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ABSTRACT 
Picornaviruses are non-enveloped, positive sense single-stranded RNA viruses which cause 

many diseases ranging from slight illness to fatal meningitis and encephalitis. There are no 

vaccines against most picornaviruses so drugs need to be developed. Human parechoviruses 

(HPeVs) are being increasingly recognised as important human pathogens, but are genetically 

diverse from other picornaviruses. We therefore need to understand the details of virus 

replication to improve the opportunities to develop antiviral drugs. Viruses often rearrange the 

ER, ERGIC and Golgi to give a new membrane structures involved in viral replication and/or 

assembly. To improve our understanding of HPeV replication, we first studied the secretory 

pathway compartments and we found in HPeV-infected cells that the Golgi was rearranged and 

became more concentrated near to the replication complex. ER seemed to disappear almost 

completely. In terms of HPeV non-structural proteins, 2C had a major effect on the 

compartments and also co-localised and aggregated lipid droplets. Many viruses such as hepatitis 

C virus (HCV) and Dengue virus recruit lipid droplets to replication complexes. We found that 

lipid droplets became larger in HPeV-infected cells, but do not co-localise with replication 

complexes. To investigate the interaction between 2C and lipid droplets we made several 2C 

mutants. Mutation of NTPase domain of 2C did not change the interaction with lipid droplets. 

Instead we found that other domains, including a novel amphipathic helix are important. The 

results suggest that lipid droplets play a role in HPeV replication and so we investigated the 

effect of drugs which target lipid droplet formation and lipid homeostasis on HPeV replication. 

We demonstrated that drugs which target the enzyme DGAT1, which is involved in lipid droplet 

formation, have a potent effect on HPeV replication. Our results suggest that blocking lipid 

droplet formation is could be an important strategy for the treatment of HPeV infection. 
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1.1 Picornaviruses 

 Classification 1.1.1

Picornaviruses, where Pico refers to ósmall sizeô and  rna refers to óribonucleic acidô (RNA), 

are assigned to class IV in the Baltimore classification (Acheson, 2007; Carter and Saunders, 

2007). These small, non-enveloped, single-stranded, positive-sense viruses belong to the family 

Picornaviridae (Knowles et al., 2012). At present, this family groups into 31 genera consisting 

of 54 species. The genera are: Aphthovirus, Aquamavirus, Avihepatovirus, Avisivirus, 

Cardiovirus, Cosavirus, Dicipivirus, Enterovirus, Erbovirus, Gallivirus, Hepatovirus, 

Hunnivirus, Kobuvirus, Kunsagivirus, Limnipivirus, Megrivirus, Mischivirus, Mosavirus, 

Oscivirus, Parechovirus, Pasivirus, Passerivirus, Potamipivirus, Rosavirus, Sakobuvirus, 

Salivirus, Sapelovirus, Senecavirus, Sicinivirus, Teschovirus and Tremovirus (Adams et al., 

2015; Adams et al., 2013; Adams et al., 2014; Adams et al., 2016; Knowles et al., 2012). Some 

of these genera contain several species, for instance Enterovirus has 12. Some species have a 

single virus serotype while other contain many, for instance the Enterovirus species Rhinovirus 

A are contains 80 serotypes (Knowles, 2016). This classification was originally based on 

morphology, physicochemical and biological properties, antigenic structures, genomic sequence 

and mode of replication although genome sequence is now the only factor considered.  Even 

serotype is usually predicted on the basis of virus sequences (Hyypia et al., 1997).  

The genome of members of the Picornaviridae family consists of RNA containing a single open 

reading frame that encodes for a large polyprotein. The polyprotein is processed by virus-

encoded proteases to generate individual structural and non-structural proteins, as well as some 

relatively stable cleavage intermediates (Wessels et al., 2006). 

Picornaviruses include many economically and socially important pathogens of humans and 

animals, such as poliovirus, enterovirus 71, rhinoviruses, hepatitis A virus, foot-and-mouth 

disease virus and parechoviruses (van der Linden et al., 2015; Whitton et al., 2005).  

https://en.wikipedia.org/wiki/Baltimore_classification
http://www.picornaviridae.com/aphthovirus/aphthovirus.htm
http://www.picornaviridae.com/aquamavirus/aquamavirus.htm
http://www.picornaviridae.com/avihepatovirus/avihepatovirus.htm
http://www.picornaviridae.com/avisivirus/avisivirus.htm
http://www.picornaviridae.com/cardiovirus/cardiovirus.htm
http://www.picornaviridae.com/cosavirus/cosavirus.htm
http://www.picornaviridae.com/dicipivirus/dicipivirus.htm
http://www.picornaviridae.com/enterovirus/enterovirus.htm
http://www.picornaviridae.com/erbovirus/erbovirus.htm
http://www.picornaviridae.com/gallivirus/gallivirus.htm
http://www.picornaviridae.com/hepatovirus/hepatovirus.htm
http://www.picornaviridae.com/hunnivirus/hunnivirus.htm
http://www.picornaviridae.com/kobuvirus/kobuvirus.htm
http://www.picornaviridae.com/kunsagivirus/kunsagivirus.htm
http://www.picornaviridae.com/megrivirus/megrivirus.htm
http://www.picornaviridae.com/mischivirus/mischivirus.htm
http://www.picornaviridae.com/mosavirus/mosavirus.htm
http://www.picornaviridae.com/oscivirus/oscivirus.htm
http://www.picornaviridae.com/parechovirus/parechovirus.htm
http://www.picornaviridae.com/pasivirus/pasivirus.htm
http://www.picornaviridae.com/passerivirus/passerivirus.htm
http://www.picornaviridae.com/rosavirus/rosavirus.htm
http://www.picornaviridae.com/sakobuvirus/sakobuvirus.htm
http://www.picornaviridae.com/salivirus/salivirus.htm
http://www.picornaviridae.com/sapelovirus/sapelovirus.htm
http://www.picornaviridae.com/senecavirus/senecavirus.htm
http://www.picornaviridae.com/sicinivirus/sicinivirus.htm
http://www.picornaviridae.com/teschovirus/teschovirus.htm
http://www.picornaviridae.com/tremovirus/tremovirus.htm
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 Medical importance 1.1.2

The Picornaviridae family contains a wide variety of human and animal pathogens with varying 

clinical features including respiratory symptoms, gastroenteritis, myocarditis, rashes and 

infections of the central nervous system such as meningitis, encephalitis and paralysis (Merilahti 

et al., 2012). 

 Human picornavirus 1.1.2.1

1.1.2.1.1 Poliovirus (PV) 

The most significant picornavirus is poliovirus (PV). PV belongs to the Enterovirus genus and 

causes poliomyelitis. Poliomyelitis is actually a relatively rare complication of poliovirus 

infection as only around 1% of infections lead to this condition. Even so, epidemics of 

poliomyalitis have killed or paralysed many hundreds of thousands of people over the past 200 

years before vaccinations became available in the mid-1950s (Jurgeit et al., 2010; Whitton et al., 

2005). PV spreads by the faecalïoral route, passes through the stomach and replicates in the 

intestine. In the case of poliomyelitis, the virus enters the blood stream then infects the anterior 

spinal cord. The development of both live attenuated oral poliovirus vaccine (OPV) and 

inactivated poliovirus vaccine (IPV) against the 3 poliovirus serotypes reduced the number of 

infected patients dramatically. The World Health Organisation (WHO) has been attempting to 

complete the eradication of poliovirus for a number of years. Currently, wild poliovirus (only 

serotype 1) is circulating only in Pakistan and Afghanistan but there are also cases of circulating 

virus which has been derived from the vaccine strains (Dunn et al., 2015; Initiative, 2015). 

1.1.2.1.2 Coxsackievirus and Echovirus 

A second group of viruses of the Enterovirus genus is coxsackievirus (A and B). The first 

isolation of group A was in Coxsackie, New York, from a young boy suffering from acute 

flaccid paralysis. Group B was isolated from a patient with aseptic meningitis (Whitton et al., 

2005). Many coxsackivirus B infections are mild, but these viruses can also cause serious, even  
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fatal diseases affecting the heart, central nervous system (CNS) and pancreas, leading to 

myocarditis meningitis, encephalitis in new-borns and pancreatitis (Hyypia and Stanway, 1993; 

Stanway et al., 2000; Whitton et al., 2005). Coxsackie A viruses cause respiratory infections, 

conjunctivitis, rashes, meningoencephalitis, while coxsackievirus A16 causes hand, foot and 

mouth disease (HFMD) (Hyypia and Stanway, 1993; Stanway et al., 2000). 

Echoviruses are another group of viruses in the Enterovirus genus and are one of the most 

frequent causes of aseptic meningitis. They can also be involved in meningoencephalitis, 

paralysis, neonatal sepsis and gastrointestinal infections. Echovirus 9,11 and 30 are the most 

commonly isolated enteroviruses in specimens from all patients (Khetsuriani et al., 2006). 

1.1.2.1.3 Enterovirus 71 (EV71) 

EV71 is another cause of HFMD in young children and infants. EV71 HFMD is usually a mild 

disease with a localized rash and fever. However, in more severe cases these can be neurological 

complications, including aseptic meningitis, acute flaccid paralysis, fatal encephalitis, and 

pulmonary edema (Lei et al., 2011; Shang et al., 2013). The virus was isolated for the first time 

in 1974 and there have been several large outbreaks since then, particularly in Asia. Epidemic 

outbreaks of HFMD occur frequently in Singapore, Taiwan, Malaysia and China (Gopalkrishna 

et al., 2012; Kiener et al., 2012). More than 1,600,000 cases of EV71 infection, with more than 

500 deaths, were reported in China in 2011 (Shang et al., 2013).  

1.1.2.1.4 Human Rhinovirus (HRV) 

HRV is the most frequent cause of the common cold. This disease is usually mild but has an 

important economic impact. But it is also associated with acute and chronic bronchitis and other 

respiratory tract illnesses, as well as making asthma symptoms more severe. The National 

Institutes of Health in the USA, estimate that more than a billion cases of the common cold occur 

annually, resulting from HRV infections, costing approximately $40 billion in health care every 

year (Jurgeit et al., 2010; Whitton et al., 2005). HRV infections also make symptoms worse in 
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patients with chronic obstructive pulmonary disease (COPD) (Jurgeit et al., 2010; Wanga and 

Chen, 2007; Whitton et al., 2005). WHO predicts that COPD will become the third leading cause 

of death worldwide by the year 2030 (van der Schaar et al., 2013).    

1.1.2.1.5 Hepatovirus 

Hepatitis A virus (HAV) is member of the Hepatovirus genus. It is responsible for a relatively 

mild form of human hepatitis where an acute illness gives symptoms including jaundice or 

elevated serum transaminase levels (De Palma et al., 2008). HAV does not lead to liver cirrhosis 

and hepatocellular carcinoma as it gives an acute, not a persistent infections unlike hepatitis B 

and hepatitis C (Martin and Lemon, 2006). This virus is responsible for more than 7,000 cases of 

hepatitis in the USA annually (De Palma et al., 2008).  

1.1.2.1.6 Parechoviruses  

Human Parechoviruses (HPeV) are members of the species Parechovirus A, until recently called 

Human parechovirus. 16 types, HPeV1ïHPeV16 are known (Knowles, 2016). Human 

parechovirus infections are common during early childhood. In the USA between 1983 and 

2003, a large investigation revealed that 73% of HPeV1 infection and 68% of HPeV2 infections 

occurred in children less than one year (Chang et al., 2015).  Parechoviruses usually cause mild 

respiratory or gastrointestinal illness but have been reported to sometimes cause severe 

conditions, such as flaccid paralysis and encephalitis. These serious infections are less frequent 

than those caused by enteroviruses (Harvala et al., 2014; Merilahti et al., 2012; Seitsonen et al., 

2010; Wang et al., 2012a). Parechovirus infections seem to occur relatively frequently, as at least 

95% of the adult population in the Netherlands, the USA, Canada and Germany have been 

infected at some point (Harvala et al., 2008).  In many studies, the predominant symptom caused 

by HPeV1, the most commonly isolated HPeV, is diarrhoea, although two outbreaks of 

necrotising enterocolitis were reported in 1997. In addition, HPeV1 has been linked with 
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myocarditis and other diseases, including haemolytic uraemic syndrome and an outbreak of acute 

flaccid paralysis in Jamaica (Stanway et al., 2000). 

Less is known about the impact of the other HPeV types, but except for HPeV3 the symptoms 

caused are similar to those caused by HPeV1. HPeV6 has been suggested as a causative agent of 

diarrhoea in children (Harvala et al., 2008). HPeV3 seem to have a different pattern of disease 

compared to other HPeVs, as it leads sometimes to serious disease in much younger children 

than most HPeVs. HPeV3 has been isolated from a one year old patient with transient paralysis 

in Japan and was also found in three patients with neonatal sepsis in Canada (Boivin et al., 

2005). Neonatal sepsis caused by HPeV3 been reported in several more recent studies (Benschop 

et al., 2006; Harvala et al., 2014; Khatami et al., 2014; Kolehmainen et al., 2014). HPeV4 may 

also be involved in neonatal sepsis (Kolehmainen et al., 2014).  

Although HPeV is a widespread pathogen and can cause severe diseases, it is not routinely 

detected in most laboratories because it often grows poorly in culture and typing reagents are not 

widely available (Chang et al., 2015).  

1.1.2.1.7 Other human viruses 

Aichi virus (AiV) represents the Kobuvirus genus (Aichivirus A species), and the single serotype, 

AiV -1, is associated with acute gastroenteritis in humans (De Palma et al., 2008). AiV-1 is 

distributed worldwide and has been detected in human faecal samples in Asia, Europe, South 

America and Africa. The symptoms of AiV-1 infection vary from  diarrhoea, abdominal pain, 

nausea, vomiting and fever, and it is usually present, together with enteroviruses, in faecal 

samples of gastroenteritis patients (Kitajima and Gerba, 2015). 
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 Non-human picornavirus 1.1.2.2

1.1.2.2.1 Foot-and-mouth-disease virus (FMDV) 

Foot-and-mouth-disease virus (FMDV) is a member of the Foot-andïmouth-disease virus 

species of the Aphthovirus genus. This virus causes lesions in cloven-hoof animals such as cattle, 

swine, goat, sheep and buffalo (Grubman and Baxt, 2004; Jamal and Belsham, 2013). The 

disease is not usually fatal but reduces productivity and so is economically very important. 

FMDV caused widespread problems throughout Europe until an inactivated vaccine became 

commercially available. However, FMDV remains endemic in other parts of the world such as 

Africa and Asia. A major outbreak of the virus in the UK (2001) led to the slaughter of 6.5 

million animals and cost the UK economy around £3 billion (De Palma et al., 2008; Whitton et 

al., 2005).  

1.1.2.2.2 Other non-human picornaviruses 

Teschoviruses can affect cattle, usually leading to asymptomatic infections. They can also cause 

a neurological disorder in pigs, known as Teschen-Talfan disease (De Palma et al., 2008; 

Whitton et al., 2005). Several outbreaks of óteschovirus encephalomyelitisô were reported in 

Ukraine in 1996ï2005, Russia in 2004, Madagascar in 2004ï2005, Belarus in 2005 and Haiti in 

2008ï2009 (Boros et al., 2012).  

 Picornavirus Molecular Biology 1.1.3

 Particle and Genome 1.1.3.1

Picornaviruses are small, icosahedral, non-enveloped, positive-sense, single stranded RNA 

viruses of around 28-30 nm in diameter (Jurgeit et al., 2010). Their protein shell is composed of 

60 copies of three or four virus-encoded proteins (VP1-4 or VP0, VP1 and VP3) (Figure 1.1). 

While VP1-3 form the icosahedral shell, VP4 is on the inner surface and is probably partially in 

contact with the RNA genome (Merilahti et al., 2012) (Figure 1.2). The genomes of 

picornaviruses are around 7000ï9700 nucleotides in length and encode one polyprotein which is
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FIGURE 1.1: Structural of picornaviruses. Structure of picornaviruses. (A) The 

viral capsid surface showing a pentamer (VP1, blue; VP2, red; VP3, gray; VP4, 

orange) of the EV-71 viral capsid. The yellow and green regions are epitopes 

recognised by antibodies (Taken from (Fan et al., 2015)). (B) A single EV-71 

protomer and how this relates to the rest of the capsid (VP1, blue; VP2, green; VP3, 

red; VP4, purple). The canyon is a surface depression involved in binding to cell 

receptors and the image also indicates the movement of VP4 seen after receptor 

binding (Taken from (Lewis et al., 1998)). 

 

A 

B 
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Foot-and-mouth disease virus Encephalomyocarditis virus  

  

Poliovirus 1 Coxsackievirus A9 

  

HAV  Human parechovirus 1 

  

Ljungan virus  HRV-1A 

FIGURE 1.2: 3D structure for some picornaviruses. Taken from (Filman et al., 1989; Fry et 

al., 1993; Hendry et al., 1999; Kalynych et al., 2016; Kim et al., 1989; Krishnaswamy and 

Rossmann, 1990; Wang et al., 2015). 
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cleaved by virus proteases to give a number of functionally important precursors and individual 

proteins. These include the capsid protein-encoding P1 region (encoding VP1-VP4) and non-

structural protein-encoding P2 and P3 regions (Kitamura et al., 1981; Knowles, 2016). The 

polyprotein-encoding open-reading frame (ORF) is preceded by a 5` untranslated regions which 

is covalently linked to a small viral protein (VPg) at the 5` end and followed by a 3` UTR and a 

poly A tail (Sasaki et al., 2012). The only know exception is the Dicipivirus genus where the 

genome has two open reading frames (Woo et al., 2012). Capsid monomers assemble into 

pentamers, which form the complete icosahedral shell of the virus from twelve pentamer 

subunits (Merilahti et al., 2012).  

After entry into the cellular cytoplasm, the virus RNA is translated and the polyprotein is 

cleaved. Following production of proteins required for RNA replication, the input viral RNA 

also acts as the template for the synthesis of negative-sense transcripts, which are then used to 

synthesize positive-sense genomes. Picornavirus RNA replication takes place in the cytoplasm, 

occurs on membrane-bound replication complexes and involves several different viral proteins in 

addition to the RNA polymerase (3D
pol

) (Belsham and Normann, 2008; Jurgeit et al., 2010). 

 Enteroviruses 1.1.3.2

The Enterovirus genus includes PVs, coxsackie A viruses, coxsackie B viruses, echoviruses and 

more-recently isolated viruses which are called by species and number e.g. EV-D68 to EV-A121 

(Hu et al., 2011; Knowles, 2016). Members of all 12 Enterovirus species are closely related and 

share marked similarities with respect to virus structure, genomic organization and replicative 

cycle. Differences in tropism are assumed to be based on the ability to bind to specific receptors 

for cell entry, due to differences in the structural capsid proteins encoded by the P1 region of the 

genome, and the occurrence of host-species specific cis-acting translational control elements in 

the genomic RNA (van Kuppeveld et al., 1997a). Some of the non-structural proteins are also 

involved in defining tropism e.g. the host that can be infected (Harris and Racaniello, 2005). 
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These viruses possess a deep depression (a ôcanyonô) around the fivefold axis, which is involved 

in receptor interactions (Rossmann, 2002). 

Enterovirus genomes are between 7200-7500 nucleotides long and the polyprotein is processed 

to 11 final products. The 5`UTR is around 740 nucleotides long in EV-A to EV-J species and 

600 nucleotides in RV-A to RV-C. Processing of the P1 region gives VP1-VP4 and the 2A 

protein is a protease (Bonderoff et al., 2008; Hughes and Stanway, 2000; Shang et al., 2013). 

 Parechoviruses 1.1.3.3

Human parechoviruses (HPeVs) are members of the species Parechovirus A (originally Human 

parechovirus) of the genus Parechovirus. There are two other species Parechovirus B (including 

Ljungan virus) and Parechovirus C (including Sebokele virus). A virus which infects ferrets may 

form another species (Adams et al., 2015). HPeV1 and HPeV2 were isolated in 1956, were 

thought to be enteroviruses and were called echovirus 22 and 23 (Stanway and Hyypiä, 1999). 

However, several studies that investigated their molecular characteristics found that these viruses 

had unusual properties compared to other enteroviruses and the nucleotide sequence was found 

to be very different (Hyypiä et al., 1992). As a result, they were reclassified as members of a 

new genus Parechovirus in 1999 (Banerjee et al., 2004; Stanway and Hyypiä, 1999; Stanway et 

al., 1994).  

The Parechovirus genome is 7300-7600 nucleotides in length. The 5` UTR is 700 nucleotides 

long. The polyprotein is post-translationally cleaved to give 10 final proteins, structural proteins 

VP0, VP3 and VP1 derived from P1, and seven non-structural proteins 2Aï2C and 3Aï 3D 

(Benschop et al., 2010). The virus only has 3 structural proteins as VP0 is not cleaved to VP4 

and VP2 as seen in most picornaviruses (Stanway et al., 1994). 

The VP3 protein possesses a unique N-terminal extension of approximately 30 amino acids, 

which are predominantly positively charged (Al -Sunaidi et al., 2007; Boonyakiat et al., 2001; 

Stanway et al., 2000; Williams et al., 2009). In addition, the 2A protein is homologous to 
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cellular proteins that are involved in cell proliferation and contains Hbox and NC motifs (Hughes 

and Stanway, 2000). 

 The picornaviral life cycle 1.1.4

 Summary 1.1.4.1

A summary of the life cycle is shown in Figure 1.3. The virus attaches to receptors on the cell 

surface and enters the cell, often in vesicles. The RNA is released and the single open reading 

frame is translated to give a polyprotein. This is cleaved by virus proteases to give precursors 

then the final virus proteins. These include non-structural proteins which are needed to make 

more copies of the RNA genomes, via negative sense RNA copies. Structural proteins and the 

new RNA copies assemble to give new virus particles, there is often a final maturation step and 

then the particles leave the cell by lysis (Merilahti et al., 2012; Whitton et al., 2005).  

 Entry  1.1.4.2

The first stage of the life cycle of most viruses is attachment of the virion onto host cell surface 

receptor(s), followed by entry through the plasma membrane, usually in endocytic vesicles, into 

the cell cytosol and subsequent release of the genome. The details of these events probably play 

an important role in tissue tropism and pathogenesis. In enteroviruses, the virus often attaches to 

the host cell through binding of receptors to the virus canyon. Other virus/receptor interactions 

may then occur and open a channel to permit the externalization of VP4 and the amino end of 

VP1 (Rossmann et al., 2002; Tuthill et al., 2010). It was thought that this channel may allow 

RNA release, but it now seems likely that RNA leave the capsid at another point, near to the 2 

fold axis (Levy et al., 2010).  

Many cellular receptors for picornaviruses have been identified and these have a wide variation 

in their structures and normal physiological functions (Evans and Almond, 1998; Stanway, 

2013). Some of them are may be relatively non-specific and low-affinity, such as heparan 

sulphate, while others bind more tightly and bring about essential conformational changes to the 
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virion needed for the eventual release of the RNA. Picornavirus receptors include integrins, 

which are a family of transmembrane glycoproteins that form noncovalent heterodimers between 

Ŭ- and ɓ- subunits and often bind to viruses via a specific arginine-glycine-aspartic acid (RGD) 

motif; members of the immunoglobulin superfamily such as coxsackie-adenovirus receptor 

(CAR), intercellular adhesion molecule-1 (ICAM-1 or CD54), the poliovirus receptor (PVR or 

CD155), vascular cell adhesion molecule-1 (VCAM-1); and the decay accelerating factor (DAF 

or CD55). ɓ2-microglobµlin (a subunit of major histocompatibility complex class I [MHC-I] 

complex); and heat shock 70-kDa protein 5 (HSPA5, also known as glucoseregµlated protein 78-

kDa, or GRP78) have been suggested to be co-receptors or needed for later steps in entry (Joki-

Korpela et al., 2001; Merilahti et al., 2012; Rossmann et al., 2002).  

Both the enterovirus coxsackievirus A9 (CAV9) and most parechoviruses including HPeV1 

possess a receptor-binding motif, RGD, at the C-terminus of the VP1 protein through which they 

interact with cell surface integrin ŬVɓ3 and/or ŬVɓ6 (Heikkila et al., 2009; Joki-Korpela et al., 

2001; Merilahti et al., 2012; Seitsonen et al., 2010; Williams et al., 2004). FMDV also has a 

functional RGD motif but this is located within VP1, not at the C-terminus. Other mechanisms 

than RGD binding to integrin may occur however, upon infection with different HPeVs, such as 

HPeV3, HPeV7 and HPeV8, as the RGD motif is absent (Chang et al., 2015). CAV9 can also 

infect cells via a non-RGD mechanism as mutants with no RGD are infectious (Hughes et al., 

1995).  

Viruses can enter host cells through different internalization pathways including clathrin-

mediated endocytosis, uptake via caveolae, macropinocytosis, phagocytosis and Arf6 (ADP-

ribosylation factor 6) dependent mechanisms. For example, HRV-14 and HPeV1 both use the 

clathrin-dependent endocytotic pathway, whereas PV may release their genome through the 

plasma membrane directly after attachment to their specific receptor. Caveolae-mediated 

endocytosis has been demonstrated for echovirus 1 (Merilahti et al., 2012; Sieczkarski and 
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Whittaker, 2002). RNA release may be triggered by interaction with receptors and/or be a pH-

dependent process taking advantage of the low pH of endosomes (Mercer et al., 2010). 

 Translation 1.1.4.3

Following RNA release, the virus genome is translated. In eukaryotic cells, the 5` 7-methyl 

guanosine (m7G) cap structure at the ends of most cellular mRNAs is recognized by the 

eukaryotic translation-initiation factor 4E (eIF4E). elF4E is a component of the cap-binding 

complex eIF4F, which also includes the RNA helicases eIF4A and eIF4G. These bind several 

factors and bridge the mRNA and 40S subunit of the ribosome. The complex then moves in a 5` 

to 3` direction. Usually, when the 40S subunit complex reaches the nearest AUG codon to the 5` 

end translation begins. Initiation proteins are released, allowing the 60S ribosomal subunit to 

associate with the 40S and thus forming the 80S ribosome (Pestova et al., 1996; Poulin and 

Sonenberg, 2000). The m7G cap is absent from the 5` end of picornavirus RNAs, thus they 

cannot undergo cap-dependent translation. Translational initiation in these viruses instead 

depends on the internal ribosome entry site (IRES) (Pelletier and Sonenberg, 1988). This is a 

long (about 400 nucleotides) sequence made up of several RNA structure and translation 

initiation depends in several initiation factors as well as IRES transacting factors (ITAFS) which 

are proteins needed for internal initiation, but not for cap-dependent translation (Lin et al., 2009). 

Each member of the family Picornaviridae expresses its viral gene products through the IRES-

directed translation of a single ORF that encodes a ~250-kDa polyprotein (Whitton et al., 2005).  

 Polyprotein processing  1.1.4.4

After the large polyprotein has been translated from the single ORF, the polyprotein is processed 

by virus-encoded proteases into 10ï12 final cleavage products (Figure 1.4). The protease 

cascade is initiated by one or more primary cleavage events carried out in cis. In enteroviruses 

this is carried out by 2A
pro

, cleaving at its N-terminus. Several picornaviruses have an NPGP 

motif at the 2A position and this leads to the polyprotein being made in two pieces, following 
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termination/reinitation. A series of trans cleavages gives mature polypeptides, as well as several 

precursor molecules. These cleavages are performed by 3C
pro

 or 3CD
pro

 in all picornaviruses. 

Often the intermediate cleavage products have different functions from their final products 

(Ghazi et al., 1998; Sasaki et al., 2012; Whitton et al., 2005). 

 Replication  1.1.4.5

Picornaviral genome replication takes place in a viral replication complex and depends on the 

RNA-dependent RNA polymerase 3D
pol

, which is the most highly conserved polypeptide 

amongst members of the family Picornaviridae (Merilahti et al., 2012; Whitton et al., 2005) 

(Figure 1.3). The details of the mechanism of replication of picornavirus genomes is poorly 

understood. Several virus proteins are involved in the replication of viral RNA. The enzyme-

dependent RNA polymerase 3D
pol

 plays a central role in RNA replication and in vitro, this 

enzyme is involved in three reactions. First, 3D
pol

 synthesizes its primer by uridylylating the 

genome-linked protein VPg to VPg-pU(pU) and uses this nucleotide-modified protein to initiate 

chain elongation, a process that has been called óprotein primingô. Second, 3D
pol

 transcribes the 

RNA templates, giving minus- and plus-strand RNA. Third, 3D
pol

 unwinds double-stranded 

RNA during chain elongation (Pfister et al., 2000). 2C has also been shown to have an RNA 

helicase and chaperone activity which may be involved in unwinding the virus RNA during 

replication (Xia et al., 2015). 

Some other proteins are involved in RNA replication. One is 3AB (the precursor of VPg), which 

stimulates RNA polymerase activity of 3D
pol

. Another is the main protease 3C (or its precursor 

protein 3CD). Cell proteins such as poly (rC)-binding protein (PCBP2) are also involved. 3CD 

and PCBP2 interact with a cloverleaf structure at the 5ô end of enterovirus RNA, giving a 

complex needed for viral RNA replication. The precursor proteins 3AB and 3CD also interact 
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FIGURE 1.3: Summary of the life cycle of a typical picornavirus. The virus attaches to a 
host cell receptor and this triggers entry, which usually occurs in a vesicle. The RNA is 

released and translated by host cell ribosomes. The polyprotein produced is processed by 

proteases. As the level of protein increases these is a switch from translation to replication of 

(-) strand RNA using the original (+) strand RNA template, followed by (+) strand RNA 

synthesis. The RNA is packaged to give a particle containing 60 copies of the capsid proteins 

VP0, VP3 and VP1. In most picornaviruses, VP0 is cleaved during a final maturation step to 

give VP4 and VP2. The mature viruses leave the cell as it is lysed. Taken from (van der 

Linden et al., 2015). 
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Figure 1.4: Schematic of a picornavirus genome. The diagram also shows the pathway to 

give the final proteins, via precursors, from the polyprotein. Non-structural proteins are 2A, 

2B, 2C, 3A, 3B, 3C
pro

, 3D
pol

, L. IRES, internal ribosome entry site; NTR, non-untranslated 

region; VPg, viral protein genome-linked. Taken from (Jiang et al., 2014). 
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with the 3-̀UTR region of viral RNA (Banerjee et al., 2004; Pfister et al., 2000). In addition, 

cellular factors are thought to be required for membrane reorganization for picornavirus 

replication (Sasaki et al., 2012). 

 Assembly, Maturation and Release 1.1.4.6

The details of the assembly process are not clear but 5 protomers, made up of VP0, VP3 and 

VP1 are thought to assemble into pentamers and 12 pentamers can form empty particles which 

may then allow the RNA to be packaged (Li  et al., 2012). In addition to the RNA and capsid 

proteins, 2C may have a role in packaging through interactions with VP3 and/or VP3 (Jiang et 

al., 2014). After assembly, VP0 is cleaved to give VP4 and VP2 in most picornaviruses and this 

is necessary for the particle to be infectious. The particles are released as the cell lyses, although 

the details of this process are not well understood (Jiang et al., 2014; van der Linden et al., 

2015). 

 Non-structural  proteins 1.1.5

 Genome 1.1.5.1

A schematic of the genome is shown in Figure 1.4. Non-structural proteins are encoded 

downstream of the capsid protein-encoding region. 

 2A, 3C and L protein 1.1.5.2

The 2A protein sequence, length, and roles vary considerably among the Picornaviridae genera 

(Hughes and Stanway, 2000). In enteroviruses, the polyprotein is processed mainly by 3C
pro

. 

However, the primary cleavage event, separating the structural protein precursor from the non-

structural one, is performed by 2A
pro

. 2A
pro

 cleaves the viral polyprotein between the C terminus 

of VP1 and its own N terminus. The 2A of most other picornaviruses does not carry out such a 

proteolytic function (Buenz and Howe, 2006). Although not proteolytic, several picornaviruses 

have a highly conserved AsnïProïGlyïPro (NPGP) motif at the 2Aï2B junction which has been 

linked to a ñribosomal skipò that prevents the formation of the GlyïPro peptide bond and then 
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allows translation to continue, so the P1ï2A region is made separately from the rest of the 

polyprotein (Donnelly et al., 2001; Funston et al., 2008; Hughes and Stanway, 2000; Stanway et 

al., 2000; Whitton et al., 2005). The 2A proteins of many picornaviruses, including 

parechoviruses, show homology to cellular proteins involved in the control of cell proliferation, 

and do not seem to have a protease activity (Hughes and Stanway, 2000; Stanway et al., 2000). 

Several other picornaviruses have multiple 2A proteins and there is little information on their 

function.  

The enterovirus 2A
pro 

cleaves eIF4G and eIF3, which are involved in cap-dependent translation 

initiation, and prevents the infected cell translating its own capped mRNA. As IRES-dependent 

translation is not cap-dependent virus translation is not inhibited. Another protein involved in 

cellular translation, poly (A) binding protein (PABP), is also cleaved by enterovirus 2A
pro

, as 

well as 3C
pro

 (Bonderoff et al., 2008; Deszcz et al., 2006; Yin et al., 2007). 3C
pro

 has also been 

shown to cleave and inactivate several transcription factors and this leads to inhibition of cellular 

transcription (Banerjee et al., 2004). 3C of enteroviruses also induces apoptosis by activating 

caspases and can block type I interferon (IFN) responses. 3C is related to the chymotrypsin 

family of proteases, but its active site is cysteine not the serine usually seen in this family of 

proteases. The enterovirus 2A
pro

 also has a chymotrypsin-like fold, but is more related to smaller 

serine proteases such as Ŭ-lytic proteinase (Seipelt et al., 1999).  

The third picornaviral protease is the Aphthovirus L protein, a cysteine protease related to papain 

(Seipelt et al., 1999). This releases itself from the P1 region of the polyprotein and also cleaves 

the eIF4G  subunit of eukaryotic initiation factor 4F (eIF-4F) leading to shutoff of cap-dependent 

host cell protein synthesis (Piccone et al., 1995). Most other L proteins in the subset of 

picornaviruses which have this protein are not proteolytically active and are released from the P1 

region of the polyprotein by 3C. One L protein which has been studied extensively is that in 
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cardioviruses and this seems to have an effect on host antivirus defences by preventing apoptosis 

and affecting interferon induction (Whitton et al., 2005).  

 2B 1.1.5.3

The 2B protein is a small, hydrophobic, membrane protein that is responsible for blocking 

cellular secretory transport, disrupting Golgi membranes and membrane permeabilisation (de 

Jong et al., 2008; van Kuppeveld et al., 1997b; Yin et al., 2007). It can release Ca
2+

 and H
+
 from 

organelles by forming pores (de Jong et al., 2008), although HAV 2B had little effect on ER and 

Golgi complex Ca
2+

 concentrations (de Jong et al., 2008). The accumulation of 2B or 2BC 

proteins in the Golgi causes cell lysis by changing the permeability of the plasma membrane 

causing disassembly of the Golgi complex (Lin et al., 2009; Sweeney et al., 2010). 

 2C and 2BC 1.1.5.4

The poliovirus 2C protein is a 37.5 kDa protein containing 329 amino acids. This protein is one 

of the most highly conserved picornavirus proteins and has several functions such as host cell 

membrane rearrangement and virus RNA encapsidation. The protein includes regions which 

interact with other viral and cellular proteins. In RNA replication, 2C has two functions, a cis-

acting guanidine-sensitive function required for initiation and a trans-acting function required for 

elongation, but the exact role of 2C is unknown (Banerjee et al., 2004; Belsham and Normann, 

2008). In addition, sequencing analysis of 2C shows similarity to several known ATPase, ATP- 

and GTP-binding proteins and viral helicases present in plus-strand RNA viruses. Both 2C and 

its precursor 2BC appear to be associated with viral RNA in infected cells in vitro (Banerjee et 

al., 2004; Teterina et al., 1997).  

On the basis of several sequence motifs and its structure, 2C is considered to be a member of the 

superfamily III helicases group of the AAA+ ATPase (Belsham and Normann, 2008; Sweeney et 

al., 2010). 2C has both ATPase and GTPase activities and 2BC is also capable of selectively 

hydrolysing ATP. However, only one study (Xia et al., 2015) has demonstrated any helicase 
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activity for a picornavirus 2C (in EV-71 and the closely related virus CAV16). The study also 

found that 2C acts as an RNA chaperone to destabilize helices from either direction and 

facilitates RNA:RNA interactions. This seems to be independent of ATP.  

A schematic of 2C is shown in Figure 1.5. 2C has a predicted N-terminal membrane-binding 

amphipathic helix, in addition to the main ATPase domain, and the ability to bind to membranes 

seems to partially correspond to this region. The AAA + protein superfamily III helicase motifs in 

2C are the óWalkerô motif A, which is thought to participate in binding the phosphate moiety of 

NTP, óWalkerô motif B, which may chelate magnesium ions involved in NTP hydrolysis, and 

motif C (Figure 1.5) (Sweeney et al., 2010; Teterina et al., 1997).  

2C ATPase activity is inhibited by low concentrations of guanidine hydrochloride and this drug 

blocks negative strand RNA synthesis in poliovirus (Rightsel et al., 1961). The enterovirus 2C 

also contains a zinc-binding cysteine-rich motif reported to be involved in RNA replication 

(Banerjee et al., 2004; Belsham and Normann, 2008; Pfister et al., 2000). This motif is not 

present in many picornavirus 2C proteins and is absent in FMDV, the structure of which has 

been solved (Sweeney et al., 2010). Sequence analysis of 2C reveals homology to protease 

inhibitors, particularly serine protease inhibitors or óserpinsô, which inhibit protease activity by 

binding to the catalytic pocket of proteases and blocking their ability to associate with specific 

substrates. In addition, 2C was found to be homologous to proteasome regulatory subunits from 

various organisms. This may be why 2C can regulate 3C
pro

 activity both in vitro and in vivo 

(Banerjee et al., 2004; Teterina et al., 1997). 

 3A and 3AB 1.1.5.5

3AB is a small, basic protein with multiple functions in viral RNA replication. In vitro, 3AB was 

found to stimulate the polymerase activity of 3D
pol

 as well as the self-cleavage of 3CD
pro

. 3AB 

may also form a complex with both 3CD
pro

 and the 5ô enterovirus cloverleaf RNA structure 

involved in RNA replication and act to anchor 3D
pol

 in the replication complex. 3AB has also 
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FIGURE 1.5: Schematic diagram of the 2C protein of EV71. Showing the Walker A and  

B motifs and motif C, found in the AAA+ protein superfamily III helicases. Regions of 2C 

involved with different functions are shown above the bar and mutations affecting the virus 

lifecycle are shown below the bar. 2C  consists of 319 amino acid. In enteroviruses the 2C-

encoding region is the location of the RNA structure the cre. Taken from (Xia et al., 2015). 
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been shown to be the substrate for 3Dpol VPg uridylylation and involved in delivering VPg to 

replication complexes for VPg uridylylation (Lin et al., 2009; Yin et al., 2007).  

Viral proteins 3A, as well as 2B and 2C, contains an amphipathic helix and these proteins and 

their precursors bind membranes directly (Teterina et al., 2011; Wessels et al., 2006). Cleavage 

of 3AB occurs only when the precursor is bound to membranes. The C-terminus of 3A also has 

22 amino acid hydrophobic domain involved in membrane association  and this has been shown 

to be important for  poliovirus replication (Teterina et al., 2011). Amino acid changes in the 3A 

protein have been shown to alter host range and tropism in rhinoviruses (Harris and Racaniello, 

2005). The enterovirus 3A proteins inhibits endoplasmic reticulum (ER)-to-Golgi transport and 

is involved in replication complex formation (Lin et al., 2009; Wessels et al., 2006; Yin et al., 

2007). 

 3CD  1.1.5.6

3CD
pro

 (the precursor of mature 3C
pro

 and 3D
pol

) is the protease involved in processing of the 

capsid proteins (Ypma-Wong et al., 1988). 3CD
pro

 is also an RNA-binding protein that binds to 

the 5ô cloverleaf of the PV RNA genome, which is needed for viral replication. In addition, 

3CD
pro

 binds in vitro to the cre structure in the 2C-encoding region in enteroviruses, which is the 

template for the uridylylation of VPg by 3Dpol (Lin et al., 2009; Yin et al., 2007).  

 3Dpol 1.1.5.7

The viral RNA-dependent RNA polymerase 3D
pol

 is needed for viral RNA replication.  3D
pol

 is a 

template- and primer-dependent RNA polymerase with RNA binding activity. It can also unwind 

dsRNA during RNA replication. 3D polymerase can also uridylylate VPg and use VPg-pUpU as 

a primer during viral RNA replication (Lin et al., 2009; Yin et al., 2007).  
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1.2 Secretory pathway 

 Introduction  1.2.1

Most positive-strand RNA viruses use host intracellular membranes of the early secretory 

pathway or structures such as mitochondria or lysosomes to make replication complexes for 

genome replication (Midgley et al., 2013; Sasaki et al., 2012). The secretory pathway involves 

the endoplasmic reticulum (ER), the ER-Golgi intermediate compartment (ERGIC) and the 

Golgi. Coronavirus replicates on a reticulovesicular network derived from the ER, Semliki 

Forest virus uses endolysosomes and lysosomes, Flock House virus genome replication takes 

place next to mitochondria. For hepatitis C virus, RNA replication takes place at ER membranes 

and lipid droplets (Inoue and Tsai, 2013; Quiner and Jackson, 2010).  

These virus-induced membrane structures help to increase the concentrations of components 

required for virus replication, provide a scaffold for anchoring the replication complexes, prevent 

the activation of host defence mechanisms that recognise dsRNA produced during virus RNA 

replication, tether viral RNA during unwinding and provide certain lipids that are required for 

genome synthesis (Miller and Krijnse-Locker, 2008; Sasaki et al., 2012).  

 Endoplasmic reticulum (ER) 1.2.2

The ER is a dynamic cytoplasmic membrane system and is the largest organelle in a cell. It is a 

major site of synthesis of secreted and membrane proteins, protein transport, protein folding, 

lipid and steroid synthesis, carbohydrate metabolism and calcium storage (Romero-Brey and 

Bartenschlager, 2016). The ER is a continuous membranous system including the nuclear 

envelope and structures made up of branched sheets and tubules. The rough ER, with ribosomes 

attached, corresponds to membrane sheets and the smooth ER is made of tubules (Inoue and 

Tsai, 2013). The rough ER is the site of translation of secretory and transmembrane proteins and 

the smooth ER has functions related to  lipid and glycogen metabolism (Inoue and Tsai, 2013).  
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ER sheets are a series of stacked flat cisternae which are connected by helicoidal ramps, which 

are twisted flat membrane surfaces. This means that the packing of the sheets is very efficient 

(English and Voeltz, 2013). 

ER tubules are constantly changing shape and size. The membranes are generally more curved 

than ER sheets and have fewer ribosomes associated with them than sheets. Membrane proteins 

play a major role in the formation, maintenance and branching of both sheets and tubules 

(Schwarz and Blower, 2016).  

In addition to its role in the synthesis, modification and transport of secretory and membrane 

proteins and the synthesis and transport of several lipids, the ER interacts with many other 

organelles, such as lipid droplets, mitochondria, endosomes, peroxisomes, and phagophores 

generated during autophagy (Romero-Brey and Bartenschlager, 2016). 

Contact sites between the ER and mitochondria are involved in Ca2+ signalling, lipid 

biosynthesis and mitochondrial division, including Ca2+ entry into mitochondria and biosynthesis 

of phosphatidylcholine (PC). ER interactions with endosomes allow the exchange of lipids and 

sterols and may regulate cholesterol levels in the endocytic pathway. In addition, peroxisomes 

are made from components from the ER. A pool of vesicles containing peroxisomal proteins bud 

from the ER close to peroxisomes (English and Voeltz, 2013; Raychaudhuri and Prinz, 2008). 

 Transitional ER (tER) or ER exit sites (ERES)  1.2.3

ERES are projections of the ER, which lack ribosomes and are coated with COPII components.  

They seem to be involved in the selection and packaging of cargo (e.g. proteins) leaving the ER, 

as well as ensuring that ER resident proteins and other non-cargo materials remain in the ER. 

COPII vesicles bud off from ERES and form the next compartment in the secretory pathway, the 

ERGIC (Barlowe and Helenius, 2016; Gillon et al., 2012). 
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 The ER-Golgi intermediate compartment (ERGIC)  1.2.4

The ERGIC (also known as vesicular-tubular clusters or pre-Golgi intermediates) is a complex 

membrane system between the rough ER and the Golgi. ERGIC-53, a 53 kDa non-glycosylated 

type I membrane protein, localises to the ERGIC and is often used as a marker for this 

compartment (Appenzeller-Herzog and Hauri, 2006; Hauri et al., 2000; Szul and Sztul, 2011). 

The ERGIC is made up of two types of vesicles. One is used for anterograde transport from ER 

to Golgi when COPII-coated vesicles bud from the ERES and are transported along the 

microtubule to the cis-Golgi. There they can fuse with the first cisterna of the cis-Golgi or form a 

new cis-Golgi cisterna by fusion with Rab1. The other is due to retrograde movement from the 

Golgi back to ER, which involves COPI-coated vesicles. Recycled proteins are sent back to the 

ER and resident ERGIC proteins are retained within the ERGIC (Appenzeller-Herzog and Hauri, 

2006; Szul and Sztul, 2011). 

 Golgi 1.2.5

The main functions of the Golgi are sorting macromolecules for delivery to structures such as 

endosomes and plasma membrane or the cell exterior, as well as protein glycosylation (Midgley 

et al., 2013). The Golgi complex is made up of one or more stacks of disk-shaped cisternae that 

are connected by tubulovesicular regions (Glick and Nakano, 2009; Nakamura et al., 2012). 

Each stack of cisternae has two faces, the cis-Golgi network (CGN) which faces the ER and the 

trans-Golgi network (TGN), which faces the opposite side. The CGN receives protein and lipid 

cargos from the ER and cargo is sorted and directed to different cellular compartments in the 

TGN (Jackson, 2009; Nakamura et al., 2012).  

 Transport to the Golgi  1.2.5.1

As already described, secretory cargo proteins bud off from the ERES in COPII-coated vesicles. 

They pass through the vesicularïtubular membrane of the ERGIC to the CGN. COPI-coated 
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vesicles then bud off from the ERGIC elements to recycle components of the transport and 

sorting machinery back to the ER (Glick, 2000).  

 Transport through Golgi 1.2.5.2

Two main mechanisms are proposed for the movement of secretory cargo through the Golgi 

(Barlowe and Helenius, 2016). The stable compartments model proposes that anterograde COPI 

vesicles specifically recognise secretory cargo, transport it forward and exclude proteins that 

need to be resident in the Golgi. The cisternal maturation model proposes that both resident 

proteins and cargo are transported forward, but retrograde COPI vesicles recycle resident Golgi 

proteins back to the Golgi (Glick et al., 1997). A third model, rapid-partitioning, suggests that 

cargo can move in a bidirectional manner, in both cis-to-trans and trans-to-cis directions 

(Jackson, 2009).  

 Transport from the Golgi 1.2.5.3

Multiple types of vesicles form at the TGN. Clathrin-coated vesicles bud from the TGN and 

deliver material to the endosomal/lysosomal/vacuolar system and immature secretory granules 

detach from the TGN and then mature (Glick, 2000).  

 Coated vesicles proteins  1.2.6

Vesicles with different coats are formed in a similar way, involving coat complexes, Sar1/ARF 

GTPases, guanine nucleotide exchange factors (GEFs), and GTPase activating proteins (GAPs).  

 COPII vesicles 1.2.6.1

Budding of COPII-coated vesicles depends on the active GTP-bound form of the small GTPase 

Sar1-specific guanine nucleotide exchange factor and this process is catalyzed by the Sec12 

GEF, which is a membrane protein found in the ER. Sec12 controls Sar1 and active Sar1 directly 

binds Sec23/Sec24 to the inner heterodimeric sub-complex of the COPII coat. This then recruits 

the outer coat components (Sec13/Sec31) to the Sec23/Sec24 core and the mature coated vesicles 

bud from the ER (Midgley et al., 2013). Sar1, Sec23/24 and Sec13/31 are necessary to generate 
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COPII vesicles in vitro. At least some cargo is exported from the ER by binding to cargo 

receptors of the ERGIC-53 family that facilitate sorting into COPII vesicles (D'Arcangelo et al., 

2013; Gillon et al., 2012; Szul and Sztul, 2011). Sar1 is converted to its inactive GDP-bound 

form and COPII coats rapidly dissociate from the vesicles, which then acquire COPI 

(ñCOPII/COPI exchangeò) before fusion with the ERGIC (Stephens et al., 2000) (Figure 1.5).  

 COPI vesicles  1.2.6.2

COPI appears to be required at more than one stage of ER-to-Golgi transport. For example, 

COPI is involved in anterograde transport after COPII/COPI exchange, movement within the 

Golgi and in the retrograde movement of components from the Golgi back to the ER. COPI is 

also required for lipid storage and lipid homeostasis (Szul and Sztul, 2011; Wang et al., 2012b). 

COPI is composed of seven coatomer subunits and an ADP ribosylation factor (ARF)-dependent 

GTPase. The subunits of COPI are ŬCOP, ɓCOP, ɓǋCOP, ɔCOP, ŭCOP, ŮCOP and ɕCOP (Wang 

et al., 2012b). óThinô COPI vesicles are found close to the cis-Golgi and between the cis-Golgi 

and the ERES, suggesting that they recycle materials from the cis-Golgi to the ER. óThickô COPI 

vesicles are found close to medial- and trans-Golgi, suggesting that they are involved in 

retrograde trafficking within the Golgi (Szul and Sztul, 2011).  

COPI coat formation requires ARF1, which is activated on the Golgi by two related GEF, GBF1 

and BIGs. GBF1 (ARF1ïGEF) is present in the cis-Golgi and BIG is located in the trans-Golgi 

(Midgley et al., 2013). 
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FIGURE 1.6: Schematic of the secretory pathway. Secretory cargos are synthesized in the 

ER, exit the ER at ERES in COPII-coated vesicles, and are transported to ERGIC. Cargos are 

sorted from the ERGIC and move to the Golgi. Cargos are sorted at the TGN (trans Golgi 

network) for delivery to the plasma membrane (PM) and early and late endosomes. Colours 

indicate the known coats: COPII (blue), COPI (green), and clathrin (red). Taken from (Szul 

and Sztul, 2011). 

 
























































































































































































































































































































































































