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ABSTRACT

Picornaviruses are neenveloped, positive sense singleanded RNA viruses which cause
many diseases ranging from slight illness to fatal meningitis and encephalitis. There are n
vaccines against most picornaviruses so drugs need to be developed. Human parechoviru
(HPeV9 arebeing increasingly recognised as important human pathogensségenetically
diverse from other picornaviruses. We therefore need to understand the details of viru
replication to improve the opportunities to develop antiviral drugs. Viruses often rearrange th
ER, ERGIC and Golgi to give a new membrane structumeslved in viral replication and/or
assembly. To improve our understanding of HPeV replication, we first studied the secreton
pathway compartments and we found in HHRe#écted cells that the Golgi was rearranged and
became more concentrated near to fidglication complex. ER seemed to disappear almost
completely. In terms of HPeV nestructural proteins, 2C had a major effect on the
compartments and also-tmcalised and aggregated lipid dropletsamy viruses such as hepatitis

C virus (HCV) and Dengueirus recruit lipid droplets to replication complexes. We found that
lipid droplets became larger in HPehected cells, but do not docalise 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. Th
results suggest that lipid droplets play a role in HPeV replication amwdesmvestigated 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 regtion. Our results suggest that blocking lipid

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

1.1.1 Classification

Picornavirusess wher e Pico refers to O6small sizebd a
areassigned to class IV e Baltimore classification(Acheson, 2007Carter and Saunders,
2007). Thesesmall, norenweloped,single-stranded positivesensevirusesbelong tothe family
Picornaviridae (Knowleset al, 2012. At present, this family groupsto 31 generaonsisting

of 54 species The genera aré&phthovirus Aquamavirus Avihepatovirus Avisivirus
Cardiovirus Cosavirus Dicipivirus, Enterovirus Erbovirug Gallivirus, Hepatovirus
Hunnivirus Kobuvirus Kunsagivirus Limnipivirus, Megrivirus Mischivirus Mosavirus
Oscivirus Parechovirus Pasivirus Passerivirus Potamipivirus, Rosavirus Sakobuvirus
Salivirus Sapebvirus SenecavirusSicinivirus Teschovirusand Tremovirus (Adams et al,

2015 Adamset al, 2013 Adamset al, 2014 Adamset al, 2016 Knowleset al, 2013. Some

of these genera contaiseveral speciedor instanceEnterovirushas 12 Some species have a
singlevirus serotype while other contain many, for instanceBh&erovirus speciesRhinovirus

A are contains 80 serotype (Knowles, 201%. This classification was originally based on
morphology, physicochemical and biologigroperties, antigenic structures, genomic sequence
and mode of replicatiomlthough genome sequence is now the only factor considdfgeh
serotype is usually predicted on the basis of virus sequéiHggpiaet al, 1997.

The genome of members of tRecornaviridae 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 andtnartural proteins, as well as some
relatively stabé cleavage intermediat@d/esselst al, 2006.

Picornaviruses include many economically and socially important pathogens of humans ar
animals, such as polious, enterovirus 71, rhiniruses, hepatitis A virysfootandmouth

disease viruand parechovirusgsan der Linderet al, 2015 Whitton et al, 20095.


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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1.1.2 Medical importance

The Picornaviridaefamily contains a wide variety of human and animal pathogens with varying
clinical features including respiratory symptoms, gastroenteritis, myocarditis, rasttes
infections of the central nervous system such as meningitis, encephalitis and p@vidyisti

et al, 2012.

1.1.2.1 Human picornavirus
1.1.2.1.1 Poliovirus (PV)

The most significant picornavirus is poliovirus (PV). PV belongs toBhierovirusgenus and
causes poliomyeéls. 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 th6(past 2
years before vaccinations became available in thel®ds(Jurgeitet al, 201Q Whitton et al,

2005. PV spreads by the faet¢aral route, passes through the stomach and replicates in the
intestine. In the case @bliomyelitis, the virus enters the blood stream then infects the anterior
spinal cord. The developmemtf both live attenuated oral poliovis vaccine (OPV) and
inactivated poliovirus vaccin@lPV) against the 3 poliovirus serotypes reduced the number of
infected patients dramatically. The World Heafdinganisation (WHO) has been attempting to
complete the eradication of poliovirus for a numbé years. Currently, wild poliovirus (only
serotype 1) is circulating only in Pakistan and Afghanistan but there are also cases of circulatir
virus which has been derived from the vaccine str@usinet al, 2015 Initiative, 2015.

1.1.2.1.2 Coxsackievirus and Echovirus

A second group of viruses of tHenterovirusgenus 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. Gnap B was isolated from a patient with aseptic meningivitton et al,

2005. Many coxsackivirus B infections are mild, but these viruses can also cause serious, eve
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fatal diseases affecting the heart, central nervous system (CNS) and pancreas, leading
myocarditis meningitis, encephalitis newborns and pancreatit{#lyypia and Stanway, 1993
Stanwayet al, 2000 Whitton et al, 2009. Coxsackie A viruses cause respiratory infections,
conjunctivitis, rashes, meningoencephalitis, while coxsackievirus A16 causes hand, foot an
mouth disease (HFMDOHyypia and Stanway, 199S$tanwayet al, 2000.

Echoviruses are another group of viruses in Emeerovirusgenus and & one of the most
frequent causes of aseptic meningitis. They can also be involved in meningoencephaliti:
paralysis, neonatal sepsis and gastrointestinal infections. Echovirus 9,11 and 30 are the m
commonly isolated enteroviruses in specimens fromatlentgKhetsurianiet 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 fevowever,in more severe cases these can be neurological
complications, including aseptimeningitis, acute flaccid paralysis, fatal encephalitis, and
pulmonary edeméLei et al, 2011 Shanget al, 2013). The virus was isolated for the first time

in 1974 and there have been several large outbreaks since then, particularly in Asia. Epiden
outbreaks of HFMD occur frequently in Singapore, Taiwan, Malaysia and QGoyalkrishna

et al, 2012 Kieneret al, 2012. More than 1,600,000 cas of EV71 infection, with morthan

500 deaths, were reported ihi@a in 201 (Shanget al, 2013.

1.1.2.1.4 Human Rhinovirus (HRV)

HRV is the most frequent cause of the common cold. This diseasgiadly mild but has an
important economic impact. But it is also associated with acute and chronic bronchitis and othe
respiratory tract illnesses, as well as making asthma symptoms more severdlafitnal
Institutes of Healthn the USA, estimate thanore than a billion cases of the common cold occur
annually, resulting from HRV infections, costing approximately $40 billion in health care every

year (Jurgeitet al, 201Q Whitton et al, 2005. HRV infections also make symptoms worse in
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patients with chronic obstructive pulmonary disease (COBDrgeitet al, 201Q Wanga and
Chen, 2007Whitton et al,, 2005. WHO predicts that COPD will become the thiecding cause

of death worldwide by the year 208n der Schaaet al, 2013.

1.1.2.1.5 Hepatovirus

Hepatitis A virus (HAV) is member of thidepatovirusgents. It is responsible for a relatively
mild form of human hepatitis where an acute illness gives symptoms including jaundice ol
elevated serum transaminase le€le Palmaet al, 2009. HAV does not lead to liver cirrhosis

and hepatocellular carcinoma as it gives an acute, not a persistent infections unlike hepatitis
and hepatitis GMartin and Lemon, 2006This virus isresponsible for more than 7,000 cases of
hepatitis in the USA annuall{pe Palmaet al, 2008§.

1.1.2.1.6 Parechoviruses

Human Parechoviruses (HPeV) are membersetpecie$arechovirus Auntil recently called
Human parechovirus 16 types, HPeVilHPeV16 are known(Knowles, 201% Human
parechovirus infections are common during early childhood. In the USA &etd®33 and
2003, a large investigation revealed that 73% of HPeV1 infection and 68% of HPeV2 infection:
occurred in children less than one yéahanget al, 2015. Parechoviruses usually cause mild
respiratory or gastrointestinal illness but have been reported to sometimes cause seve
conditions, such as flaccid paralysis and encephalitis. These serious infections are less frequt
than those caused by enterogies(Harvalaet al, 2014 Merilahti et al, 2012 Seitsoneret al,

201Q Wanget al, 20123. Parechovirus infections seem to occur relatively frequently, as at least
95% of the adult population in the Netherlands, the USA, Canada and Germanyeeave b
infected at some poirfHarvalaet al, 2008. In many studies, the predominant symptom caused
by HPeV1, the most commonly isolated HPeV, is diarrhoeaowdfn 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 act
flaccid paralysis in Jamai¢&tanwayet al, 2000.

Less is known about the impact of the other HPeV types, bapéexor HPeV3 the symptoms
caused are similar to those caused by HPeV1. HPeV6 has been suggested as a causative age
diarrhoea in childrerfHarvalaet al, 20(8). HPeV3 seem to have a different pattern of disease
compared to other HPeVs, as it leads sometimes to serious disease in much younger childr
than most HPeVs. HPeV3 has been isolated from a one year old patient with transient paraly:s
in Japan and wgalso found in three patients with neonatal sepsis in Cafian et al,

2005. Neonatal sepsis caused by HPeV3 been reported in several more recen{Bamndielsop

et al, 2006 Harvalaet al, 2014 Khatamiet al, 2014 Kolehmaineret al, 2014. HPeV4 may

also be involved in neonatal sep@f®lehmaineret al, 2014.

Although HPeV is a widespread pathogen and can cause seveasedisit is not routinely
detected in most laboratories because it often grows poorly in culture and typing reagents are r
widely available(Changet al, 2015.

1.1.2.1.7 Other human viruses

Aichi virus (AiV) represents th&obuvirusgenus Aichivirus Aspecies)and the single serotype,

AiV -1, is associated with acugastroenteritis in human®e Palmaet al, 2009. AiV-1 is
distributed worldwide and has been detected in human faecal samp@\egjrEurope, South
America and AfricaThe symptoms of AiVl infection vary from diarrhoea, abdominal pain,
nausea, vomiting anéever, and it is usually present, together with enteroviruses, in faecal

samples of gastroenteritis patie(kstajima and Gerba, 20}5
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1.1.2.2 Non-human picornavirus

1.1.2.2.1 Footandmouthdisease virus (FMDV)
Footandmouthdisease virus KMDV) is a member of theFootand mouthdisease virus

species of théphthovirusgenus. Thivirus causes lesions in clowdoof animals such as cattle,
swine, goat, sheep and buffa{Grubman and Baxt, 2004damal and Belsham, 2013The
disease is not usually fatal but reduces proditgtiand sois economically very important.
FMDV caused widespregatoblems throughout Europe until an inactivated vaccine became
commercially &ailable. However, FMDWemains 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 bil(ipe Palmaet al, 2008 Whitton et

al., 2005.

1.1.2.2.2 Other norshuman picornaviruses

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

a neurological disorder in pigs, known as Tesehalfan diseasgDe Palmaet al, 2008
Whitton et al, 2005. Sever al out breaks of 0teschoviru
Ukraine in 19962005, Russia in 2004, Madagascar in 2®05, Belarus in 2005 and Haiti in

2008 2009(Boroset al, 2012.

1.1.3 Picornavirus Molecular Biology
1.1.3.1 Particle and Genome

Picornaviruses are snhalicosahedral, noenveloped, psitive-sense, single stranded RNA
viruses of around 280 nm in diamete(Jurgeitet al, 201Q. Ther protein shell icomposed of
60 copies of three or four virtencoded proteins (VP4 or VPQ VP1 and VP3) (Figure 1.1).
While VP13 form the icosahedrahell, VP4 is on the inner surface and is probably partially in
contact with the RNA genoméMerilahti et al, 2012 (Figure 1.2). The genomes of

picornaviruses are around 70@J00 nucleotides in length amticode one polyprotein which is
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translocation
of VP4 to the
viral surface

internal

FIGURE 1.1: Structural of picornaviruses. Structure of picornaviruses. (AJhe
viral capsid surface showing pentamer (VP1, blue; VP2, red; VP3, gray; VH
orange) of the EW/1 viral capsid. Theyellow and green regions are epitop
recognised by antibodies gken from (Fan et al, 2013). (B) A single EV71
protomer and how this relates to the rest ofdapsid (VP1, blue; VP2, green; VP
red; VP4, purple). The canyon is a surface depression involved in binding t
receptors and the image also indicatks movement of VP4 seen after recep
bindina(Taken from Lewiset al, 1998).
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Ljungan virus HRV-1A

FIGURE 1.2: 3D structure for some picornaviruses Takenfrom (Filmanet al, 1989 Fry et
al., 1993 Hendryet al, 1999 Kalynych et al, 2016 Kim et al, 1989 Krishnaswamy anc
Rossmann, 199Wanget al, 2015.
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cleaved by virus proteases to give a number of functionally important precursors and individug
proteins These includehe capsid protesencoding P1 region (encoding Vi¥P4) and non
structural proteirencoding P2 and P3 regioiiKitamura et al, 1981 Knowles, 201%. The
polyproteinencoding opemeading framgORF)is preceded by a 5 untranslated regiaéch

is covalently linked to a small viral protein (VPg) at theefd anl followed by a 3UTR and a

poly A tail (Sasakiet al, 2012. The only know exception is tHaicipivirus genus where the
genome has two open reading franf#goo et al, 2019. Capsid monomers assemble into
pentamerswhich form the complete icosahedral shell of the virus from twelve pentamer
subunitgMerilahti et al, 2019.

After entry into the cellular cytoplasm, the virus RNA is translated and the polyprotein is
cleaved. Following production of proteins required for RNeplication, the input viral RNA
also acts as the template for the synthesis of negsgivee transcripts, which are then used to
synthesize positiveense genomes. Picornavirus RNA replication takes place in the cytoplasm
occurs on membrargsound replicion complexes and involves several different viral proteins in

addition to the RNA polymerase (8%) (Belsham and Normann, 2008urgeitet al, 2010.

1.1.3.2 Enteroviruses

The Enterovirusgenus includes P&/ coxsackie A viruses, coxsackie B viruses, echoviruses and
morerecently isolated viruses which are called by species and number eRE&EW EVFA121

(Hu et al, 2011 Knowles, 201% Members of all 1ZEnterovirusspecies are closely related and
share marked similarés 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 recepto
for cell entry, due to differences in the structural capsid proteins encoded B¥ thgion of the
genome, and the occurrence of hgiseciesspecificcis-acting translational control elements in
the genomic RNAvan Kuppeveldet al, 19973. Some of the nostructural proteins are also

involved in defining tropism e.g. the host that can be infedittatris and Racaniello, 2005
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These viruses possess a deep depression (a
in receptor interetions(Rossmann, 2002

Enteroviruis genomes are between 720800 nucleotides long and the polymiotis processed

to 11 final productsThe 5°UTR is around 740 nucleotides long in-BMo EV-J speies and

600 nucleotides in RM to RV-C. Processing of the P1 region gives W4 and the2A

protein is a proteag®onderoffet al, 2008 Hughes and Stanway, 200Bhanget al, 2013.

1.1.3.3 Parechoviruses

Human parechoviruses (HPeVs) are members of the spgeareshovirus Aoriginally Human
parechoviru} of the genu$arechovirus There are two other speciearechovirus Bincluding
Ljunganvirus) andParechovirus including Sebokele virus). A virus which infects ferrets may
form another specieAdamset al, 2015. HPeV1 and HPeV2 werisolated in 1956were
thought to be mteroviruss and were calleéchovirus 22 and 2@tanway and Hyypi&, 19%9
However, severadtudies that investigated their molecular characteristics founchitee viruses
had unusual propertiesompared to other enterovirusasd the nucleotide sequence was found
to be very differen{Hyypia et al, 1992. As a result, thewere reclassified as members of a
new genudlarechovirusn 1999(Banerjeeet al, 2004 Stanway and Hyypia, 199%tanwayet

al., 1994.

The Parechovirusgenome is 7300600 nucleotides in lengtithe 5" UTR is 700 nucleotides
long. The polyprotein is postanslationallycleavedto gve 10 final proteins, structural proteins
VPO, VP3 and VP1 derived from Pand seven nostructural proteins 28C and 3A 3D
(Benschopet al, 2010Q. The vius only has 3 structural proteins as VPO is not cleaved tb VP
and VP2 as seen in most picornaviru&mnwayet al, 19949.

The VP3 protein possesses a uniquéeiiinal extension of approximageBO amino acids,
which are predominantly positively chargédl-Sunaidiet al, 2007 Boonyakiatet al, 2001,

Stanwayet al, 200Q Williams et al, 2009. In addition, the 2A protein is homologous to
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cellular proteins that are involved in cell fiferation and contains Hbox and NC motffdughes

and Stanway, 2000

1.1.4  The picornaviral life cycle
1.1.4.1 Summary

A summary of thdife cycle is shown in Figure 1.3. Thérus attaches to receptors on the cell
surface and enters the cell, often in vesicles. The RNA is released and the single open read
frame is translated to give a polyprotein. This is cleaved by virus proteases to give precurso
then the final virus mteins. These include nestructural proteins which are needed to make
more copies of the RNA genomes, via negative sense RNA copies. Structural proteins and tl
new RNA copies assemble to give new virus particles, there is often a final maturationdstep a

then the particles leave the cell by ly@ierilahti et al, 2012 Whittonet al, 2005.

1.1.4.2 Entry

The first stage of the life cycle of most viruses is attachment of the virion onto host cell surfac
receptor(s), followed by éry through the plasma membrane, usually in endocytic vesioles,

the cell cytosol and subsequent release of the genomeletdits of thee eventprobablyplay

an important role in tissue tropism and pathogenesis. In enterovitisastus often attaches to
the host cell through binding of receptors to #meis canyon. Other viruseceptor interactions
may thenoccur and opn a channel to permit the externalization of VP4 and the amino end of
VP1 (Rossmanret al, 2002 Tuthill et al, 201Q. 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
fold axis(Levy et al, 2010Q.

Many celular receptors for picornaviruses have been identdied these haveside variation

in their structures and normal physiological functiqgvans and Almond, 1998tanway,
2013. Some of them are may be relatively repecific and lowaffinity, such as heparan

sulphate while othersbind more tightly andbring about esmtial 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 betwee
U andb- subunits and often bind to viruses via a specific argigigeine-aspartic acid (RGD)
motif; members ofthe immunoglobulin superfamilguch ascoxsackieadenovirus receptor
(CAR), intercellular adhesion molectle(ICAM-1 or CD54), the poliovirsi receptor (PVR or
CD155), vascular cell adhesion molectléVCAM-1); andthe decay accelerating factor (DAF

or CD55) b2-microglobplin (a subunit of major histocompatibility complex class | [MHC
complex); and heat shock-ka protein 5 (HSPA5, alsmkwn as glucoseregulated protein 78
kDa, or GRP78have been suggested to bereoeptors or needed for later steps in e(iokr
Korpelaet al, 2002 Merilahti et al, 2012 Rossmanret al, 2003.

Both the enterovirus coxsackievirus A9 (CAV9) ambst parechoviruses includingPeV1
possess eeceptorbinding motif, RGD, at the @erminus of the VP1 protein through which they
interact with cell surface integriavb3 and/orOvb6 (Heikkila et al, 2009 Joki-Korpelaet al,

2001, Merilahti et al, 2012 Seitsoneret al, 2019 Williams et al, 2004. FMDV also hasa
functional RGD motif but this is loated within VP1, not at the-@rminus. Other mechanisms
than RGD binding to integrin may occur however, upon infection with éiffeHPeVssuch as
HPeV3, HPeV7 and HPeV8, as the RGD motif is abg€htanget al, 2015. CAV9 canalso

infect celk via a noARGD mechanism as mutants with nGR are infectiougHugheset al,

1995.

Viruses can enter host cells through different internalization pathways including clathrin
medated endocytosis, uptake via caveolae, macropinocytosis, phagocytosis and Arfé (ADP
ribosylation factor 6) dependent mechanisms. &ample, HRV14 and HPeV1 both use the
clathrindependent endocytotic pathway, whereas PV may release their genome through tt
plasma membrane directly after attachment to their specific receptor. Canesd@ated

endocytosis has been demonstrated donovirus1 (Merilahti et al, 2012 Sieczkarski and
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Whittaker, 2002 RNA release may be trigger&dy interaction with receptors and/be a pH-

dependent pross taking advantage of the low pf endosomeg@Verceret al, 2010.

1.1.4.3 Translation

Falowing RNA release, the virus genome is translated. In eukaryotic cells, themgthyl
guanosine (m7G) cap structure at the ends of mostlaelmRNAs is recognized by the
eukaryotic translatiomitiation factor 4E (elF4E). elF4AE is a component of tagbinding
complex elF4F, which also includes the RNA helicases elF4A and elF4G. These bind sever
factors and bridge the mRNA and 40S subunit of the ribosome. The complex then moves in a
to 3" direction. Usually, when the 40S subunit complex reatttegsearesAUG codon to the 5°

end translation begins. Initiation proteins are released, allowing the 60S ribosomal subunit t
associate with the 40S and thus forming the 80S ribog®estovaet al, 1996 Poulin and
Sonenberg, 2000 The m7G cap is absent from the 5° end of picornavirus RNAs, thus they
cannot undergo cagependent translation. Transla@bninitiation in these viruses instead
depends on the internal ribosome entry site (IRE®)letier and Sonenberg, 1988 hisis a

long (about 400 nucleotides) sequence made up of several RNA structure and translatic
initiation depends in several initiation factors as well as IRES transacting factors (ITAFS) whick
are proteins needddr internalinitiation, butnot forcapdependent translatiofLin et al, 2009.

Each member of the familRicornaviridaeexpresses its viral gene products through the IRES

directed translation of a single ORF that encodes a-kP@0polyprotein(Whitton et al,, 20035.

1.1.4.4  Polyprotein processing
After thelarge polyprotein has been translated friimsingle ORF, the polyprotein is processed

by virusencoded proteases into i@ final cleavage products (Figure 1.4). The paste
cascade is initiated by one or more primary cleavage events carried asitlm enteroviruses
this is carried out by 2%, cleaving at its Nerminus. Several picornaviruses have an NPGP

motif at the 2A position and this leads to the polyproteimdpenade in two pieces, following
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termination/reinitation. Aseries oftrans cleavagegivesmature polypeptides, as well as several
precursor molades. These cleavages are performed by'36r 3CD in all picornaviruses.
Often the intermediate cleavagproducts have different functierirom their final products

(Ghaziet al, 1998 Sasakiet al, 2012 Whitton et al,, 2005.

1.1.4.5 Replication

Picornaviral genome replication takes place in a viral replication complex and depends on tr
RNA-dependent RNA polymerase B which is the most highly conserved polyfidp
amongst members of the famiBicornaviridae (Merilahti et al, 2012 Whitton et al, 2009
(Figure 1.3).The details of themechanism of replication of picornavirus genomes is poorly
understood. Several virus proteins are involved in the replication of viral RNA. The enzyme
dependent RNA polymerase %bplays a central role in RNA replication ai vitro, this
enzyme is involved in three reactions. First,"3Bynthesizes its primer by uridylylating the
genomelinked protein VPg to VPgU(pU) anduses thiswucleotidemodified protein to initiate
chain elongation, a preocnespsr itnhiantdtihaass8hes dennd |
RNA templates, giving minusand plusstrand RNA. Third, 3B unwinds doublestranded
RNA during chain elongatiofPfister et al, 200Q. 2C has ao 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 otheproteinsare involvedn RNA replication. One i8AB (the precursor of VPg), which
stimulates RM polymeraseactivity of 30°°. Another is the main protea&€ (or its precursor
protein 3CD) Cell proteins such gsoly (rC)-binding protein (PCBB are also involved3CD

and PCBP2Zinteract witha doverleaf structurea t the 56 end ,ai¥ingant e

complexneededfor 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 typial picornavirus. The virus attachet® a
host cell receptor and this triggers entry, which usually occurs in a vesicle. The R
released and translated by host cell ribosomes. The polyprotein produced is proce
proteases. As the level of protentieases these is a switch from translation to replicatig
(-) strand RNA using the original (+) strand RNA template, followed by (+) strand |
synthesis. The RNA is packaged to give a particle containing 60 copies of the capsid
VPO, VP3 and Y1. In most picornaviruses, VPO is cleaved during a final maturation st
give VP4 and VP2. The mature viruses leave the cell as it is lysed. Taker(viaonder
Lindenet al, 2015.
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Figure 1.4: Schematic of a picornavirus genomelhe diagram also shows the pathway
give the final proteins, via precursors, from the polyprotein.-Btounctural proteins are 2A
2B, 2C, 3A, 3B, 3¢° 3D L. IRES, nternal ribosome entry site; NTR, nontranslated
region; VPg, viral protein genommked. Taken fron(Jianget al, 2014.
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with the 3-UTR region of viral RNA(Banerjeeet al, 2004, Pfisteret al, 200Q. In addition,
cellular factors are thought to be required for membrane reorganization for picornavirus

replication(Sasaket al, 2012.

1.1.4.6  Assembly, Maturation and Release

The details of the assembly process are not clear but 5 protomers, made up of VPO, VP3 a
VP1 are thought to assemble into pentamers and 12 pentamers can form empty particles whi
may then allow the RNAo be packagedLi et al, 2012. In addition to the RNA and paid
proteins, 2C may have a role in packaging through interactions with VP3 and/diJR§et

al., 2019. After assembly, VPO is cleaved to give VP4 and \rkost picornaviruses and this

is necessary for the particle to be infectious. The particles are released as the cell lyses, althot
the details of this process are not well underst@banget al, 2014 van der Linderet al,

2015.

1.1.5 Non-structural proteins
1.1.5.1 Genome

A schematic of the genome is shown in Figure Nén-structural proteins are encoded

downstream of the capsid proteemcoding region.

1.1.5.2 2A,3Cand L protein

The 2A protein sequence, length, and roles vary considerably amoRgctheaviridae genera
(Hughes and Stanway, 2000n enterovirusesthe polyprotein is processed mainly by3C
However, the primary cleavage event, separating the structural protein precursor from-the no
structural one, is performed by 2A 2AP™ cleaves the viral polypretn between the C terminus

of VP1 and its own N terminu3he 2A ofmost othermicornaviruses does not carry out such a
proteolytic function(Buenz and Howe, 2006Although notproteolytic, several picornawses

have a highly conserved Adara Glyi Pro(NPGP)maotif at the 2A 2B junction which has been

linkedtoafir i bos omal skipo that piPre peptddadandhtteen f o
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allows translation to continue, so tii 2A regionis made sepately from the rest of the
polyprotein(Donnellyet al, 2002 Funstonet al, 2008 Hughes and Stanway, 200Btanwayet

al., 2000 Whitton et al, 2005. The 2A proteins ofmany picornaviruses, incluty
parechovirusesshow homology to callar proteins involved in the control of cell proliferation,
and do not seem to have a protease act{tAityghes and Stanwa200Q Stanwayet al, 2000Q.
Several other picornaviruses have multiple 2A proteins and there is little information on thei
function.

The enterovirus2AP cleaves elF4G and elF3which are involed in capdependent translation
initiation, and preventthe infected cell transleig its own capped mMRNAAs IRESdependent
translation is not capgependent virus translation is not inhibitehother proteininvolved in
cellular translation poly (A) binding protein (PABP)js alsocleaved byenterovirus2A”®, as
well as3C" (Bonderoffet al, 200§ Deszczet al, 2006 Yin et al, 2007. 3C°" hasalsobeen
shown to cleave and inactivageverakranscription factorand this lead$o inhibition of celllar
transcription(Banerjeeet al, 2004. 3C of enteroviruses alsaduces apoptosisby activating
caspase andcan block type | interferon (IFN) respons&& is related to the chymotrypsin
family of proteasesbut its active site is cysteine not the serine usually seen in this family of
proteasesThe enteroviru A’ alsohasa chymotrypsidike fold, but is moreelated to smaller
serine pr otlgiapoknaséSaipehet ah $999)

The third picornaviral protease is tAphthovirusL protein, a cysteinprotease related to papain
(Seipeltet al, 1999. Thisreleases itself fim the P1 region of the polyproteamd alsccleaves
theelF4G subunit of eukaryotic initiation factor 4F (e) leading toshutoff of capdependent
host cell protein synthesi@Picconeet al, 1995. Most otherL proteinsin the subset of
picornaviruses which have this protein aod proteolytically active and are released from the P1

region of the polyprotein by 3@ne 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 apoptc

and affeting interferon inductiorfWhitton et al, 20().

1.1.53 2B

The 2B protein is a small, hydrophobic, membrane protein that is responsible for blocking
cellular secretory transport, disrupting Golgi membranes and membrane permeabi(gation
Jonget al, 2008 van Kuppevelcet al, 1997h Yin et al, 2007. It can release Gaand H from
organelles by faning poreqde Jonget al, 2009, although HAV 2B had little effect on ER and
Golgi complex C&' concentrationgde Jonget al, 2009. The accumulation of 2B or 2BC
proteins in the Golgi causes cell lysis by changing the permeability of the plasma membran

causing disassembly of the Golgi comp(&m et al, 2009 Sweeneet al, 2010.

1.1.5.4 2C and 2BC

The poliovirus 2C protein is a 37.5 kDa proteimt@ning329 amino acids. Thiprotein isone
of the mosthighly conserved picornavirysroteins and has severainctions such as host cell
membrane rearrangement awidus RNA encapsidation. The protein includes regions which
interact with other viral and celbar proteins. In RNA eplication, 2C has two functions,cés-
acting guanidinesensitive function required for initiation andrans-acting function required for
elongation butthe exact role of 2C is unknowBanerjeeet al, 2004 Belsham and Normann,
2008. In addition, sequencing analysis of 2C shows similarity tersg\known ATPaseATP-
and GTPRbinding proteins and viraldlicasegresent inplus-strand RNA viruss.Both 2C and
its precursor 2BC appear to be associated with viral RNA in infectediceliso (Banerjeeet
al., 2004; Teterinaet al, 1997.

On the basis of several sequence motifs and its stru@@iie,considered to beraember of the
superfamily Il helicases group of the AAATPase(Belsham and Normann, 200Bweeneyet
al., 2010. 2C has both ATPase and GTPase activiied 2BC is also capable of selectiyel

hydrolysing ATP.However, only onestudy (Xia et al, 2015 hasdemonstratedny helicase
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activity for a picornaviru2C (in EV-71 and the closely related virusA¥16). The study also
found that 2Cacts as an RNA chaperorte destabilize helices from either direction and
facilitatesRNA:RNA interactions. This seems to be independe/{Td?.

A schematic of 2C is shown iRigure 1.5.2C has a predicted f&rminal menbranebinding
amphipathic helix, in addition tthe main ATPase domaiand theability to bind to membranes
seems to partially correspond to this region. AA& + proteinsuperfamily Il helicase motifs in
2Caret he o6Wal ker 6 mot i fpartidipate w bindnd thei psosphateamoigtynof
NTP,6 Wal ker 6 mot i f Bmagnesium cohsnvotvadyn NI b leydiraysis and
motif C (Figure 1.5)Sweeneyet al, 201Q Teterinaet al, 1997%.

2C ATPase activity is inhibited by low concentrations of guanidine hydrochloride and this drug
blocks negative strand RNA synthesispioliovirus (Rightselet al, 196]). The enterovirus 2C

also contains a zinbinding cysteingich motif reported to be involved in RNA replication
(Banerjeeet al, 2004 Belsham and Normann, 200Bfister et al, 200Q. This motif is not
present in many picornavirus 2C proteins and is absent in FMDV, the structure of which ha
been solvedSweeneyet al, 201Q. Sequence analysis of 2C reveals homology to protease
i nhi bitor s, particularly serine protease i
bindingto 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 frc
various organisms. This may be why 2C can regulat€® 2Ctivity bothin vitro andin vivo

(Banerjeeet al, 2004 Teterinaet al, 1997.

1.1.55 3A and 3AB

3AB is a small, basic ptein with nultiple functions in viral RNA replication. In vitro, 3AB was
found to stinlate the polymerase activity of 8®as well ashe self-cleavageof 3CD"™. 3AB
may also form a complex witboth 3CD"* andt he 56 e nt eaf ®NA structse ¢ |

involved in RNA replication and act to anch®@" in the replication complex3AB hasalso
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FIGURE 1.5: Schemaic diagram of the 2C protein of EV71. Showing the Walker A ang
B motifs and motif C, found in the AAA+ protein superfamily Il helicases. Regions o
involved with different functions are shown above the bar and mutations affecting theg
lifecycle are shown belovwhe bar. 2C consists of 319 amino acid. In enteroviruses the
encoding region is the location of the RNA structure the cre. Taken(Ket al, 2015.

2C
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been shown to be the substrate for 3Dpol VPg uridylylation and involved in delivering VPg to
replication complexes for VPg uridylylatighin et al., 2009Yin et al., 2007.

Viral proteins 3A, as well as 2B and 2C, contains an amphipathic helix and these proteins ar
their precursors bind membranes dire¢tgterina et al., 2031 MWessels et al., 2006Cleavage

of 3AB occurs only when the precursor is bound to membranes. Tileentinus of 3A alsdas

22 amino acichydrophobic domaimvolved inmembrane associatioandthis has been shown

to be important forpoliovirusreplication(Teterinaet al, 2011). Amino acid changes in the 3A
protein have been shown to alter host range and trapishnovirusegHarris and Racaniello,
2005. The enterovirus 3A proteins inhibiendoplasmic retidum (ER)}to-Golgi transportand

is involved in replication complex formatigiin et al, 2009 Wesselset al, 2006 Yin et al,

2007.

1.1.5.6 3CD

3CD"™ (the precusor of mature 38° and 30°) is the protease involved in processing of the
capsid proteingYpmaWonget al, 1989. 3CD"is alsoan RNAbinding protein thabinds to
the ® cdeaf vfethe PV RNA genomeyhich is needed foviral replication. In adition,
3CD" bindsin vitro to the cre structure in the 2€hcoding region in enteroviruses, which is the

template for the uridylylation of VPg by 3Dp(llin et al, 2009 Yin et al, 2007.

1.1.5.7 3Dpol
The viral RNAdependent RNA polymerase %bis needed fowiral RNA replication. 30 is a

template and primerdependent RNA polymeraséth RNA bindingactivity. It can also unwind
dsRNA duringRNA replication 3D polymerase can also uridylylate VPg and use-pBpU as

a primer during viral RNA replicatio(Lin et al, 2009 Yin et al, 2007.
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1.2Secretory pathway
1.2.1 Introduction

Most positivestrand RNA viruseause host intracellular membraseof the early secretory
pathwayor structures such as mitochondria or lysosomes to makieategn complexes for
genome replicatioiMidgley et al, 2013 Sasakiet al, 2013. The ®cretory pathwgainvolves

the endoplasmic reticulumBER), the ERGolgi intermediate compartment (ERGI@pnd the
Golgi. Coronavirus replicates on a reticulovesicular network derived fromEReSemliki
Forest virususesendolysosomeand lysosomes, Flock House virus gemoreplication takes
placenext tomitochondria. Fohepatitis C virusRNA replication takes place at ER membranes
and lipid dropletglnoue and Tsai, 201®uiner and Jackson, 2010

These wus-induced membrane structures help to incregeconcentrations of components
required for virus replication, provide a scaffold for anchoring the replication coewplprevent
the activation of host defence mechanisms teabgnisedsRNA produced during virus RNA
replication, tether viral RNA during unwinding and provide certain lipids that are required for

genome synthes{Miller and KrijnseLocker, 2008 Sasakiet al,, 2013.

1.2.2 Endoplasmic reticulum (ER)

The ER is a dynamic cytoplasmic membrane systadhisthe largesbrganelle in a celllt is a

major site of synthesis of secreted and membrane proteins, pt@esport, protein folding,

lipid and steroid synthesis, carbohydrate metabolism and calcium st@ageereBrey and
Bartenschlager, 20)6The ER is a continuous membranous systieciuding the nuclear
envelope andtructures made up dfanched sheets and tubul&be rough ER, with ribosomes
attached, corregmds to membrane sheets and the smooth ER is made of t(lmoles and

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

the smooth ERvas functions related tbpid and glycogen metabolis(inoue and Tsai, 20}3
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ER sheets are a series of stacked flat cisternae which are connected by helicoidal ramps, wh
are twisted tht membrane surfaces. This means that the packing of the sheets is very efficier
(English and Voeltz, 2033

ER tubules are constantly changing shape and Flm membranes are generally more curved
than ER sheets and have fewer ribosomes associated with them than sheets. Membrane prot
play a major role in the formation, maintenance and branching of both sheets and tubule
(Schwarz and Blower, 2016

In addition to its role in the synesis, modification and transport of secretory and membrane
proteinsand the synthesiand transport of several lipidshe ER interacts with many other
organelles,suich as lipid dropletsmitochondria, endosomes, peroxisomasd phagophores
generated during autopha@fyomereBrey and Bartenschlager, 2016

Contact site between the ER and mitochondria amolved in Ca&* signalling, lipid
biosynthesisand mitochondrial divigin, includingCa* entry into mitochondria and bigsthesis

of phosphatidylcholine (PCER interactions with endosomes allow #sechange of ligds and
sterob and mayegulate cholesterol levels in the endocytic pathviayaddition, peroxisome

are made from components from the ERpd®l of vesiclexontainingperoxisomal proteinbud

from the ERclose toperoxisoms (English and Voeltz, 2031 Raychaudhuri and Prinz, 2008

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

ERES are projections de ER which lack ribosomes arate coated with COPIlI components.
They seem to be involved in the selection and packaging of cargo (e.g. proteins) leaving the E|
as well as ensuring th&R resident proteins and other poargo materialsremain in theER.
COPII vesiclesud off romERESand form thenext compartment in the secretory pathway, the

ERGIC (Barlowe and Helenius, 2016illon et al, 2019.
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1.2.4  The ER-Golgi intermediate compartment (ERGIC)

The ERGIC (also known as vesicutabular clusters or pr€olgi intermediates) is a complex
membrane system between the rough ER and the Golgi. EB&IKC53 kDanonglycosylated
type | membrane protein, locadisto the ERGICand is often used as a marker for this
compartmen{AppenzellerHerzog and Hauri, 2006Hauri et al, 200Q Szul and Sztul, 2031
The ERGIC is made up of two types of vesiclese isused foranterograderansport from ER

to Golgi when ©PII-coated vesicles bud from thERES and aretransported alonghe
microtubule to the ci§&Solgi. Theretheycanfuse with the first cisterna of the e&olgi or form a
new cisGolgi cisterna by fusion with Rabl. The othedige toretrogrademovementfrom the
Golgi back toER, whichinvolves COP{coatedvesicles. Recycled proteins are sent back to the
ER and resident ERGIC proteins are retained within the ER&bpenzellerHerzog and Hauri,

2006 Szul and Sztul, 20)1

1.25  Golgi

The main functios of the Golgiare sorting macromolecules for delivery structures such as
endosomesandplasma membrane one cell exterioras well as protein glycosylatidMidgley
et al, 2013. The Golgi complexs made up obne or more stacks of dishaped cisternae that
are connected by tubulovesicular regio(Slick and Nakano, 2009Nakamuraet al, 2013.
Each stack of cistanehas two faceghe cisGolgi network (CGN) which faesthe ER and the
transGolgi network (TGN), which faesthe opposite sideThe CGNreceivesprotein and lipid
cargos fromthe ER and cargo is sortethd directedo different cellularcompartments ithe

TGN (Jackson, 200Nakamura et al., 20)2

1.2.5.1 Transport to the Golgi
As already describedgcretoy cargo proteins bud off from the ERESCOPII-coated vesicles

They pass through the vesicularbular membrane of the ERGIC to tk&N. COPlcoated



CHAPTER ONE Page |26

vesicles then bud off from the ERGIC elements to recycle components of the transport an

sorting machiney back to the ERGlick, 200Q.

1.2.5.2 Transport through Golgi

Two main mechanisms are proposed for the movement of secretory cargo through the Gol
(Barlowe and Helenius, 20)L.6The stable compartments mogebposes thaanterograde COPI
vesiclesspecifically recognisesecretory cargotransport itforward and excludg@roteins that
need to be resident in th®olgi. The cisternal maturation modeloposes that both resident
proteins and cargo are transported forward,rbtrograde COPI vesicles recycle resident Golgi
proteinsback to theGolgi (Glick et al, 1997. A third model, rapiepartitioning, suggests that
cargo can move in a bidirectional manner, both cisto-trans and tranto-cis directions

(Jackson, 2009

1.2.5.3 Transport from the Golgi

Multiple types ofvesicles format the TGN.Clathrin-coated vesicles bud from the TGN and
deliver material to the endosomal/lysosomal/vacuolar systedimmature secretory granules

detach from the TGN artienmature(Glick, 2000.

1.2.6  Coated vesicles proteins

Vesicles with different coats are formed in a similar wayplving coat complexes, Sarl/ARF

GTPases, guanine nucleotide exchange factors (G&f)i5 TPase activating proteins (GAPS).

1.2.6.1 COPIl vesicles
Budding of COPHcoated vesicles depends the active GTFbound form of the small GTPase

Sarlspecific guaninenucleotide exchange fact@and this process is catalyzed by the Secl12
GEF, which is a mebrane proteirfound in the ERSec12 controls Sadindactive Sarl directly
binds Sec23/Sec24 to the inner heterodimeriecguplex of the COPII coat. Thtkenrecruits

the outer coat components (Sec13/S¢t81he Sec23/Sec24 core and the mature coeggidles

bud from the ERMidgley et al, 2013. Sarl, Sec23/24 and Sec13/31 meeessaryo generate
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COPII vesicles in vitroAt least some argo is exportedrom the ER by binding to cargo
receptors of the ERGIS3 family that facilitate sorting into COPII vesicl@3'Arcangelo et al.,
2013 Gillon et al, 2012 Szul and Sztul, 20)1Sarl is converted to its inactive GibBund

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

(G@OPI 1/ COPI exchange ERGIO(Stépbenst al,f200§ (Figure 18)i t h t

1.2.6.2 COPI vesicles

COPI appears to be required mbre than onestage of ERo0-Golgi transport. Br example,
CORPI is involved inanterograddransport after COPII/COPI exchange, movement within the
Golgi and inthe retrograde movement of componefrism the Golgi back to the ERCOPI is

also required folipid storage and lipid homeostagbzul and Sztul, 201 Wanget al., 2012)).

COPI is composed of seven coatomer subunits and an ADP ribosyiatior (ARF}dependen
GTPase. The subunits of COP| &teC O P, bCOP, b NNCOP, o CO@\Vanglu CO
et al, 2012). 0Thi nd COPI clogedothe dis&agi amd betwder thene@olgi

and the ERES, suggesting that they recycle materials from Hi#otgsto theER.0 ii c k 6 CC
vesiclesare found close tonedial and transGolgi, suggesting that thegre involved in
retrograde trafficking within the Golgszul and Sztul, 2031

COPI coat formation requiresR¥1, which is activated on the Golgi by two related GEBF1

and BIGs. GBF1 (RF1i GEF) ispresent irnthe cisGolgi and BIG is located in the tra@olgi

(Midgley et al., 2013.
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FIGURE 1.6: Schematic of the secretory pathwaySecretory cargos are synthesized in
ER, exit the ER at ERES in CORlbated vesicles, and are transported to ERGIC. Cargo
sorted from the ERGIC and move to the Golgi. Cargos are sorted at the TGN (ttgns
network) for delivery to the plasma membrane (PM) and early and late endosomes. (
indicate the known coats: COPII (blue), COPI (green), and clathrin (red). Taker{Sauhn
and Sztul. 2011





















































































































































































































































































































































































































































































































































































