to determine the virus titer of this stock which 

was designated “passage 0” (P0) (Fig. 4.7C, section 2.4.2.2). P0 virus stocks were 

stored at -80°C until further use. 5 µg of the total RNA isolated from the transfected 

Huh7 cells using TRIzol® reagent (section 2.5.2.1) was analysed to examine virus 

RNA synthesis by Northern blot hybridisation (section 2.5.2.4) using a [
32

P]-labelled 

DNA probe specific for the HCoV-229E 3‟ untranslated region (3‟-UTR) (nts 26857-

27235). The hybridisation pattern was visualised by phosphoimaging (FLA-3000, 

Fujifilm). As shown in Fig. 4.7 A and B, transfection of HCoV_ADRP-NL63 RNA 

led to the synthesis of the characteristic set of 3‟-coterminal RNAs, albeit at a 

significantly reduced level compared to cells transfected with wild-type HCoV-229E 

genome RNA (Fig. 4.7 A and B; the membrane was exposed for 18 h and 3 days, 

respectively).  
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Fig. 4.7: RNA synthesis of HCoV_ADRP-NL63. Northern blot analysis of RNA isolated 40 h p.t. 

from Huh7 cells co-transfected with either 15 µg of in vitro-transcribed full-length RNA of HCoV-

229E (A, B lane 1) or HCoV_ADRP-NL63 (A, B lane 3) and 5 µg N-mRNA. Transfection of N-

mRNA alone served as a negative control (A, B lane 2). Viral RNA was detected using a [
32

P]-

labelled probe specific for the HCoV-229E 3‟ UTR (nts 26857-27235). (A) Exposure of the Northern 

blot membrane for 18 h. (B) lanes 2 and 3 of the membrane shown in A were re-exposed to the 

imaging screen for 3 d. A shorter exposure of the relevant part of the Northen blot membrane showing 

RNA isolated from cells transfected with HCoV-229E wild-type RNA was used as size marker (lane 

1). (C) Virus titers in cell culture supernatants collected at 40 h p.t. were determined in three 

independent transfection experiments. Virus titers were determined on Huh7 cells and are given in 

TCID50/ml as mean values with standard deviations.  
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The RNA synthesis data correlated with virus titration data. Thus, supernatant 

collected at 40 h p.t. from cells transfected with HCoV_ADRP-NL63 RNA contained 

more than 10,000 times less virus compared to supernatant collected from cells 

transfected with the wild-type RNA (Fig. 4.7C).  

The identity of rescued HCoV_ADRP-NL63 was confirmed following the isolation 

of total RNA from transfected cells. The RNA was reverse transcribed using RT 

primer 12500dn and the genome segment comprising the introduced HCoV-NL63 

ADRP coding sequence, along with HCoV-229E nsp3 flanking regions, was 

amplified by PCR using primer 3800up and 5400dn. As shown in Fig. 4.8A (lane 1), 

a PCR product of the correct size (1.6 kb) was obtained. This product was absent in 

the RT negative control (Fig. 4.8A, lane 2, minus RT). The resulting amplicon was 

purified and used for sequence analysis. This confirmed that the recombinant virus 

contained the HCoV-NL63 ADRP coding sequence, correctly replacing the HCoV-

229E ADRP domain (Fig. 4.8B). No additional changes were identified in this 

region. Appendix 8 summarises all viruses generated in this study.  
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Fig. 4.8: Nucleotide sequence analysis of recombinant HCoV_ADRP-NL63. Huh7 cells were 

infected with recombinant HCoV_ADRP-NL63 and incubated at 33°C. At 36 h p.i., total RNA was 

prepared and used as template in an RT-PCR (RT primer 12500dn, PCR primer 3800up and 5400dn). 

(A) RT-PCR products were analysed by gel electrophoresis in a 1% agarose gel. λ DNA marker III 

was used as size marker (given in kb on the left). Lane 1: RT-PCR product obtained using template 

RNA isolated from HCoV_ADRP-NL63-infected cells; lane 2: negative control (reaction without 

RT). (B) Sequence analysis of HCoV_ADRP-NL63 RT-PCR product. Junctions between HCoV-229E 

and HCoV-NL63 ADRP-derived sequences are boxed in yellow. The numbering given above 

indicates the nucleotide positions in the HCoV_ADRP-NL63 genome sequence. 
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4.3 Substitution of the putative active-site Asn-1357 with Ala in the HCoV-

229E ADRP domain  

 

Over the past few years, sequence alignments and structural information obtained for 

several coronavirus ADRP domains identified a range of putative catalytic residues 

and other conserved residues predicted to be part of the active site (Putics et al., 

2005, Saikatendu et al., 2005, Egloff et al., 2006, Piotrowski et al., 2009, Wojdyla et 

al., 2009, Xu et al., 2009). In order to further characterise the HCoV-229E ADRP, 

mutant forms of the HCoV-229E ADRP carrying Ala substitutions of these 

conserved residues were expressed in E. coli and the enzymatic activity of the 

purified proteins was determined by in vitro assays using ADP-ribose-1”-phosphate 

as a substrate. Analysis of the reaction products showed that, in some mutants, 

enzymatic activity was reduced or completely abolished (Slaby, Putics and Ziebuhr, 

unpublished). Mutant ADRP proteins in which Phe-1356 and Asn-1357, 

respectively, were substituted with Ala (F1356A and N1357A, respectively) had no 

detectable ADP-ribose-1”-phosphatase activity in these experiments, suggesting that 

the two residues are essential for activity. The biochemical data are consistent with 

the crystal structure reported for the SARS-CoV homolog (Egloff et al., 2006). In the 

structure, the two conserved residues were found to be located in the active site cleft 

of the protein.  

 

 

4.3.1 Recovery of a recombinant vHCoV_N1357A  

 

To determine the effects of ADRP inactivation for HCoV-229E replication in cell 

culture, one of the substitutions (N1357A) mentioned above was transferred into the 

HCoV-229E genome using the reverse genetics system introduced by Thiel et al. 

(2001). To this end, vHCoV_ΔX-GPT-infected CV-1 cells were transfected with 

5 µg pBSc/HCoV-N1357A (Slaby, Putics and Ziebuhr, unpublished) using 

Lipofectin® reagent (Invitrogen).  
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Fig. 4.9: Synthesis of full-length HCoV_N1357A RNA using ClaI-digested vaccinia virus 

vHCoV_N1357A genome DNA as a template. (A) Purified vHCoV_N1357A DNA was digested 

with ClaI to produce a template suitable for run-off transcription of full-length HCoV_N1357A RNA. 

The restriction reaction was analysed by gel electrophoresis in a 1% agarose gel. The largest 

restriction fragment containing the full-length HCoV-229E_N1357A cDNA insert is indicated by an 

arrow. (B) 1 µg of in vitro transcribed RNA was analysed in a 1% agarose gel containing 0.1% SDS. 

The arrow indicates the ~27.3 kb HCoV-229E_N1357A full-length RNA transcript. λ DNA marker III 

was used as size reference (shown on the left). 

 

 

This plasmid harbours the HCoV-229E nts 3860 to 4871 with two introduced point 

mutations (nt 4361A substituted with G and nt 4362A substituted with C) which 

result in the substitution of asparagine 1357 with alanine (codon AAT → GCT). 

Three days after infection/transfection, a recombinant virus stock was prepared by 

scraping cells into 1.5 ml of cell culture supernatant. By three rounds of gpt-negative 

selection on D980R cells, two virus clones were selected. To ensure that the desired 

substitution of the gpt coding sequence in vHCoV_ΔX-GPT with the mutated 

sequence had occurred, the identity of the isolated recombinant vaccinia viruses was 

confirmed by Southern blotting (appendix 10) and sequence analysis.  

 

To obtain the template DNA required for the subsequent synthesis of full-length 

HCoV-229E_N1357A RNA by in vitro transcription, BHK-21 cells were infected 

with the recovered recombinant vHCoV_N1357A. Following vaccinia virus 

purification by sucrose gradient centrifugation and DNA isolation by Protein K 
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digestion, phenol-chloroform extraction and ethanol precipitation, the viral DNA was 

subjected to digestion with the restriction enzyme ClaI. The presence of a ~28 kb 

restriction fragment was confirmed by gel electrophoresis in a 1% agarose gel (Fig. 

4.9A). The purified ClaI-digested DNA served as the template in a run-off 

transcription reaction using T7 RNA polymerase. The newly synthesised RNA was 

quantified and the quality was confirmed by agarose gel electrophoresis under 

denaturing conditions. As shown in Fig. 4.9B, full-length RNA transcripts were 

obtained in these reactions. 

 

 

4.3.2 Rescue of HCoV_N1357A recombinant virus from in vitro synthesised 

full-length RNA  

 

Huh7 cells (4   10
6
) were co-transfected with 15 µg of in vitro transcribed HCoV-

N1357A RNA and 5 µg N-mRNA. As positive control in this experiment, vHCoV-

inf-1-derived HCoV-229E full-length RNA and N-mRNA were co-transfected into 

Huh7 cells. At 16 h p.t., the supernatant was replaced with fresh medium and the 

cells were incubated at 33°C for a further 24 h. Thereafter, total RNA was isolated 

from transfected cells and used for Northern blot hybridisation and sequence 

analysis. To this end, 5 µg total RNA was separated on a MOPS-buffered 1% 

agarose gel containing 6% formaldehyde, and subsequently transferred onto a 

positively charged nylon membrane. A [
32

P]-labelled HCoV-229E-specific probe 

was used to detect viral RNAs which were visualised by phosphorimaging. As shown 

in Fig. 4.10 A and B, lane 2, RNA synthesis of the recombinant HCoV_N1357A 

(appendix 8) was reduced compared to wild-type HCoV-229E derived from vHCoV-

inf-1. In line with this observation, a reduced virus titer was determined for 

recombinant HCoV_N1357A obtained from three independent transfection 

experiments (Fig. 4.10C).   
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Fig. 4.10: Rescue of recombinant HCoV-N1357A. (A and B) Northern blot analysis of total RNA 

isolated from Huh7 cells co-transfected with 15 µg in vitro transcribed HCoV-229E RNA (lane 1) and 

HCoV-229E_N1357A RNA (lane 3), respectively, each transfected in combination with 5 µg N-

mRNA. Transfection of 5 µg N-mRNA alone served as a negative control (lane 2). Following gel 

electrophoresis of 5 µg total RNA isolated from these cells and transfer onto a nylon membrane, viral 

RNAs were detected using a [
32

P]-labelled probe specific for the HCoV-229E 3‟UTR. Bound probe 

was visualised by phosphorimaging. (A) Exposure time: 18 h. (B) exposure time: 48 h. (C) Virus titers 

were determined at 40 h p.t. by TCID50 assay from three independent transfection experiments and the 

mean values and standard deviation are given. (D) Total RNA isolated from cells transfected with 

HCoV_N1357A RNA was used for RT-PCR to amplify the ADRP coding sequence. Sequence 

analysis confirmed the presence of the introduced ADRP active-site mutation (yellow box). Numbers 

above correspond to the position in the HCoV-229E genome RNA. Also shown is the pp1a/pp1ab 

amino acid sequence (green).   
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Sequence analysis of the amplified ADRP-coding sequence following RT-PCR (RT 

primer: 12500dn, PCR primer: 3800up and 5400dn, appendix 6) confirmed that the 

introduced active-site mutation (GCT, A1357) was present in the rescued 

recombinant virus (Fig. 4.10D). Furthermore, no additional mutations were observed 

in the amplified region. 

 

 

4.4 Deletion of the ADRP coding region  

 

Analysis of HCoV-229E ADRP active-site mutants (HCoV_N1357A, this study [see 

above], and HCoV_N1305A, Putics, A. et al., 2005) suggests that ADRP activity is 

dispensable for viral RNA synthesis in tissue culture. To answer the question of 

whether or not the entire domain is required for replication, the ADRP coding 

sequence was deleted from the HCoV-229E genome. To minimise the risk of 

misfolding of nsp3 caused by the deletion of the ADRP domain, the borders of the 

domain to be deleted were carefully selected on the basis of structural and functional 

information and comparative sequence analysis (Putics et al., 2005, Egloff et al., 

2006, Slaby, Putics and Ziebuhr, unpublished data, Fig. 4.2).  

 

 

4.4.1 Recovery of a recombinant vHCoV_ΔADRP 

 

The recombinant vaccinia virus vHCoV_ΔADRP was generated by transfecting 

vHCoV_ΔX-GPT-infected CV-1 cells with 5 µg of a plasmid DNA in which the 

HCoV-229E papain-like protease PLP1 and PLP2 coding sequences were seamlessly 

joined (pBS-HCoV-ΔX; Slaby, Putics and Ziebuhr, unpublished). Transfection virus 

stocks were collected at 3 d p.t. and used to infect D980R cells grown in the presence 

of 6-thioguanine (1 µg/ml). Following three rounds of plaque purification under gpt 

negative selection pressure, virus clones were isolated and replacement of the gpt 

coding sequence with the transfected HCoV-229E cDNA present on the transfected 

pBS-HCoV-ΔX plasmid DNA was confirmed. To obtain sufficient amounts of DNA 



 4 Results  

133 

 

for further analyses, CV-1 cells were seeded in a 6-well cell culture dish and infected 

with the respective plaque-purified virus stocks. At 3 d p.i., DNA was isolated from 

virus-infected cells and used as template in a PCR using primer vvSeq1up and 

vvSeq3dn (appendix 6). The PCR was performed using the Triple Master PCR 

system
TM

 (Eppendorf) to amplify full-length HCoV-ΔADRP genome sequence. The 

obtained amplicon (> 26.8 kb) was digested with the restriction enzyme HindIII and 

the resulting fragments were separated in a 1% agarose gel by gel electrophoresis. 

Analysis of the fragment pattern observed for the vHCoV_ΔADRP clone confirmed 

that the recombinant virus was free from the parental vHCoV_ΔX-GPT and that no 

unwanted recombination events had occurred (appendix 9 and data not shown).  

In addition, the appropriate nsp3 coding sequence was amplified by PCR (3800up 

and Oli48, appendix 6) and sequenced to confirm the identity of the engineered 

sequence (Fig. 4.11B).   
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Fig. 4.11: Sequence analysis of vHCoV_ΔADRP. Through vaccinia virus-mediated homologous 

recombination between vHCoV_ΔX-GPT and pBS-HCoV-ΔX the ADRP coding sequence was 

deleted from the full-length HCoV-229E cDNA. DNA isolated from CV-1 cells infected with 

recombinant vHCoV_ΔADRP was used as template to amplify the appropriate ADRP flanking 

sequences. The size of the obtained amplicon was analysed by agarose gel electrophoresis and the 

sequence was determined. (A) HCoV-229E ADRP termini and flanking sequences in nsp3. Left: red 

box indicates the most N-terminal four amino acids of the ADRP domain, right: the red box indicates 

the four C-terminal amino acids of the ADRP domain. (B) Sequence analysis of the relevant junction 

site of ADRP flanking sequences in DNA isolated from vHCoV_ΔADRP-infected cells. The yellow 

box indicates the site at which upstream and downstream sequences that flank the ADRP domain in 

nsp3 were joined. The numbers given above correspond to the nucleotide position in the recombinant 

HCoV-229E_ΔADRP genome.  
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Fig. 4.12: Analysis of ClaI-digested vHCoV_∆ADRP DNA and production of an in vitro 

transcript representing the HCoV-229E_ΔADRP genome RNA. (A) vHCoV_ΔADRP was purified 

by sucrose gradient centrifugation and the isolated viral DNA was digested with ClaI. Restriction 

fragments were analysed by gel electrophoresis in a 1% agarose gel. The arrow indicates the position 

of a fragment containing the full-length HCoV-229E_ΔADRP cDNA sequence. (B) ClaI-digested 

vHCoV_ΔADRP DNA was used as template in an in vitro run-off transcription to produce HCoV-

229E_ΔADRP genome RNA. The RNA concentration was determined by spectrophotometry and 

1 µg was analysed in a 1% agarose gel containing 0.1% SDS. The arrow indicates the position of the 

full-length HCoV-229E_ΔADRP RNA transcript. λ DNA marker III was used in both gels as a size 

marker (sizes are given in kb). 

 

 

DNA isolated from purified vHCoV_ ΔADRP-infected BHK-21 cells was digested 

with the restriction enzyme ClaI to generate a template suitable for the in vitro 

transcription of full-length HCoV-229E_∆ADRP RNA. The completeness of the 

ClaI digest and the presence of the entire HCoV-229E_∆ADRP cDNA were 

confirmed by gel electrophoresis (Fig. 4.12A). The integrity of the full-length 5‟-

capped RNA transcripts was confirmed by analysing 1 µg synthesised RNA by gel 

electrophoresis as shown in Fig. 4.12B. 

 

 

 



 4 Results  

136 

 

4.4.2 Rescue of HCoV-ΔADRP using full-length in vitro transcripts 

 

The in vitro transcribed full-length HCoV-229E_ΔADRP RNA (15 µg) was co-

transfected with N-mRNA (5 µg) into Huh7 cells and cells were incubated at 37°C. 

After 16 h, the supernatant was replaced with fresh growth medium and the cells 

were incubated for a further 24°h at 33°C. At 40 h p.t., total RNA was isolated from 

transfected cells using TRIzol® reagent and the concentration was determined 

spectrophotometrically. The cell culture supernatant, designated passage 0 (P0) virus 

stock, was used to determine the virus titer by end-point dilution assay (TCID50 

assay). Mean values of HCoV_ΔADRP titers and standard deviations were 

determined from three independent transfection experiments (Fig. 4.13C). The 

observed viral titers were 5 logs lower than the titer of HCoV-229E wild-type virus 

recovered after transfection, suggesting that the ADRP domain is not essential, even 

though its deletion significantly reduced replication in cell culture. 

 

To study viral RNA synthesis and accumulation in cells transfected with HCoV-

229E_∆ADRP RNA, 5 µg of total RNA isolated from these cells was separated in a 

MOPS-buffered 1% agarose gel containing 6% formaldehyde and transferred onto a 

nylon membrane using the blotting protocol outlined in section 2.5.2.4. A [
32

P]-

labelled DNA probe specific for the HCoV-229E 3‟ UTR sequence was used for 

hybridisation and the bound probe was visualised by phosphorimaging. As shown in 

Fig. 4.13A, RNA synthesis of the rescued recombinant HCoV_ΔADRP was greatly 

reduced in comparison to the recombinant wild-type HCoV-229E which served as a 

positive control in this experiment.  

Total RNA isolated from transfected Huh7 cells served as template in an RT-PCR 

(RT primer: 12500dn, PCR primer: 3800up and 5400dn, appendix 6). The obtained 

amplicon was analysed by gel electrophoresis. It contained the sequences that flank 

the ADRP domain in the HCoV-229E genome.   
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Fig. 4.13: RNA synthesis and production of infectious virus progeny in an HCoV-229E mutant 

lacking the ADRP domain (HCoV_ΔADRP). (A and B) Northern blot hybridisation of total RNA 

isolated from Huh7 cells transfected with wild-type or mutant RNAs (each in combination with N-

mRNA) using a [
32

P]-labelled probe specific for the HCoV-229E 3‟UTR sequence. RNA synthesis 

following transfection of HCoV-229E wild-type RNA and N-mRNA (lane 1), HCoV_ΔADRP RNA 

and N-mRNA (lane 2) or N-mRNA alone (lane 3). Bound probe was visualised by phosphorimaging. 

(A) 18 h exposure time; (B) 2 d exposure time. (C) End-point dilution assay (TCID50) of virus-

containing cell culture supernatant obtained at 40 h p.t.. The graph shows mean values and standard 

deviations calculated from three independent transfection experiments. (D) Two-step RT-PCR using 

RNA isolated from Huh7 cells transfected with wild-type or mutant HCoV-229E genome RNAs 

containing substitutions or deletions in/of the ADRP coding sequence, respectively. The primer 

3800up and 5400dn were used to amplify the ADRP coding sequence together with flanking regions. 

PCR products were analysed by gel electrophoresis. The obtained amplicons have the expected size. 

Lane 1: HCoV_ΔADRP, lane 2: HCoV_ADRP-NL63, lane 3: HCoV_N1357A, lane 4: HCoV-229E, 

lane 5: RT-PCR negative control. λ DNA marker III was used as a size reference (kb).   
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As shown in Fig. 4.13 D (lane 1, HCoV_ΔADRP), the product migrated faster than 

the amplified products obtained from HCoV_ADRP-NL63 (lane 2), HCoV_N1357A 

(lane 3) and HCoV-229E (lane 4). The ΔADRP PCR product was purified and the 

subsequent sequence analysis confirmed the desired deletion of the ADRP domain 

(data not shown). 

 

 

4.5 Characterisation of the effects of HCoV-229E ADRP active-site mutation, 

deletion or substitution of virus fitness in tissue culture  

 

4.5.1 Isolation of single recombinant virus mutants and molecular 

characterisation  

 

The P0 virus stock of rescued recombinant viruses HCoV_N1357A, HCoV_ADRP-

NL63 and HCoV_ΔADRP from two separate transfection experiments was titrated 

by end-point dilution assay (TCID50 assay) on Huh7 cells (passage 1, P1). The 

supernatant collected from a well of the highest dilution at which CPE was still 

observed, was used to infect Huh7 cells cultured in 9 cm
2
 dishes and incubated at 

33°C. As a control, a recombinant single clone of wild-type HCoV-229E was 

isolated and cultured. Once CPE was observed (3-5 d p.i.) total RNA was isolated 

from infected cells and reverse transcribed using the primer 12500dn and TNI 

24.37dn (appendix 6). The obtained cDNAs served as template for a series of PCRs 

from which the complete genome sequence was determined for a total of six single 

virus clones. 

  

The chromatograms shown in Fig. 4.14 illustrate the mutations detected in the two 

HCoV_N1357A clones analysed in this work. The substitution of the asparagine 

1357 with an alanine was introduced by two point mutations at the nucleotide 

positions 4361 (A → G) and 4362 (A → C).   
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Fig. 4.14: Acquired mutations identified in two HCoV-N1357A clones. The rescued recombinant 

virus HCoV-N137A from two transfection experiments was titrated and one single clone per TCID50 

assay was isolated from an infected well with the highest dilution. The chromatograms A and B show 

the mutations identified in these viruses by complete genome sequencing after one passage on Huh7 

cells (P2). The virus clones were designated rHCoV_N1357S and rHCoV_V1348F/N1357A, 

respectively. The yellow boxes highlight the affected codons and amino acids, the numbers above 

correspond to the nucleotide position in the virus genome. The HCoV-229E wild-type sequence is 

depicted above the chromatogram (black letters), the sequence of the isolated clone is shown below. 

 

 

The presence of the desired substitution was confirmed by sequence analysis of the 

rescued recombinant virus following an RT-PCR performed on isolated total RNA 

from transfected Huh7 cells (Fig. 4.10D). One clone was found to contain a single 

point mutation replacing the nucleotide 4361G with thymidine (T), resulting in the 

substitution of Ala-1357 with Ser (GCT → TCT). In the following, this virus clone 

will be referred to as rHCoV_N1357S (Fig. 4.14A). In addition to the intended 

substitution N1357A, the second clone contained a single point mutation replacing 

the nucleotide 4334G with a thymidine which led to the substitution of Val-1348 

with Phe. This virus clone was designated rHCoV_V1348F/N1357A (Fig. 4.14B). 
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The viable virus clones rHCoV_ΔADRP-1 and rHCoV_ΔADRP-2 acquired a 

number of mutations (Fig. 4.15A and 4.15B, respectively). The numbers shown in 

the chromatograms of the affected nucleotide indicate the position in the recombinant 

HCoV_ΔADRP genome whereas the number of the affected amino acid corresponds 

to the residue in the HCoV-229E wild-type sequence.  

In rHCoV_ΔADRP-1, the single point mutation of nt 7055G led to the substitution of 

Asp-2427 with a Tyr residue. The substitution of 9085A with a thymidine resulted in 

a silent mutation of the Ser-3103 codon. A further two nucleotide substitutions 

(A21765C and A25558G) resulted in the replacement of Tyr-571 with Ser in the 

spike-protein and Asn130 with Tyr in the nucleocapsid protein. The G6977A 

nucleotide substitution caused a substitution of Glu-2401 with Lys in 

rHCoV_ΔADRP-2. The Ser-5573 residue was not affected by the T16494A 

nucleotide exchange.  
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Fig. 4.15: Mutations acquired by single clones of recombinant HCoV_ΔADRP. Following 

titration of rescued recombinant rHCoV_ΔADRP from two separate transfection experiments two 

virus clones were isolated and used to infect Huh7 cells (= one passage). The genome sequences of 

the two viruses (below chromatogram) were determined and compared to the parental HCoV_ΔADRP 

genome sequence (above chromatogram). Panels A and B illustrate the mutations (indicated by yellow 

boxes) that were identified in the viable recombinant viruses rHCoV_ΔADRP-1 and rHCoV_ΔADRP-

2, respectively. The numbers above the chromatograms correspond to the nucleotide position in the 

genome sequence of the recombinant virus.   
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The rHCoV_ADRP-NL63-1 (Fig. 4.16A) isolated from recombinant HCoV_ADRP-

NL63 contained a number of additional point mutations leading to D2943N, F4350L 

and N6103S substitutions were identified. In the second single clone designated 

rHCoV_ADRP-NL63-2 (Fig. 4.16B), the codons of Glu-999 and Asp-2347 were 

affected by single point mutations. Table 4.1 summarises the mutations identified in 

all single clones isolated from the recombinant viruses rescued in the course of this 

study. Fig. 4.24 maps the position of the detected mutations in the genome of the 

respective recombinant HCoV-ADRP mutant clone.  

 

 

In addition, virus stocks were prepared from the culture supernatants of Huh7 cells 

infected with P1 stocks of single clones (2 per mutant). This stock was designated 

passage 2 (P2), the titer of which was determined by TCID50 assay on Huh7 cells. 

Furthermore, 100 µl of the respective P2 stock was used to infect Huh7 cells grown 

in a 6 well dish (passage 3, P3) and incubated at 33°C until CPE was evident (3-5 d). 

This was repeated three more times to reach passage 6 (P6) of each virus clone. At 

this point, the cell culture supernatant was collected, total RNA was isolated and 

analysed as detailed in section 4.5.5. 
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Fig. 4.166: Acquired mutations identified in two single clones of HCoV_ADRP-NL63. The 

recombinant viruses rHCoV(-229E)_ADRP-NL63 ADRP rescued from two independent transfections 

were titrated and one viable single clone was isolated from each transfection experiment and used for 

further analysis after one passage on Huh7 cells. The respective genomes were sequenced and 

compared to the original parental HCoV_ADRP-NL63 sequence. (A) The chromatograms show the 

additional mutations present in the chimeric virus designated rHCoV_ADRP-NL63-1. (B) In 

rHCoV_ADRP-NL63-2, two point mutations occurred; the affected codons are highlighted by a 

yellow box. The numbering above the sequence indicates the nt position in the parental recombinant 

HCoV_ADRP-NL63. The affected amino acids are indicated by the position in the HCoV-229E 

pp1a/pp1ab.  
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virus clone 
nt in parental 

recombinant virus 

aa substitution in 

HCoV-229E  
affected domain* 

rHCoV_N1357S 

4361 A→G→T 

4362 A→C 
(N)A1357S ADRP in nsp3 

rHCoV_V1348F/N1357A 

4334 G→T V1348F 

ADRP in nsp3 4361 A→G 

4362 A→C 
N1357A 

rHCoV_ΔADRP-1 

7055 G→T D2427Y nsp3 

9085 A→T S3103S nsp5 

21765 A→C Y571S S-Protein 

25558 A→G N130Y N-Protein 

rHCoV_ΔADRP-2 

6977 G→A E2401K nsp3 

16494 T→A S5573S nsp13 

rHCoV_ADRP-NL63-1 

9104 G→A D2943N nsp4 

13326 T→A F4350L nsp12 

18599 A→G N6103S nsp14 

rHCoV_ADRP-NL63-2 

3289 A→G E999E 
nsp3 

7316 G→A D2374N 

* The positions of the detected mutations in the genomes of the respected HCoV-229E ADRP mutant clones are 

illustrated in Fig. 4.24. 

 

Table 4.1: Desired and additional mutations identified in viable single clones of HCoV-229E 

ADRP mutants. The table lists the mutations detected in the genome sequences of the genetically 

modified HCoV-229E ADRP mutants characterised in this study. The numbering of the affected 

nucleotides corresponds to the position in the respective parental virus. The number of the affected 

amino acid corresponds to the residue in the wild-type HCoV-229E genome. 
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4.5.2 Assessment of the effect of ADRP coding sequence mutations on 

biological properties and papain-like protease activity  

 

To determine whether or not (i) the introduced ADRP active-site mutation, (ii) 

deletion of the entire domain or (iii) substitution of the HCoV-229E ADRP domain 

with that from HCoV-NL63 had an effect on the localisation viral replication 

complexes in infected cells, an immunocytochemical assay was performed. To this 

end, Huh7 cells grown on glass coverslips in a six well culture dish were infected 

with rHCoV-229E, rHCoV_N1357S, rHCoV_ΔADRP-1 and rHCoV_ADRP-NL63-

1 at an MOI of 5 and incubated at 33°C for 36 h. Following fixation in 3.7% 

paraformaldehyde and permeabilisation with Triton X-100, cells were stained with 

polyclonal antisera raised against HCoV-229E nsp3 (α-nsp3a, section 3.1.1) and 

nsp8 (α-p23, Ziebuhr & Siddell, 1999) at a dilution of 1:200. After 2 h, unbound 

primary antibody was removed by washing the cover slips three times with blocking 

solution and the cells were incubated for 1 h with FITC-conjugated anti-rabbit IgG 

(1:200). Afterwards, cover slips were mounted on glass slides with DAPI being used 

as counterstain for nuclei. Mock-infected cells were treated under the same 

conditions and served as a negative control. The resulting intracellular 

immunofluorescence staining was analysed using an SP5 confocal microscope (Leica 

Microsystems). The observed intra-cellular punctate staining pattern in the cytoplasm 

of cells infected with the recombinant HCoV-229E ADRP mutants did not differ 

from the staining pattern detected in cells infected with wild-type virus (Fig. 4.17). 
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Fig. 4.17 (preceding pages): Analysis of the intracellular localisation of recombinant HCoV-229E 

ADRP mutants by immunofluorescence assay. Huh7 cells cultured on glass coverslips were 

infected with rHCoV-229E, rHCoV_N1357S, rHCoV_ΔADRP-1, rHCoV_ADRP-NL63-1 or mock 

infected and incubated at 33°C. At 36 h p.i., the cells were fixed and permeabilised. Antibodies 

against (A) HCoV-229E nsp3 (α-nsp3a), (B) nsp8 (α-p23) and anti–rabbit IgG FITC-conjugated 

secondary antibody were used to detect specific replicase products (green). Nuclei were stained using 

DAPI (blue). Images of immunofluorescence staining were taken using a digital camera attached to a 

SP5 confocal microscope. 
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Possible effects on proteolytic processing of pp1a/pp1ab resulting from the changes 

introduced in the ADRP domain were further analysed by Western blot. As described 

above for the immunocytochemical assay, 1x10
6
 Huh7 cells were infected with 

rHCoV-229E, rHCoV_N1357S, rHCoV_ΔADRP-1 and rHCoV_ADRP-NL63-1 at 

an MOI of 5 and incubated at 33°C. At 24 h p.i., cells were lysed using 2x Laemmli 

buffer. The cellular DNA was sheared by passing the suspension several times 

through a 25-gauge needle. Mock-infected cells were treated under the same 

conditions and served as a negative control. Whole-cell lysates equivalent to 2.5   

10
5
 cells were heated to 95°C for three minutes and loaded onto a 7.5%, 10%, 15% 

or 17% SDS-polyacrylamide gel. Following gel electrophoresis, proteins were 

transferred onto a nitrocellulose membrane and subsequently probed with the 

appropriate primary antibody. IRDye® 800CW Goat anti-Rabbit IgG served as the 

secondary antibody and specifically bound antibody was visualised using the 

Odyssey Infrared Imaging System.  

A product with an apparent molecular weight of 87 kDa was detected in virus-

infected cells using the α-H2 polyclonal antiserum (Fig. 4.18A). This product 

corresponds to the expected molecular mass of fully processed nsp2. Fig. 4.18B 

shows the immunoblot obtained using the nsp3-specific antiserum α-nsp3a. In cells 

infected with rHCoV-229E, rHCoV_N1357S and rHCoV_ADRP-NL63-1, 

respectively, a 176-kDa product was identified. As expected, in rHCoV_ΔADRP-1 

infected cells, a protein was detected that migrated faster than the processed nsp3 

product observed in wild-type HCoV-229E and single amino acid mutants, thus 

providing additional evidence for the deletion of the ADRP domain in this particular 

virus. An immunoblot (Fig. 4.18C) using the nsp4-specific α-H4 primary antibody 

confirmed the presence of the fully processed nsp4 (43 kDa) in whole-cell lysates 

obtained from virus-infected cells. As Fig. 4.18D shows, the HCoV-229E nsp8-

specific antibody α-p23 detected a product with an apparent molecular weight of 

23 kDa in all lysates obtained from virus-infected cells. Using lysates from mock-

infected cells, the specificity of the immunostaining reaction could be confirmed for 

all the pp1a/pp1ab specific antibodies used in this experiment. 
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Fig. 4.1818: Western blot analysis of pp1a/pp1ab products in virus-infected cells. Huh7 cells 

were infected with rHCoV-229E, rHCoV_N1357S, rHCoV_ΔADRP-1, rHCoV_ADRP-NL63-1 (MOI 

5) or mock infected and incubated at 33°C for 24 h. Cells were lysed and whole cell lysates were 

separated on a (A) 10%, (B) 7.5%, (C) 15% and (D) 17% SDS-polyacrylamide gel by SDS-PAGE and 

subsequently transferred onto nitrocellulose membranes. Replicase products were detected using the 

indicated antisera and IRDye® 800CW Goat anti-Rabbit IgG as secondary antibody. PageRuler™ 

Plus Prestained Protein Ladder (Fermentas) served as size marker (left of gels). (A-D) The positions 

of pp1a/pp1ab processing products (nsp2, nsp3, nsp4 and nsp8, respectively) detected in lysates 

obtained from virus-infected but not mock-infected cells are indicated by arrows. Lane 1: mock; lane 

2: rHCoV-229E; lane 3: rHCoV_N1357S; lane 4: rHCoV_ΔADRP-1; lane 5: rHCoV_ADRP-NL63-1.   
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In summary, the identification of proteins with molecular masses corresponding to 

those of fully processed pp1a/pp1ab products in cells infected with the ADRP 

mutants generated in this study suggest that both the ablation of ADRP activity or the 

deletion or substitution of the ADRP domain does not affect the proteolytic activities 

present in ADRP flanking regions within nsp3, indicating that none of the 

substitutions caused a major change to the overall structure of the multi-domain 

protein nsp3. 

 

 

4.5.3 Analysis of the growth kinetics of the recombinant viruses 

 

The growth kinetics of the six ADRP mutants described above were analysed in three 

independent multi-step growth assays. To this end, Huh7 cells were grown in 6 well 

culture dishes. Once a 70-80% confluent monolayer was observed, cells were 

infected with P2 stocks of the appropriate viruses and the recombinant wild-type 

HCoV-229E virus clone using an MOI of 0.1 and incubated at 33°C. At 1 h p.i., the 

virus inoculum was removed and the cell monolayer was washed twice with 1 ml 

pre-warmed growth medium to remove any remaining virus from the cell culture 

supernatant. Finally, 3 ml growth medium was added and the cells were incubated at 

33°C. 250 µl cell culture supernatant was harvested at 1 h p.i. and, subsequently, at 

twelve-hourly intervals. The virus titer was determined by TCID50 assay on Huh7 

cells for each time point and the mean values and standard deviations were calculated 

and plotted using GraphPad Prism5. Fig. 4.19 illustrates the growth characteristics of 

(A) N1357A mutants, (B) ΔADRP mutants and (C) ADRP-NL63 mutants compared 

to the wild-type HCoV-229E. Overall, the growth kinetics of the recombinant virus 

clones was similar to that of the wild-type virus, even though rHCoV_ΔADRP-1 and 

-2 and rHCoV_ADRP-NL63-1 and -2 reached somewhat reduced titers.           

rHCoV-N1357S grew best, reaching a titer of 7.6   10
7
 (TCID50/ml) at 36 h p.t. 

followed by a further increase to 2.58   10
8
 by 60 h p.t. after which the titer slowly 

declined (Fig. 4.19A, green). rHCoV_V1348F/N1357A displayed a slightly delayed 

and reduced growth  kinetics but reached a maximum titer of 4.8   10
8
 (TCID50/ml) 

by 60 h p.t (Fig. 4.19A, blue).   
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Both recombinant HCoV-229E ADRP deletion clones showed slightly delayed and 

reduced growth, with rHCoV_ΔADRP-1 and rHCoV_ΔADRP-2 reaching peak titers 

of 1.7   10
8 

and 1.8   10
8 

TCID50/ml
 
at 60 h p.t. and 48 h p.t, respectively (Fig. 

4.19B, green and blue respectively).  

 

The chimeric virus rHCoV_ADRP-NL63-1 reached a maximum titer of 1.7   10
8 

(TCID50/ml) at 48 h p.t. (Fig. 4.19C, green). rHCoV_ADRP-NL63_2 grew slowest of 

all the recombinant viruses, reaching a maximum titer of 4.4  10
7 

TCID50/ml at 60 h 

p.t. after which time the titer slowly declined (Fig. 4.19C, blue).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.19 (preceding page): Growth kinetics of recombinant HCoV-229E and 

HCoV-229E ADRP mutants. Huh7 cells grown in 6-well culture dishes were 

infected with recombinant viruses at an MOI of 0.1. Cell culture supernatant was 

harvested at twelve-hour intervals over 84 hours and titers were determined by 

TCID50 assay. Multi-step growth assays were performed in triplicate and mean 

values and standard deviations at each time point were calculated and plotted using 

GraphPad Prism5 software. (A) The graph displays growth characteristics of 

rHCoV_N1357S (green), rHCoV_V1348F/N1357A (blue) compared to wild-type 

rHCoV-229E (red). (B) Growth kinetics of rHCoV_ΔADRP-1 (green) and 

rHCoV_ΔADRP-2 (blue) are illustrated. (C) Growth kinetics of the two chimeric 

virus clones rHCoV_ADRP-NL63-1 (green) and rHCoV_ADRP-NL63-2 (blue) was 

compared to that of wild-type rHCoV-229E (red).  
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4.5.4 Analysis of RNA synthesis of the recombinant virus clones 

 

To further characterise possible functional defects of the ADRP mutants generated in 

this study, viral RNA synthesis was studied by Northern blotting. To this end, 1   

10
6
 Huh7 cells were infected with each recombinant virus clone at an MOI of 0.1 and 

incubated at 33°C. Total RNA was isolated 42 h p.i. and 5 µg RNA was separated on 

a MOPS-buffered 1% agarose gel containing 6% formaldehyde and subsequently 

transferred onto a positively charged nylon membrane. Viral RNA was detected 

using a [
32

P]-labelled DNA probe specific for the 3‟UTR sequence of HCoV-229E 

and bound probe was detected by phosphorimaging (Fig. 4.20A). In addition, the cell 

culture supernatant obtained from three independent infection experiments was used 

to determine viral titers, mean values and standard deviations were calculated and 

plotted as shown in Fig. 4.20B. rHCoV_N1357S attained a similar titer as the 

recombinant wild type virus. The titers of the remaining single virus clones were 

reduced by half a log in comparison to rHCoV-229E. 

  



 4 Results  

155 

 

 

 

Fig. 4.190: Analysis of viral RNA synthesis and production of infectious progeny in recombinant 

HCoV-229E ADRP mutants. Huh7 cells were infected with rHCoV-229E, rHCoV_N1357S, 

rHCoV_V1348F/N1357A, rHCoV_ΔADRP-1, rHCoV_ΔADRP-2, rHCoV_ADRP-NL63-1 and 

rHCoV_ADRP-NL63-2 at an MOI of 0.1 and incubated at 33°C. The cell culture supernatant was 

collected and total RNA was isolated at 42 h p.i. (A) 5 µg total RNA were analysed by Northern blot 

hybridisation using a radioactively labelled probe specific for the HCoV-229E 3‟UTR. (B) Viral titers 

in cell culture supernatants were determined by end-point dilution assay. The average and standard 

deviation of three separate infection experiments are given. 
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Possible differences in RNA synthesis among ADRP mutants were further 

characterised by measuring the intensities of specific RNA species in virus-infected 

cells. Data from three independent infection experiments were used. To this end, the 

intensities of the respective RNA bands were determined using Multi Gauge V2.2 

image analysis software. The intensity of the RNA7 band was used as reference and 

the remaining RNA species of the respective virus clones were normalised to this 

value (Fig. 4.21). 

 

Band intensities were assumed to correlate with the molar amounts of RNA species 

detected by Northern hybridisation and constant molar ratios of coronavirus RNAs 

have been observed in many previous studies. With some minor variation, the molar 

ratios of individual RNA species produced by the recombinant viruses in infected 

cells did not differ from that observed for the wild-type virus. However, as 

mentioned above, total RNA synthesis was reduced in virus clones in which the 

ADRP coding sequence was deleted or substituted with the homologous sequence 

from HCoV-NL63. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.20 (following page): Analysis of the molar ratio of viral RNA species produced in infected 

cells. The intensities of RNA bands of three separate Northern hybridisations were determined using 

the Multi Gauge V2.2 software and were normalised to RNA7 (which was taken as 100%) of the 

respective viral clone. The average and standard deviation of the obtained molar ratio were plotted in 

comparison to the wild-type virus (A) rHCoV_N1357S and rHCoV_V1348F/N1357A, (B) 

rHCoV_ΔADRP_1 and rHCoV_ΔADRP-2, (C) rHCoV_ADRP-NL63-1 and rHCoV_ADRP-NL63-2. 
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4.5.5 Characterisation of compensatory mutations 

 

The virus stock P2 was used to further passage the obtained recombinant virus clones 

on Huh7 cells as described in section 4.5.1. A TCID50 assay of the cell culture 

supernatant collected from the sixth virus passage (P6) was performed on Huh7 cells 

and compared to the titers measured for viruses at P2 (Fig. 4.22). The titers of the 

HCoV-229E wild-type virus and the recombinant viruses containing an ADRP 

active-site mutation (rHCoV_N1357S and rHCoV_V1348F/N1357A) show no 

differences between the passages. However, the titers of rHCoV_ΔADRP-1, 

rHCoV_ΔADRP-2, rHCoV_ADRP-NL63-1 and rHCoV_ADRP-NL63-2 

significantly increased upon serial passaging, suggesting further adaptation of these 

mutants. 

 

 

 

 

 

 

 

 

 

Fig. 4.21: Comparison of titers of HCoV-229E ADRP mutants obtained from passages two and 

six. Virus clones rHCoV-229E, rHCoV_N1357S, rHCoV_V1348F/N1357A, rHCoV_ΔADRP-1, 

rHCoV_ΔADRP-2, rHCoV_ADRP-NL63-1 and rHCoV_ADRP-NL63-2 were serially passaged on 

Huh7 cells. The culture supernatant of infected cells of P2 and P6 was collected and a TCID50 assay 

was performed. The obtained titers were plotted using GraphPad Prism5 software. 
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To determine if and how these viruses adapted within a few passages, total RNA was 

isolated from cells infected with P6 virus, reverse transcribed and the obtained cDNA 

served as template in PCRs covering the entire genome sequence. Complete genome 

sequences were determined. All viruses contained the previously identified mutations 

(Table 4.1) and an additional mutation. Interestingly, in rHCoV_ΔADRP-1, 

rHCoV_ΔADRP-2 and rHCoV_ADRP-NL63-2 the same HCoV-229E helicase 

(nsp13) residue was affected. In all three viruses, the replacement of the nucleotide 

15017C (in the ADRP deletion clones) or 15518C (in the chimeric virus) with a 

thymidine led to the substitution of Ala-5081 with valine (Fig. 4.23 A, B and D, 

respectively). The chromatogram of rHCoV_ADRP-NL63-1 shows a double peak at 

nucleotide position 4787 – the substitution of the wild-type cytosine with thymidine 

results in a substitution of Leu-1504 with Phe (Fig. 4.23C). 
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Fig. 4.22: Detection of additional mutations in single clones of recombinant HCoV_ΔADRP and 

HCoV_ADRP-NL63. Virus clones were passaged on Huh7 cells. Total RNA from infected cells was 

isolated after the sixth passage and the nucleotide sequence of the respective virus genome was 

determined. The chromatograms show the identified additional mutation of (A) rHCoV_ΔADRP-1, 

(B) rHCoV_ΔADRP-2, (C) rHCoV_ADRP-NL63-1 and (D) HCoV_ADRP-NL63-2. The affected 

codon is indicated by the yellow box. The numbering above corresponds to the nucleotide position in 

the respective recombinant virus genome sequence. The affected amino acid in the HCoV-229E 

pp1a/pp1ab sequence is indicated below.  
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virus clone 
aa substitution 

detected in P2* 

second site mutations detected in P6 

affected nt 
aa 

substitution 

affected 

domain 

rHCoV_ΔADRP-1 

D2427Y 

S3103S 

Y571S (in S) 

N130Y (in N) 

15017 

C→T 
A5081V 

ZBD in 

nsp13 

rHCoV_ΔADRP-2 
E2401K 

S5573S 

15017 

C→T 
A5081V 

ZBD in 

nsp13 

rHCoV_ADRP-NL63-1 

D2943N 

F4350L 

N6103S 

4787 C→T L1504F nsp3 

rHCoV_ADRP-NL63-2 
E999E 

D2374N 

15518 

C→T 
A5081V 

ZBD in 

nsp13 

*Table 4.1. for further information 

 

Table 4.2: Second site mutations identified in P6 of recombinant HCoV-229E ADRP mutant 

virus clones. The table summarises all mutations detected in the genomes of ADRP-deletion and 

ADRP-substitution HCoV-229E virus clones. Numbers of amino acid residues correspond to their 

position in the wild-type HCoV-229E genome. Nucleotides are numbered according to their position 

in the genomes of the respective virus mutant clones. In addition, the positions of affected amino acid 

residues are mapped in Fig. 4.24. Abbreviation: ZBD: zinc binding domain.  
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Fig. 4.24 (preceding page) Positions of detected mutations in the genome sequence of 

characterised recombinant HCoV-229E ADRP virus mutants. Numbers correspond to the position 

of indicated residues in the wild-type HCoV-229E genome. The green arrow indicates the introduced 

residue substitution (N1357A) in the HCoV-229E ADRP coding sequence. Red arrows represent 

second site mutations detected in P2 (section 4.5.1, Table 4.1). Blue arrows illustrate additional 

mutations identified in P6 (Table 4.2) of the respective mutant clones. The light grey box shown in 

rHCoV-N1357S and rHCoV-V1348F/N1357A displays the position of the ADRP domain in nsp3. 

The dark grey box in rHCoV_ADRP-NL63-1 and rHCoV_ADRP-NL63-1 symbolises the substitution 

of the HCoV-229E ADRP domain with its HCoV-NL63 homolog.  
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Furthermore, RNA isolated from P6 virus-infected cells was analysed by Northern 

blot hybridisation to assess possible changes in RNA synthesis. To this end, Huh7 

cells were infected with serially passaged recombinant virus clones at an MOI 0.1, 

incubated at 33°C and total RNA was isolated 42 h p.i. Following separation of 5 µg 

RNA by gel electrophoresis and transfer onto a nylon membrane, viral RNA was 

detected using a [
32

P]-labelled DNA probe specific for the HCoV-229E 3‟UTR. 

Bound probe was visualised by phosphorimaging. The virus containing cell culture 

supernatant was collected and an end point dilution assay of three independent 

infection experiments was performed. As shown in Fig. 4.25 A and B, all virus 

clones synthesised RNA in a similar quantity as the recombinant wild type virus 

clone and produced slightly reduced virus titers compared to wild-type virus. 
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Fig. 4.23: Analysis of viral RNA synthesis in HCoV-229E ADRP mutants following serial 

passaging in cell culture. Huh7 cells were infected with MOI of 0.1 using virus stock obtained from 

passage 6 and incubated at 33°C for 42 h. (A) At this point, total RNA was isolated from virus-

infected cells and analysed by Northern blot hybridisation. Viral RNA was detected using a 

radioactively labelled DNA probe specific for the HCoV-229E 3‟ UTR. (B) End point dilution assay 

was performed using the virus containing supernatant. Mean values and standard deviations obtained 

from three independent infection experiments were calculated and plotted using GraphPad Prism5.  
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5.1 Identification of the protease responsible for the processing at the 

predicted nsp3|nsp4 cleavage site in the amino-proximal region of the 

HCoV-229E replicase polyproteins pp1a and pp1ab 

 

5.1.1 Identification of pp1a/pp1ab processing products in virus-infected cells 

 

The two most amino-proximal processed products of the ORF1a-encoded region of 

the replicase polyproteins pp1a/pp1ab have been previously identified in HCoV-

229E-infected cells as proteins with molecular masses of 9 kDa (p9, nsp1, Herold et 

al., 1998b) and 87 kDa (p87, nsp2, Ziebuhr et al., 2001). 

In this study, the predicted proteolytic processing end products nsp3 and nsp4 were 

detected for the first time in HCoV-229E-infected cells (section 3.1.2). The observed 

punctate perinuclear staining pattern observed in immunofluorescence assays using 

polyclonal antisera specific for these proteins suggests that the two proteins co-

localise with intracellular membrane compartments as previously described for other 

components of coronavirus RTCs (reviewed in Ziebuhr, 2008 and Baker & Denison, 

2008). The data are in agreement with the cytoplasmic localisation pattern of 

homologous proteins encoded by the close relative HCoV-NL63 (Chen et al., 2007). 

Based on previous studies on nsp3 and nps4 homologs of other corona- and 

arteriviruses it seems reasonable to suggest, that HCoV-229E nsp3 and nsp4 are 

critically involved in the formation of specific membrane structures that provide a 

scaffold for RTC-mediated viral replication and transcription (Shi et al., 1999, 

Gosert et al., 2002, Brockway et al., 2004, Snijder et al., 2006, Oostra et al., 2007, 

Neuman et al., 2008). Furthermore, nsp3 was identified as a 176-kDa protein in 

HCoV-229E-infected cells by immunoblot analysis using a polyclonal antibody 

raised against the amino-terminus of nsp3 (aa 898-979, α-nsp3a) (Fig. 3.5B). The 

observed size of this protein corresponds well with the calculated molecular mass for 

a processing product generated by cleavage at the (previously confirmed) 

897
Gly|Gly

898
 site and the (predicted) 

2484
Gly|Ala

2485
 site or a nearby located cleavage 

site. 
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Interestingly, in the SDS-polyacrylamide gel, the product detected with the HCoV-

229E nsp4-specific polyclonal antiserum (α-H4) migrated faster (apparent molecular 

weight 43 kDa, (Fig. 3.5D) than expected for the fully processed nsp4 (calculated 

molecular weight 53.8 kDa). Nevertheless, based on data from this study and 

previous work, the identified protein likely represents the mature nsp4 released by 

cleavage at the predicted PLP cleavage site 
2484

Gly|Ala
2485

 (nsp3|nsp4) (Ziebuhr et 

al., 2001, Thiel et al., 2003) and the characterised 
2965

Gln|Ala
2966 

(nsp4|nsp5) 

cleavage site processed by the main protease (M
pro

) (Ziebuhr et al., 1995, Ziebuhr & 

Siddell, 1999). This conclusion is also supported by differences between calculated 

and apparent molecular weights observed for nsp4 homologs from HCoV-NL63 

(Chen et al., 2007), MHV (Kanjanahaluethai et al., 2003) and SARS-CoV (Harcourt 

et al., 2004, Prentice et al., 2004b). It is generally believed that the aberrant 

migration of this protein in SDS-polyacrylamide gels results from the high content of 

hydrophobic residues in this membrane-spanning protein. 

 

 

5.1.2 PLP2 is responsible for cleavage at the predicted HCoV-229E nsp3|nsp4 

processing site 

 

Based on the substrate specificities and the number of proteolytically active PLP 

enzymes conserved in coronavirus nsp3 proteins, five proteolytic processing patterns 

have been reported to date for the amino-proximal region of the replicase 

polyproteins pp1a/pp1ab. Thus, IBV and SARS-CoV employ only one PLP to 

release a total of two (in IBV) and three (in SARS-CoV) processing end products 

(Lim et al., 2000, Ziebuhr et al., 2001, Snijder et al., 2003, Thiel et al., 2003, 

Harcourt et al., 2004). 

 

MHV encodes two PLPs, with PLP1 mediating cleavage at the nsp1|nsp2 and 

nsp2|nsp3 sites and PLP2 cleaving at the nsp3|nsp4 site (Baker et al., 1989, Dong & 

Baker, 1994, Hughes et al., 1995, Bonilla et al., 1995a, Bonilla et al., 1995b, 

Kanjanahaluethai & Baker, 2000, 2001, Graham & Denison, 2006). 
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In HCoV-NL63, another processing pathway was identified. In this case, PLP1 

cleaves at the nsp1|nsp2 cleavage site, while PLP2 mediates cleavage at the 

remaining processing sites (nsp2|nsp3 and nsp3|nsp4) (Chen et al., 2007). 

Although HCoV-229E is closely related to HCoV-NL63, the N-terminal pp1a/pp1ab 

processing pathways in HCoV-229E slightly differ from those reported for HCoV-

NL63. The two PLPs of HCoV-229E have overlapping specificities. They are able to 

cleave at both the nsp1|nsp2 and nsp2|nsp3 site. However, cleavage efficiency of the 

two proteases at the two sites appears to be different, with PLP1 being mainly 

responsible for cleavage at the nsp1|nsp2 site, while PLP2 cleaves the nsp2|nsp3 site 

much more efficiently than does PLP1 (Herold et al., 1998b, Ziebuhr et al., 2001, 

Ziebuhr et al., 2007).  

 

This study confirms and extends previous work on the N-proximal pp1a/pp1ab 

processing in HCoV-229E by showing that the release of the fully processed nsp3 

and nsp4 is (solely) mediated by PLP2 and likely occurs at the predicted 

2484
Ala|Gly

2485
 site or a nearby located site (section 3.2). 

 

Furthermore, the characterisation of proteolytic processing of the nsp1-to-nsp4 

region of pp1a/pp1ab in mammalian cells using recombinant vaccinia viruses with 

active-site mutations in one of the PLP domains [vPL1(-)/PL2(+) and  

vPL1(+)/PL2(-)] provided strong evidence to suggest that PLP1 does not cleave at 

the nsp3|nsp4 site. This implies that the previously reported overlapping substrate 

specificity of the two paralogous PLPs encoded by HCoV-229E does not extend to 

the nsp3|nsp4 site. Although unlikely, a (minor) PLP1 processing activity at the 

nsp3|nsp4 cleavage site cannot be entirely excluded at this stage. 

 

A model summarising the proteolytic processing of the amino-proximal region of the 

HCoV-229E replicase polyproteins pp1a/pp1ab is shown in Fig. 5.1. This model is 

based on results obtained in this study and previous findings by others (Herold et al., 

1998b, Ziebuhr et al., 2001, Thiel et al., 2003, Ziebuhr et al., 2007). 
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Fig. 5.1: Schematic illustration of proteolytic processing of the amino-proximal region of the 

HCoV-229E replicase polyproteins pp1a/pp1ab mediated by PLP1 and PLP2. P1|P1‟ positions of 

cleavage sites are indicated. The position of the predicted nsp3|nsp4 cleavage site, 
2484

Ala|Gly
2485

, is 

indicated by a question mark. PLP1 catalyses cleavage at the nsp1|nsp2 site (black arrow) and less 

efficiently at the nsp2|nsp3 site (grey arrow). PLP2 processes all three amino-terminal cleavage sites, 

albeit with different efficiency: nsp1|nsp2 (grey arrow; PLP2 is less efficient than PLP1 at this site), 

nsp2|nsp3 (PLP2 is the dominant protease at this site; black arrow) and nsp3|nsp4, where PLP2 is the 

sole activity involved in cleavage (black arrow). The nsp5-associated main protease (M
pro

) releases the 

C-terminus of nsp4 and mediates cleavage at a further ten conserved cleavage sites in the central and 

carboxyl-proximal part of the replicase polyproteins pp1a and pp1ab.  

 

 

The available data (Ziebuhr et al., 2001, Thiel et al., 2003; this study) suggest similar 

but not identical specificities for the two HCoV-229E PLPs, whose main specificity 

determinants remain to be elucidated. In this context, it would be particularly 

informative to identify the peptide bond that is cleaved by PLP2 in the nsp1|nsp2 

site. 

 

Given that PLP2 cleaves the nsp2|nsp3 and (most likely) the nsp3|nsp4 sites at 

Gly|Gly or Ala|Gly dipeptides that have another small residue (Ala, Gly) at the P2 

position, it is reasonable to speculate that PLP2 might cleave the nsp1|nsp2 site 

between the two C-proximal Gly residues, which would then conform to the scissile 

bonds cleaved by PLP2 at the nsp2|nsp3 and (predicted) nsp3|nsp4 sites. PLP1, by 

contrast, tolerates larger residues at the P1‟ position, exemplified by the presence of 

Asn at the P1‟ position of the nsp1|nsp2 site, a site that is very efficiently cleaved by 

PLP1 but to a significantly lesser extent by PLP2 (Herold et al., 1998b, Ziebuhr et 

al., 2001, Ziebuhr et al., 2007). At present, it is not clear why PLP1 does not cleave 

at the nsp3|nsp4 site, despite having a less stringent specificity with respect to the P1 

and P1‟ residues compared to PLP2 (Sulea et al., 2006b). 
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One possibility is that, in the context of the polyprotein, the nsp3|nsp4 site is not 

accessible to the PLP1 active site because of steric reasons. Alternatively, PLP1 

might require additional, currently unknown specificity determinants for cleavage. 

For example, a basic residue is conserved at the P4 positions of the nsp1|nsp2 and 

nsp2|nsp3 cleavage sites, which are both cleaved by PLP1, but not at the nsp3|nsp4 

site. Further work is needed to more rigorously explore this possibility, for example 

by using in vitro translation systems to express active PLP1 and PLP2, combined 

with extensive mutagenesis of residues flanking the scissile bond of specific cleavage 

sites on either side. Similar studies have previously been done for MHV PLP1 and 

provided interesting insight into the substrate requirements of this enzyme at the 

nsp1|nsp2 cleavage site (Dong & Baker, 1994). 

 

The observed dispensability of HCoV-229E PLP1 for cleavage at the nsp3|nsp4 site 

is in line with observations made for other coronaviruses. Thus, all coronaviral 

PLP2s characterised previously were shown to process the equivalent site in other 

coronavirus polyproteins (Kanjanahaluethai & Baker, 2000, 2001, Ziebuhr et al., 

2001, Harcourt et al., 2004, Chen et al., 2007). The activity of the HCoV-229E PLP1 

at the nsp2|nsp3 cleavage site is low and can be repressed by downstream domains 

including PLP2 (Ziebuhr et al., 2001), further suggesting that the PLP1 activity is 

tightly regulated and plays a minor (if any) role in the processing of the more 

downstream located sites. The overlapping substrates specificities and partial 

redundancy of protease activities at two sites remains a special feature of HCoV-

229E whose biological significance remains unclear. The data presented in this study 

suggest that the processing pathways in HCoV-229E (with, essentially, PLP1 

cleaving the nsp1|nsp2 and PLP2 cleaving the nsp2|nsp3 and nsp3|nsp4 sites) are 

more closely related to those of other coronaviruses (MHV, HCoV-NL63) than 

previously thought (Ziebuhr et al., 2001). 

 

In this context, the processing kinetics and temporal regulation of nsp2|nsp3 and 

nsp3|nsp4 processing and their role in viral replication remain to be characterised. 

Also, the biological role of stable processing intermediates, such as nsp2-nsp3 and 

nsp4-nsp11 observed in MHV-infected cells remains to be determined (Denison et 

al., 1995, Schiller et al., 1998, Kanjanahaluethai & Baker, 2000, Harcourt et al., 

2004).  
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The two proteins have been proposed to be part of viral RTCs and be essential for the 

formation/localisation of such complexes. These hypotheses need to be corroborated 

by further studies. 

 

Overall, pp1a/pp1ab processing appears to occur early in the replication cycle as few 

intermediates and no larger precursor containing the nsp2-nsp3-nsp4(-nsp11) region 

have been identified in HCoV-229E-infected cells, suggesting efficient and rapid 

processing by papain-like and main proteases of this part of the polyproteins pp1a 

and pp1ab. In the vaccinia virus-based expression system used in this study, a 

number of precursors were observed. It remains to be seen if this was an artefact 

caused by the overexpression of these proteins or the presence of (and interference 

with) vaccinia virus-encoded proteins and activities or even cellular responses 

induced by the vaccinia virus infection in these cells. 

 

Interestingly, nsp2 and the nsp2-nsp3 intermediate (but not nsp3) appear to be 

dispensable for viral replication in tissue culture, although genetically engineered 

MHV-Δnsp2 and SARS-CoV-Δnsp2 mutants displayed a reduction in overall RNA 

synthesis and peak viral titers (Graham et al., 2005). Also, in cells infected with a 

coronavirus mutant in which nsp1 was fused to nsp3, thereby creating a chimeric 

nsp1|nsp3 cleavage site, no nsp1-nsp3 precursor was detected, suggesting efficient 

processing of this site. The available data further suggest that the N-terminal 

processing of nsp3 rather than the release of the upstream pp1a/pp1ab domains is of 

critical importance. This is achieved by efficient cleavage at the nsp2|nsp3 cleavage 

site. Finally, cleavage of the MHV nsp1|nsp2 cleavage site likely occurs co-

translationally and was shown to be required for efficient RNA synthesis and 

production of viral progeny (Graham et al., 2005, Ziebuhr et al., 2007).  

 

Interestingly, the requirement for efficient processing of the amino-proximal part of 

the replicase polyproteins appears to be more flexible than previously thought. A 

study of MHV mutants in which PLP1-mediated processing of the nsp1|nsp2 and 

nsp2|nsp3 cleavage sites was inhibited by either PLP1 inactivation and/or cleavage 

site deletions resulted in the rescue of viable viruses, albeit with reduced RNA-

synthesis and delayed and attenuated viral growth (Graham & Denison, 2006). 
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In all mutants, an nsp1-to-nsp3 intermediate was detectable. Strikingly, in virus 

mutants in which PLP1 was inactivated in combination with cleavage site deletions 

viral growth was nearly restored to wild-type levels. This was in contrast to the 

mutant in which only the PLP1 activity was abolished through substitution of the 

catalytic Cys-1121 neighbouring Tyr-1122 residue with alanine. The molecular basis 

of this interesting observation remains to be investigated.  

 

 

5.1.3 Future work 

 

The predicted nsp3|nsp4 (
2484

Ala|Gly
2485

) cleavage site complies with the substrate 

requirements of the HCoV-229E PLP2 enzyme (Ziebuhr et al., 2001, Thiel et al., 

2003, Sulea et al., 2006b) and the apparent molecular weights of the processing 

products released by PLP2 (section 3.1.2) strongly support cleavage at this site. 

Nevertheless, the precise position of the cleavage site remains to be confirmed in 

further experiments. This could be done by abolishing the predicted cleavage site in 

the T7-based vaccinia virus expression system for the HCoV-229E nsp1-nsp4 region 

that was used in this study. In preparation for this future work, a set of recombinant 

vaccinia viruses in which HCoV-229E nts 7697 – 7751 were replaced with the 

E. coli guanine phosphoribosyltransferase gene (gpt) were generated in this study. 

The gpt-coding sequence can now be substituted with the desired HCoV-229E 

sequence by vaccinia virus-mediated recombination under negative selection 

pressure as described in section 2.4.1.3 and Falkner et al. (1988), Isaacs et al. (1990). 

Details of the cloning and recombination strategy and further information on the 

plasmids and viruses generated in this study are provided in appendix 12.  

 

Furthermore, the study could be extended by including additional controls for the 

proteolytic processing studies using nsp2/nsp3/nsp4-specific antisera (α-H2, α-nsp3a, 

α-XΔN and α-H4) in immunoblot experiments. In the experiments described above, a 

number of proteins with unknown identity were detected, mainly in cells infected 

with recombinant vaccinia viruses expressing the HCoV-229E nsp1-to-nsp4 region 

of pp1a/pp1ab.  
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To investigate whether or not these processing products are released by HCoV-229E-

encoded proteases rather than vaccinia virus and/or cellular proteases, another 

vaccinia virus, vPL1(-)/PL2(-), in which both HCoV-229E PLPs are inactivated 

(PLP1 Cys-1054 → Ala, PLP2 Cys-1701 → Ala) should be included as a negative 

control in future experiments using this system. As an important first step towards 

this goal, the vaccinia virus vgpt/PL2(-) has been successfully generated in this 

study. The virus provides a basis for the substitution of gpt with the PL1(-) sequence 

(Cys-1054 → Ala) through vaccinia virus-mediated homologous recombination. 

Appendix 11 summarises the recombination strategy and the constructs and virus 

generated in this part of the study.  

 

Future work could involve the characterisation of a processing product with an 

apparent molecular weight of 100 kDa which was identified in lysates of 

vPL1(+)/PL2(+)-infected cells but not in control virus- and mock-infected cells 

(section 3.2, Fig. 3.8) using polyclonal antiserum raised against the amino-terminus 

of HCoV-229E nsp3 (aa 898 – 979, α-nsp3a). An alignment of coronaviral nsp3 

sequences led to the identification of conserved Gly/Ala residues (HCoV-229E aa 

976
Gly|Gly

977
, data not shown) which might represent another PLP cleavage site 

which may be cleaved with relatively low efficiency. The calculated molecular 

weight of a possible nsp2-nsp3a intermediate product is in agreement with the 

apparent molecular weight of the protein detected in these experiments. Appendix 13 

outlines a possible experimental approach to characterise this putative cleavage site. 

The predicted nsp2-nsp3a product has not been consistently detected in HCoV-229E-

infected cells, raising doubts as to the biological significance of this possible 

cleavage event. Nevertheless, characterisation of this site could reveal further insight 

into the substrate specificity of HCoV-229E PLPs.  
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5.1.4 Concluding remarks 

 

In conclusion, this study provides evidence to suggest that nsp3 and nsp4 are 

separated by proteolytic cleavage at (or near) the predicted 
2484

Ala|Gly
2485

 cleavage 

site and PLP2 alone is sufficient to mediate efficient cleavage at this site. There was 

no evidence to suggest that the previously observed overlapping substrate 

specificities of PLP1 and PLP2 are sufficient for detectable PLP1-mediated cleavage 

at the nsp3|nsp4 site. 

 

In addition to the further characterisation of the above discussed predicted cleavage 

sites (nsp3a|nsp3b 
976

Gly|Gly
977 

and nsp3|nsp4 
2484

Ala|Gly
2485

) in the amino-proximal 

HCoV-229E pp1a/pp1ab regions, future work should be aimed at characterising 

possible additional activities of the proteolytic enzymes PLP1 and PLP2. For 

instance, recent studies have been shown that the coronaviral papain-like proteases 

share structural similarities and substrate specificity with cellular deubiquitinating 

cysteine proteases (Hu et al., 2002, Thiel et al., 2003, Lindner et al., 2005, Sulea et 

al., 2005, Ratia et al., 2006, Sulea et al., 2006b). Deubiquitinating enzymes (DUBs) 

are known to be critically involved in the regulation of several cellular ubiquitin-

dependent pathways (D'Andrea & Pellman, 1998, Chung & Baek, 1999). 

Furthermore, recent studies link the ubiquitin-like modifier ISG15 with antiviral host 

responses (Ritchie et al., 2004, Malakhova & Zhang, 2008). Thus, virally encoded 

DUBs could interfere with cellular innate immune mechanisms.  

In support of this, deubiquitinating activity of the SARS-CoV, MHV and HCoV-

NL63 PLP2 has been demonstrated in vitro (Barretto et al., 2005, Lindner et al., 

2005, Sulea et al., 2005, Sulea et al., 2006a, Chen et al., 2007, Zheng et al., 2008, 

Clementz et al., 2010). Interestingly, in common with all coronaviral PLP2s and 

cellular ubiquitin-specific proteases, the binding pocket of alphacoronaviruses PLP1 

enzymes is congested and only small residues (Gly, Ala) can be accommodated in 

the S1 and S2 subsites (Sulea et al., 2006b). Therefore, it has been suggested that 

these enzymes also possess related deubiquitinating/deISGylating activities in 

addition to their established role in viral polyprotein processing. Recent studies 

addressing this hypothesis are somewhat controversial. Thus, Clementz and co-

workers reported that the HCoV-NL63 PLP1 did not exhibit deubiquitinating activity 

unlike its PLP2 paralog (Clementz et al., 2010).  
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In contrast, TGEV PLP1 was demonstrated to process ubiquitin-linked substrates and 

displays a preference for Lys-48 over Lys-63-conjugated ubiquitin chains (Wojdyla 

et al., 2010). These contradictory results may be ascribed to the different activity 

assays used in these studies and not necessarily reflect major differences in the 

activities of these closely related enzymes. It seems reasonable to suggest that the 

further biochemical characterisation of the HCoV-229E PLPs will clarify the 

biological meaning of their overlapping and conserved specificities. It is conceivable 

that the conserved specificity of coronavirus PLPs for Gly/Ala dipeptides is an 

important viral factor in counteracting host immune responses. Obviously, based on 

their central role in the proteolytic release of essential replicase proteins, their 

relatively narrow substrate specificity and their possible involvement in 

counteracting antiviral host responses, coronavirus PLPs also represent promising 

targets for the development of effective antiviral drugs.  
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5.2 In vitro characterisation of the HCoV-229E ADP-ribose-1’’-phosphatase 

 

In addition to the conserved papain-like protease 2 (PLP2), an ADP-ribose-1‟‟-

phosphatase (ADRP) domain (also known as X-domain or macro domain) is 

conserved across members of the Coronaviridae family, suggesting an important 

(though poorly characterised) function in the viral life cycle (Snijder et al., 2003, 

Draker et al., 2006, Schütze et al., 2006). The domain has also been identified in a 

number of other plus-stranded RNA viruses such as hepatitis E virus, rubella virus, 

and alphaviruses (Gorbalenya et al., 1991). Sequence alignments and structural 

analyses have shown that the viral ADRP domains are related to cellular proteins of 

the macro domain family (Allen et al., 2003, Karras et al., 2005b, Putics et al., 2005, 

Saikatendu et al., 2005, Egloff et al., 2006). The close relationship between viral and 

cellular macro domains is highlighted by studies reporting that the ADRP domain of 

several coronaviruses catalyses the hydrolysis of ADP-ribose-1‟‟-phosphate (a side 

product of tRNA splicing in eukaryotes) to ADP-ribose and inorganic phosphate 

(Martzen et al., 1999, Putics et al., 2005, Egloff et al., 2006, Putics et al., 2006a, 

Culver et al., 1994, Genschik et al., 1997, Shull et al., 2005). In more recent studies, 

the ADRP domain of a number of coronaviruses (and other RNA viruses) has been 

demonstrated to also bind poly(ADP)-ribose and/or poly(A) RNA (Egloff et al., 

2006, Neuvonen & Ahola, 2009, Piotrowski et al., 2009, Wojdyla et al., 2009). 

However, despite (i) the conservation of macro domains in organisms of all 

kingdoms of life, (ii) the availability of structural information of coronaviral ADRP 

domains of all genera and related cellular homologs and (iii) the ADP-ribose-1‟‟-

phospatase activity characterised in vitro, the biological role and significance of this 

domain in the viral life cycle remains elusive.  

 

To further our understanding of the role(s) of the ADRP domain function(s), HCoV-

229E ADRP mutants were characterised in this study. Three types of ADRP mutants 

were generated: (a) mutants that lack the specific phosphatase activity of the ADRP 

domain, (b) a deletion mutant that lack the entire ADRP domain and (c) a mutant in 

which the ADRP domain was replaced with the homologous domain from HCoV-

NL63, resulting in a virus with a “chimeric” replicase gene.  
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The mutants were characterised with respect to viral RNA synthesis and production 

of virus progeny under cell culture conditions. Appropriate changes in the ADRP 

domain were made by site-directed mutagenesis using plasmid-based systems and 

subsequently transferred into a full-length cDNA copy of the HCoV-229E genome 

cloned in vaccinia virus (Thiel et al., 2001). The modified HCoV-229E genomic 

cDNA served as a template in an in vitro transcription reaction to synthesise HCoV-

229E full-length genome RNA containing the appropriate changes, which was 

subsequently transfected into susceptible cells. 

 

 

5.2.1 Characterisation of the ADRP deficient HCoV_N1357A mutant 

 

Structural analysis and sequence comparisons of cellular and viral macro domain-

associated phosphatases identified a number of conserved residues in the coronaviral 

ADRP domain which are predicted to be essential for catalysis and/or substrate 

binding (Allen et al., 2003, Karras et al., 2005b, Kumaran et al., 2005, Putics et al., 

2005, Egloff et al., 2006, Saikatendu et al., 2005, Xu et al., 2009). The importance of 

these residues was confirmed by in vitro activity assays using bacterial expressed 

HCoV-229E ADRP variants in which these residues were substituted by (mostly) 

alanine (Putics et al., 2005; Slaby, Putics and Ziebuhr, unpublished data). In addition 

to strictly conserved residues such as N1305, H1310 and G1313 (numbers 

correspond to amino acid positions in the HCoV-229E pp1a/pp1ab) (Fig. 5.2) which 

were previously shown to be required for activity (Putics et al., 2005), the 

substitution of Asn with Ala at position 1357 of the HCoV-229E pp1a/pp1ab was 

shown to completely abolish ADRP activity (Slaby, Putics and Ziebuhr, unpublished 

data). This residue has previously not been implicated in ADRP activity or 

characterised in the context of viral replication. It was therefore decided to construct 

a virus containing a replacement of Asn-1357 to further characterise the role of the 

enzymatic activity of the ADRP domain in viral replication. 
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The ADRP-deficient HCoV-229E mutant HCoV_N1357A proved to be viable. 

Further characterisation revealed that the virus had moderate defects in viral RNA 

synthesis and grew to slightly reduced titers compared to the wild-type virus, 

suggesting a specific (yet non-essential) role of the ADRP domain in viral 

replication. The data confirms and extends previous observations made for the 

ADRP-deficient mutants HCoV_N1305A and the equivalent MHV mutant (MHV-

N1348A), which were reported to have wild-type characteristics in terms of RNA 

synthesis and production of infectious virus in cell culture (Putics et al., 2005, 

Eriksson et al., 2008). As mentioned above, the Asn-1357 residue is conserved in 

viral and cellular macro domains and may be replaced by His (Fig. 4.2 and Fig. 5.2), 

suggesting that a side chain amid is of critical importance. To ensure that the data 

obtained for HCoV_N1357A are valid and not due to slight differences in 

experimental conditions, such as transfection protocol and cell lines used, the 

previously characterised ADRP mutants HCoV-229E-1ab-N1305A and HCoV-

229E-1ab-N1293A (Putics et al., 2005) were included in the study and used for 

comparison in the same experiments (Fig. 5.2). The analysis of these recombinant 

viruses with respect to viral RNA synthesis and growth confirms previous 

observations by Putics and co-workers (Putics et al., 2005, appendix 14 and data not 

shown). 
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Fig. 5.2: Sequence alignment of human coronavirus ADRP homologs [HCoV-229E (α-CoV; 

NC_002645), HCoV-NL63 (α-CoV, NC_005831), HCoV-OC43 (β-CoV, NC_005147) and SARS-

CoV (β-CoV, NC_004718)]. Numbers of first and last residue of the shown sequence region 

correspond to the position of the amino acid in the pp1a/pp1ab of the respective virus. Strictly 

conserved residues are highlighted by red boxes; similar residues are indicated by red letters. The 

residues lining the substrate binding pocket are indicated by asterisks (below the alignment, 

Saikatendu et al., 2005, Xu et al., 2009). The position of the HCoV-229E N1357 residue which was 

substituted in this study is indicated by a blue arrow. The yellow arrow highlights the HCoV-229E 

residue which was found to be mutated in the rescued recombinant HCoV_V1348F/N1357A virus. 

The green arrows indicate the position of the HCoV-229E N1293 and N1305 residues whose mutation 

had no apparent effect on viral replication/growth in tissue culture (this study and Putics et al., 2005). 

The secondary structure of the HCoV-229E ADRP (PDB accession no.: 3EWQ, Xu et al., 2009) is 

provided above the alignment. The presented structure-based sequence-alignment was generated using 

ClustalW 2.0 (Larkin et al., 2007) and converted using ESPript (Gouet et al., 1999).  
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The observed differences in replication efficiency between the two ADRP mutants, 

HCoV_N1305A and HCoV_N1357A, suggest slightly different functional roles for 

the two residues. Both residues are part of a conserved amino acid sequence forming 

the ADP-ribose binding pocket and catalytic centre (Karras et al., 2005b, Egloff et 

al., 2006, Xu et al., 2009) (Fig 4.2 and 5.2). The strictly conserved (in sequence and 

position within the structure) Asn-1305 (HCoV-229E pp1a/pp1ab numbering, Fig. 

5.2) is suggested to catalyse the dephosphorylation of ADP-ribose-1‟‟-phosphate. In 

contrast, the Asn-1357 residue (in HCoV-229E) is not rigorously conserved among 

the different coronavirus genera and other viral and cellular homologs. It is 

positioned in a quite variable region of the domain structure which includes residues 

responsible for substrate specificity and binding (Putics et al., 2005, Egloff et al., 

2006, Xu et al., 2009).  

Recent data demonstrated that cellular and viral macro domains possess poly(ADP-

ribose) (PAR)-binding and/or poly(A) binding functions (Karras et al., 2005b, Egloff 

et al., 2006, Neuvonen & Ahola, 2009) which have been speculated to be involved in 

specific interactions with host cell functions. Thus, it is possible that the substitution 

of residue Asn-1357 (in HCoV-229E pp1a/1ab) not only abolished the ADRP 

activity (presumably through preventing substrate binding) but also affected so-far-

unidentified function(s) and/or activity(s) of the macro domain.  

 

A potential role for the macro domain in virus replication has also been suggested by 

recent studies on corona- and alphaviruses (Eriksson et al., 2008, Park & Griffin, 

2009a).  

Sindbis Virus (SINV) macro domain mutants containing amino acid substitutions in 

the predicted ADP-ribose binding site of the domain displayed defects in viral 

replication, RNA synthesis and plaque formation and were found to cause an 

attenuated phenotype in in vivo experiments, especially in neurons (Park & Griffin, 

2009a). Interestingly, defects in virus replication were reported to be less pronounced 

in the SINV ADRP-mutant in which a catalytic Asn was substituted (Asn-24 in the 

SINV nsP3-associated macro domain). In addition, this mutation remained stable 

upon passage of the virus in tissue culture. In contrast, the growth of SINV variants 

containing a double mutation in the ADRP-binding site (Asn-10 and Asn-24 in the 

SINV macro domain) was significantly impaired at early times after infection but 



 5 Discussion  

182 

 

subsequently restored viability due to a compensatory (second-site) mutation and 

reversion of Asn-10. This was interpreted as evidence that other macro domain 

amino acids might be more crucial for virus replication than catalytic residues 

required for the macro domain-associated ADP-ribose 1”-phosphatase activity (Park 

& Griffin, 2009a). This hypothesis receives some support by the characterisation of 

two single virus clones isolated from cells transfected with HCoV-229E RNA 

carrying a substitution of the Asn-1357 codon (N1357A, this study). Sequence 

analysis revealed that both virus clones had acquired additional mutations within the 

ADRP coding sequence while no mutations were identified elsewhere in the genome. 

This observation, in conjunction with the previously reported stability of the HCoV-

229E_N1305A mutant upon serial passage in cell culture (Putics et al. 2005), which 

could be confirmed in the present study, and the SINV macro domain mutants data 

described above (Park & Griffin, 2009a) collectively indicate that there is selection 

pressure to restore ADRP-related functions other than ADRP phosphoesterase 

activity, both in vitro and in vivo, suggesting that the previously characterised ADP-

ribose-1”-phosphatase activity is not the sole and most important function of this 

domain in viral replication. 

 

In clone HCoV_N1357S, a single nucleotide substitution (pseudo-reversion) was 

observed, replacing the introduced Ala (GCT) codon at position 1357 with a Ser 

codon (TCT). This data suggests that a polar side chain is preferred at this position 

which, for example, may be involved in hydrogen-bonding interactions with the 

substrate or other ADRP residues.  

 

Complete genome analysis of the second viable N1357A mutant isolated in this 

study revealed that, in this case, the introduced mutation (N1357A) was retained but 

another single-nucleotide exchange was identified, substituting pp1a/pp1ab Val-1348 

with Phe (HCoV_V1348F/N1357A, Fig. 5.2). Although the functional implications 

of this (presumably compensatory) substitution remain to be investigated, it is worth 

noting that no viable virus containing the N1357A substitution could be isolated in 

this study. Taken together, the data provide evidence that, in addition to the role of 

the ADRP viral pathogenicity in vivo (Eriksson et al., 2008, see below), the domain 

also facilitates viral replication in cell culture, which to my knowledge, has not been 

reported previously for coronavirus ADRP domains.  
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Both pseudo-revertants were found to produce viral RNAs and infectious progeny at 

near wild-type levels (only minor differences between the mutants and the wild-type 

were noted). In addition, these mutations were retained through serial passage in 

tissue culture. While no increase in virus titers between the early and late passage of 

the mutant clones was observed, formal proof remains to be obtained to rule out that, 

during serial passage, these changes were “stabilised/fixed” by additional mutations 

elsewhere in the genome (outside the ADRP domain). 

 

A key role for the enzymatic activity of the macro domain in the virus life cycle has 

repeatedly been questioned on the basis of data obtained in several in vitro studies 

(Egloff et al., 2006, Neuvonen & Ahola, 2009). These included (i) the apparent 

dispensability of the ADRP activity in tissue culture (Putics et al., 2005, Eriksson et 

al., 2008, Park & Griffin, 2009a), (ii) low turnover rate in in vitro enzymatic assays 

(Egloff et al., 2006, Neuvonen & Ahola, 2009), (iii) the proposed substrate (ADP-

ribose-1‟‟-phosphate) is not known to be produced during viral replication, (iv) the 

cellular pool of the substrate is generated during nuclear tRNA splicing and there is 

no evidence to suggest that nsp3 is translocated to the nucleus during virus 

replication (Culver et al., 1994, Genschik et al., 1997, Martzen et al., 1999) and (v) 

the deletion of the cellular homolog poa1 (in Saccharomyces cerevisiae) had no 

apparent effect on cell growth (Shull et al., 2005). However, recent in vivo data 

contradict this conclusion. While virus replication of ADRP-deficient mutants 

(MHV-N1348A and SINV SM24) was not impaired (as indicated by virus titers), 

these mutants were attenuated in mice, with a more rapid virus clearance observed 

(Eriksson et al., 2008, Park & Griffin, 2009a). This suggests a role for ADRP activity 

in modulating host-cellular pathways connected to anti-viral immune response 

mechanisms, such as induction of IFN and expression of pro-inflammatory 

cytokines. 
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5.2.2 Characterisation of the effect of macro domain deletion and substitution 

on virus viability in tissue culture 

 

As described above, viral macro domains vary in their ability to (i) hydrolyse ADP-

ribose-1”-phosphate and (ii) bind to other ADP-ribose-related metabolites, such as 

poly(ADP-ribose) (Neuvonen & Ahola, 2009). To assess if, in addition to its 

confirmed ADP-ribose-1”-phosphatase activity, the HCoV-229E ADRP domain has 

other functions, the HCoV-229E full-length genomic cDNA copy was modified to 

completely remove the ADRP coding sequence (residues 1269 to 1436 of the HCoV-

229E pp1a/pp1ab), thereby fusing the sequences that flank the ADRP domain in 

HCoV-229E pp1a/pp1ab at either side. The recombinant virus, designated 

HCoV_ΔADRP, proved to be viable and was successfully rescued from cells 

transfected with in vitro transcribed HCoV-229E genome RNA carrying this deletion 

of the ADRP sequence. 

 

In comparison to the wild-type virus, both viral RNA synthesis and viral titers in the 

cell culture supernatant were found to be reduced in HCoV_ΔADRP. Interestingly, 

viral replication in the HCoV_ΔADRP deletion mutant and the single-residue 

HCoV_N1357A active-site mutant described above were reduced to similar levels, 

indicating that similar (or even identical) functions were affected in the two mutants. 

Based on these data and other data obtained for the HCoV_N1305A catalytic site 

mutant, it seems reasonable to suggest that a function other than ADP-ribose-1”-

phosphatase activity was disrupted in the HCoV_N1357A and HCoV_ΔADRP 

mutants, for example, their ability to bind specific ligands (ADP-ribose-containing 

substrates). Further experiments, including ADP-ribose and poly(ADP-ribose) 

binding studies are required to test this hypothesis. 

 

 

RNA virus macro domains were previously suggested to be generally located close 

to papain-like protease domains in viral polyproteins, leading to the speculation that 

ADRP domains may be cofactors or regulators of papain-like proteases (Gorbalenya 

et al., 1991). HCoV-229E pp1a/pp1ab is no exception in this respect as its ADRP 

domain is flanked by PLP1 and PLP2 in nsp3.  
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Despite the proximity of ADRP and PLP domains in many viral polyproteins, a 

functional link between these neighbouring domains has not been found to date 

(Liang et al., 2000, Putics et al., 2005). In this study, mature processing products 

(nsp2, nsp3, nsp4) produced by PLP-mediated proteolytic cleavage could readily be 

identified in the ADRP deletion mutant, arguing against an important role of ADRP 

as a cofactor of PLP activity. Furthermore, the detection of nsp2, nsp3 and nsp4 in 

cells infected with HCoV_∆ADRP shows that both PLP domains remained fully 

functional, suggesting that the deletion of the ADRP domain did not cause major 

structural changes that would affect structures and functions of neighbouring 

domains in nsp3, thus providing support for the correct selection of domain borders 

used for the deletion of the ADRP domain in the HCoV-229E genome. 

 

The characterisation of isolated single clones (HCoV_ΔADRP-1 and 

HCoV_ΔADRP-2) revealed no obvious differences between the wild-type virus and 

the mutants in respect to proteolytic processing of the replicase polyproteins 

pp1a/pp1ab and intracellular localisation of replicase proteins. However, RNA 

synthesis of these virus clones was slightly reduced with genomic and subgenomic 

RNAs being equally affected. Sequence analysis revealed that the respective 

recombinant virus had accumulated mutations in nsp3, S-Protein and N-Protein (in 

rHCoV-ΔADRP_1) or in nsp3 (in rHCoV-ΔADRP_2) (Table 4.1). The overall 

growth kinetics of both ΔADRP mutants was analogous to that of the wild-type but 

peak virus titers were reduced.  

 

The interpretation of this data is complicated by the limited information available on 

interactions within the coronavirus proteome as well as interactions between viral 

and cellular proteins. However, it may be worth noting that SARS-CoV nsp3 was 

reported to be incorporated into virions and was proposed to act as a „connectivity 

hub‟ that mediates a large number of protein-protein and protein-RNA interactions 

(Imbert et al., 2008, Neuman et al., 2008) and the ADRP domain may be involved in 

some of these interactions. 
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More recent studies have demonstrated direct interactions between nsp3 and the 

nucleocapsid (N) protein and nsp3 and the envelope (E) protein supporting the 

previous hypothesis and reinforcing the important role of nsp3 in the viral life cycle 

(Alvarez et al., 2010, Hurst et al., 2010). Although these interactions were mapped to 

the amino terminal Ubi1-Ac (ubiquitin-like domain adjacent to the acidic region) it is 

possible that the second-site mutations in the macro domain observed in this study 

might have contributed to restore essential protein-protein interactions facilitate virus 

replication.  

 

Interestingly, both ΔADRP mutants restored fitness within four serial passages in 

tissue culture (as determined by virus titers) and had obtained an additional mutation 

affecting the Ala residue at position 5081 in the HCoV-229E pp1a/pp1ab (previously 

identified mutations were found to be stable). This Ala-5081 is located in nsp13, just 

downstream of the nsp13-associated zinc-binding domain (ZBD), which was shown 

to be essential for helicase activity and HCoV-229E replication (Seybert et al., 2005, 

Hertzig and Ziebuhr, unpublished data). The enzyme was demonstrated to unwind 

duplex RNA and DNA molecules with 5‟-to-3‟ polarity in vitro (Gorbalenya et al., 

1989, Seybert et al., 2000a, Tanner et al., 2003, Ivanov et al., 2004, Ivanov & 

Ziebuhr, 2004b) and, based on its RNA 5‟-triphosphatase activity, was suggested to 

be involved in 5‟-capping of viral RNAs (Ivanov et al., 2004, Ivanov & Ziebuhr, 

2004b).  

 

The identification of an A5081V substitution in both ΔADRP mutants may indicate a 

critical interaction between nsp3 subdomains including ADRP and nsp13. It remains 

to be seen if these adaptative changes were selected in response to the deletion of the 

ADRP domain itself or caused by changes in the overall topology of the multi-

domain nsp3. Alternatively, the mutation may have been caused by the additional 

mutations present in the viable ΔADRP virus mutants obtained in this study (see 

above). Biochemical and reverse genetics studies will be required to characterise the 

molecular basis of this particular adaptive mutation in nsp13. An HCoV-ΔADRP 

mutant carrying the A5081V substitution could be particularly informative. 

Furthermore, possible effects of the substitution on the diverse enzymatic activities 

of nsp13 could be investigated for the mutant protein by using biochemical assays 

and heterologous expression systems. 
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HCoV-229E and HCoV-NL63 are closely related alphacoronavirus species and their 

macro domains share 73% sequence similarity (56% identical residues). It therefore 

seems reasonable to believe that the respective ADRP domains have identical 

functions in the life cycle of these viruses, although functional and/or structural 

information is not available for the ADRP homolog from HCoV-NL63. The 

characterisation of a chimeric virus in which the ADRP-coding sequence of HCoV-

229E was substituted with that of HCoV-NL63 (HCoV_ADRP-NL63) revealed that 

viral RNA synthesis and growth of this mutant was impaired to a similar degree as 

observed for the HCoV-N1357A active-site and HCoV-ΔADRP deletion mutants, 

suggesting that the heterologous domain was not (or not sufficiently) functional in 

the context of the HCoV-229E nsp3. Surprisingly, while no adaptive changes 

occurred in the HCoV-NL63 ADRP sequence, complete genome sequence analysis 

of isolated single clones (HCoV_ADRP-NL63-1 and HCoV_ADRP-NL63-2) 

identified mutations leading to substitutions of pp1a/pp1ab residues in nsp4, nsp12 

and nsp14 (in rHCoV_ADRP-NL63-1) or in nsp3 (HCoV_ADRP-NL63-2) (Table 

4.1, Fig. 4.24), once again supporting the concept of the coronavirus RTC being a 

precisely tuned enzyme machinery with multiple functional and structural 

interactions between its numerous subunits.  

Although the macro domain homologs from HCoV-229E and HCoV-NL63 probably 

mediate identical functions in their respective RTC, minor differences in one of the 

RTC subunits can alter important interactions with others, which likely caused the 

altered growth kinetics of the “chimeric” viruses compared to the wild-type HCoV-

229E. In line with this hypothesis, both HCoV_ADRP-NL63 chimeric virus clones 

restored fitness upon serial passage in cell culture, with viral replication being 

essentially indistinguishable from that of the wild-type HCoV-229E after a few 

passages of the mutant. Subsequent sequence analysis revealed that the previously 

identified mutations within the chimeric genomes were retained but both clones had 

acquired an additional nonsynonymous mutation (Table 4.2, Fig. 4.24).  

In HCoV_ADRP-NL63-1, Leu-1504 (C-terminal to the ADRP in nsp3) was found to 

be replaced by Phe, while in clone HCoV_ADRP-NL63-2, Ala-5081 (in wild-type 

HCoV-229E pp1a/pp1ab) was found to be replaced by Val. Strikingly, exactly the 

same residue had previously been identified to be changed in both ΔADRP mutant 

viruses isolated from a later passage, further supporting the idea that nsp3 and nsp13 
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might interact with each other, possibly involving the macro domain and/or adjacent 

nsp3 subdomains.  

 

Collectively, these data suggest that the HCoV-229E ADRP macro domain 

contributes to the efficiency of virus replication in tissue culture and is indirectly 

involved in interactions of nsp3 with other replicase components. Furthermore, virus 

replication of the ADRP mutants characterised in this study was more affected than 

that of a mutant with a selective defect of the ADP-ribose-1”-phosphatase activity 

(N1305A). This suggests that, at least in tissue culture, interactions of the macro 

domain with other viral and, possibly, cellular proteins are more important than the 

actual phosphoesterase activity. The molecular basis of the selective advantage 

associated with a fully functional ADRP remains to be determined. To further 

elucidate the biological relevance of the coronavirus-wide conserved ADRP domain 

and to identify relevant natural substrates and/or ligands of this domain, in vivo 

studies focusing on viral pathogenesis, anti-viral immune responses and host 

metabolism in animals infected with ADRP mutants are required. It remains to be 

seen if the transgenic mouse model developed for HCoV-229E (Lassnig et al., 2005) 

is suitable for this type of studies. In any case, the data obtained in this and a 

previous study (Eriksson et al., 2008) suggest that coronavirus ADRP mutants may 

be promising candidates for the development of live attenuated vaccines for animal 

and human coronaviruses. 

 

 

5.2.3 Concluding remarks 

 

Poly(ADP-ribosyl)ation is a long identified and intensively studied posttranslational 

protein modification which plays an essential role in numerous cellular processes 

(e.g. DNA repair, transcription, cell-signalling, apoptosis) (reviewed in Schreiber et 

al., 2006). The transfer of poly(ADP-ribose) (PAR) to target proteins is catalysed by 

members of the poly(ADP-ribose) polymerase (PARP) protein family (Chambon et 

al., 1963, reviewed in Kim et al., 2005).  
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Interestingly, the human histone variant macroH2A, the prototype of macro domain 

proteins, was shown to be essential for transcriptional silencing of the inactive X-

chromosome by inhibiting poly(ADP-ribose) polymerase 1 (PARP-1) activity 

(Angelov et al., 2003, Ouararhni et al., 2006, Nusinow et al., 2007a, Nusinow et al., 

2007b). This finding and the fact that some macro domains have been shown to bind 

PAR contribute to the hypothesis that viral macro domains could have a role in 

modulating PARP-1-dependent cellular signalling pathways by either binding to 

PAR-modified target proteins or by direct interactions with PARP-1.  

In this context, the zinc-finger antiviral protein (ZAP) was suggested to be a potential 

target protein of viral macro domains (Neuvonen & Ahola, 2009). This protein 

consists of a zinc-finger domain, a TiPARP homology domain, a WWE domain 

(mediates protein-protein interactions in ubiquitin and ADP-ribose depending 

pathways), and a PARP-like domain (Kerns et al., 2008). ZAP was shown to inhibit 

viral replication by specifically binding to viral RNA and either initiating its 

degradation or inhibiting its translation (Gao et al., 2002, Bick et al., 2003, Guo et 

al., 2004, Muller et al., 2007, Zhang et al., 2007, Kerns et al., 2008).  

Of particular note, a recent study showed that PARP-1, which is generally localised 

in the nucleus, can be recruited to Sindbis virus replication complexes (SINV, 

alphavirus) (Park & Griffin, 2009b). Surprisingly, the interaction between SINV 

nsP3 and PARP-1 was not mediated by the N-terminal PAR-binding macro domain 

but by the C-terminal nsP3 domain. Furthermore, this process appeared to be 

mediated by PAR-independent protein-protein interactions (Park & Griffin, 2009b). 

 

The availability of sequence information and structures of viral and cellular macro 

domains facilitated the identification of additional macro domains within the SARS-

CoV unique domain (SUD) of the SARS-CoV nsp3 and in the nsp3 of related bat 

coronavirus lineages (Chatterjee et al., 2009, Tan et al., 2009). Despite very low 

similarity at the sequence level, the structures of the two SUD-associated macro 

domains termed SUD-N and SUD-M (SUDcore in complex) and the ADRP macro 

domains were found to be closely related. However, the lack of the triple Gly-

residues conserved in the majority of ADRP domains resulted in the inability of these 

domains to bind poly(ADP-ribose) (Chatterjee et al., 2009, Tan et al., 2009).  
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Interestingly, SUD-N and SUD-M displayed poly(G)/poly(dG)-binding activity with 

a higher affinity to longer stretches of guanosine bases (Tan et al., 2007, Tan et al., 

2009). These G-stretches were identified in the 3‟-NTR of mRNAs encoding proteins 

involved in cellular regulatory pathways of apoptosis and cell signalling (Jin et al., 

2004, Wei et al., 2005, Mizutani, 2007) and it was speculated that the SUD-related 

macro domains may interfere with these pathways, thus contributing to the evasion 

of SARS-CoV from host anti-viral immune mechanisms and promoting its high 

virulence in vivo. 

 

Furthermore, in line with data obtained for cellular homologs, these findings support 

the hypothesis that viral macro domains, despite having conserved structures, may 

have quite diverse functions (Tan et al., 2007, Neuman et al., 2008, Neuvonen & 

Ahola, 2009).  
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