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Abstract 

During infection, the host cell environment must be altered to accommodate 

viral replication. These alterations include hijacking cellular membranes as well 

as other components to form viral replication compartments and attenuating the 

host defenses to prevent virus detection and elimination. While DNA viruses can 

encode single purpose proteins dedicated for these functions, RNA viruses have 

a more limited coding capacity and instead utilize proteins with multiple 

functions. Rubella virus, a single-stranded, positive-sense RNA virus in the family 

Togaviridae, is one example. The capsid protein of this virus, which forms the 

protective protein shell around the genomic RNA in the virion, also fulfils several 

non-structural roles during infection. While previous studies have revealed 

several host proteins that are associated with these non-structural roles, more 

work is needed in order to fully understand how capsid alters the host cell 

environment.  

 

In this thesis, I investigated factors that affect the ability of capsid to inhibit 

apoptosis, a mechanism used to limit viral replication and eliminate infected cells 

within multicellular organisms. I found that phosphorylation and membrane 

association of capsid are important for its anti-apoptotic function, with both 

being necessary to prevent sequestration of capsid in RNA rich regions of the 
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cell. Furthermore, I discovered that a canonical binding site for protein 

phosphatase 1 (PP1) is important for the anti-apoptotic function of capsid as well 

as its role in virion assembly. Finally, I showed that the capsid protein 

antagonizes innate immune signaling, a function that is dependent on its PP1-

binding site.  
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1.1 Rubella virus biology 

Rubella virus (RV) is the causative agent of the disease Rubella, also known as the 

German measles, which is generally a mild, self-limiting disease. From a public 

health perspective, though, RV is most important due to the range of birth 

defects it causes when contracted during the early stages of pregnancy, 

collectively known as congenital rubella syndrome (CRS). While first 

characterized in 1815 as a rash separate from scarlet fever (Maton, 1815), RV's 

teratogenic effects were first discovered in 1941 by Norman Gregg, who noticed 

a history of German measles in mothers of children with unusual congenital 

cataracts (Gregg, 1941). Since this discovery, several vaccination programs have 

been conducted, resulting in the elimination of Rubella from several regions, 

including complete eradication from the Americas since 2009 (World Health 

Organization Rubella Fact Sheet, 2014). Despite the availability of effective 

vaccines, it is estimated that more than 100 000 babies are born with CRS every 

year. This is mostly due to poor vaccine coverage in several areas, especially 

South-East Asia and Africa. 

 

While many RV infections are subclinical (Edlich et al., 2005), common symptoms 

include low-grade fever, sore throat, lymphadenopathy and a maculopapular 

rash (Hobman, 2013). Typically, RV spreads through aerosols, with the virus 

initially replicating in the upper-respiratory tract and nasopharyngeal lymphoid 
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tissue (Banatvala et al., 2004). Viremia is established 8-14 days after infection, 

with several organs, including the placenta, being affected (Banatvala et al., 

2004). The rash begins approximately 14 days after infection, signaling induction 

of the humoral response and termination of viraemia. Just before the onset of 

the rash, virus shedding occurs from the nasopharynx for 1 to 2 weeks or longer, 

although virus can be recovered from the nasopharynx up to 1 week before the 

onset of rash. 

 

RV infection is associated with several complications after post-natal exposure, 

among them joint problems, thrombocytopenia and encephalopathy. While RV-

associated arthropathy is rare in young children, up to 52% of females and 8.7% 

of males over the age of 11 years develop acute arthritis (Tingle et al., 1986). 

Furthermore, nearly 30% develop recurrent arthropathy as late as 18 months 

post-infection. Although a transient reduction in thrombocyte counts are 

common during RV infection, more serious complications such as 

thrombocytopenic purpura and hemolytic anemia can occur, although rarely 

(Ueda et al., 1985, Hobman, 2013). Encephalitis, which occurs in 1 per 5000-6000 

cases, is the most serious complication with a mortality rate of up to 20% (Tyor 

et al., 2014). 
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Several live-attenuated RV vaccines have been used and/or are currently in use. 

The first vaccine strain, HPV-77, was made through serial passage of RV in 

African green monkey kidney cells (Parkman et al., 1966). This was followed 

quickly by the production of the Cendehill strain through passage of RV in 

primary rabbit kidney cells (Peetermans et al., 1967) and the RA27/3 strain made 

by passage of RV in the human fibroblast cell line WI-38 (Plotkin et al., 1967). 

Although more widely used initially, the HPV-77 strain was largely replaced with 

RA27/3 due to lower susceptibility to reinfection by wild type RV in the latter 

(Plotkin et al., 1973). Since 1971 in the United States, the RV vaccine strains have 

been included as component of a trivalent vaccine with both measles and 

mumps, termed the MMR vaccine (Lievano et al., 2012). While generally seen as 

safe, the RA27/3 vaccine has been reported to cause adverse effects when 

administered after childhood. Most adverse reactions are rather mild and 

include fever, rash, and injection site reaction (Lievano et al., 2012, Sukumaran 

et al., 2015). In females over the age of 11 though, acute and recurrent 

arthropathy were relatively common (Tingle et al., 1986). Although immunization 

during pregnancy is not recommended, the RA27/3 strain was found to not be 

highly teratogenic (Preblud et al., 1985). 
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1.1.1 Rubella and CRS 

The most pressing problem caused by RV is its high teratogenicity, evident by its 

membership in TORCH: a group of infectious agents responsible for a large 

portion of birth defects, infant mortality and morbidity (Neu et al., 2015). The 

risk of transmission of RV from the mother to the fetus is highest in the first 

trimester, with 81% of fetuses infected when exposed at this stage. The risk of 

transmission drops during the second trimester to 25%, but then increases again 

to 60% at 31-36 weeks and nearly 100% afterwards (Webster, 1998). Infection 

during the first 16 weeks appears to be the most teratogenic. In contrast, 

relatively few birth defects are observed when infection occurs five months or 

more after gestation. Fetal infection occurs after establishment of viraemia in 

the mother, with virus entering the placenta and ultimately passing to the fetus 

through damaged cells in the chorion (Tondury et al., 1966). The virus then 

remains in the developing fetus regardless of the time of infection, with nearly 

80-90% of infants having detectable RV in the first month after birth (Webster, 

1998, Banatvala et al., 2004). 

 

The most common defect associated with CRS is sensorineural deafness, with up 

to 80% of children with CRS exhibiting this symptom (Wild et al., 1989). In one 

study, over 80% of children with CRS exhibited cardiac defects, while almost half 

presented with cataracts (Horstmann, 1965). Brain damage and fetal growth 
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inhibition are also common in fetuses infected before 16 weeks of gestation 

(Webster, 1998). Additionally, CRS is associated with delayed onset type 1 

diabetes, with nearly 20% of patients exhibiting diabetes by the time they were 

30 (Menser et al., 1978). Furthermore, patients are more likely to develop type 2 

diabetes and thyroid disorders by the time they are 60 (Forrest et al., 2002). Viral 

persistence is thought to play a role in pathogenesis (Rawls et al., 1966). Infected 

cells readily establish persistent RV infections but often exhibit little cytopathic 

effect, however growth of the infected cells is significantly affected. This effect 

may be particularly relevant considering infants with CRS exhibit smaller birth 

size and abnormally low numbers of cells in various organs (Naeye et al., 1965). 

Persistent infection of human fetal endothelial cells has also been observed in 

cell culture (Perelygina et al., 2013) and it is tempting to speculate that the 

characteristic vascular defect seen in CRS infants is related to this phenomenon 

(Esterly et al., 1967).  Disruption of the mitochondria and cytoskeleton may also 

be a factor in teratogenesis (reviewed in Lee et al., 2000). 

 

 

1.1.2 Classification and life cycle 

By the Baltimore classification system, RV is a type IV virus, containing a positive 

sense single stranded RNA genome (Baltimore, 1971). It belongs to the family of 

enveloped viruses called Togaviridae and is the sole member of its genus, 
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Rubivirus. The other genus in Togaviridae, alphavirus, is a group of arthropod-

transmitted viruses that can be divided into "old world" viruses including Sindbis, 

Ross River and Chikungunya viruses whose infections are associated with rash 

and arthralgia and "new world" viruses that cause encephalitis, such as Eastern, 

Western and Venezuelan equine encephalitis viruses (reviewed in Zacks et al., 

2010, Suhrbier et al., 2012). Unlike alphaviruses, which are transmitted by 

arthropod vectors, the only known reservoir for RV is humans (Hobman, 2013). 

While the comparison between RV and Alphaviruses is predominantly due to 

similar genomic features and replication strategies, their sequences are in fact 

quite dissimilar (Frey, 1994). Although only one serotype exists, RV is divided up 

into two clades, RGI and RGII (Health Section of the Secretariat of the League of 

Nations, 2005). RGI circulates predominantly in Europe, Japan, and the Western 

hemisphere while RGII, the more genetically diverse of the two, is limited to Asia 

and Europe (Zheng et al., 2003). 

 

Similar to most viruses, the RV life cycle begins by binding of the virion to a 

cellular receptor (Figure 1.1). Recently, myelin oligodendrocyte glycoprotein was 

identified as a receptor for RV (Cong et al., 2011). However, expression of this 

protein is mostly limited to the central nervous system and, given the 

widespread cell tropism of RV, it is likely that there are other receptors. 

Membrane phospholipids and glycolipids are known to be important for viral 
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Figure 1.1 Rubella virus life cycle. 1. The RV virion binds to a membrane 
receptor and enters the cell through receptor-mediated endocytosis. The low 
pH of the endosome/lysosome results in release of the viral genome into the 
cytoplasm. 2. Viral replication complexes form from modified 
endosomes/lysosomes. These complexes act as the site of viral genomic 
replication and subgenomic RNA production.  3. The structural proteins are 
synthesized as a polyprotein precursor in association with ER membranes, 
which is then cleaved into capsid, E2 and E1 by host cell signal peptidase. 4. 
Structural proteins traffic to the Golgi compartment where viral assembly 
takes place. 5. After a maturation process in the Golgi, virions are released. 
Adapted from Hobman (2013). 
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entry as evidenced by the observation that treatment of cells with 

phospholipases A2 or C,  beta-N-acetyl-D-glucosaminidase, alpha-glucosidase or 

beta-galactosidase reduced infection by RV (Mastromarino et al., 1990).  

Similarly, addition of different phospholipids or glycolipids directly to cells 

impaired infection. Both E1 and E2 are able to induce viral entry in pseudotypes 

of lentiviral vectors, an activity which is enhanced by the capsid protein (Claus et 

al., 2006). After attachment, virions enter the host cell through a clathrin-

mediated endosomal pathway (Petruzziello et al., 1996, Kee et al., 2004). As is 

common among viruses that enter through receptor-mediated endocytosis, the 

low pH environment of the late endosome causes a conformational change in 

the envelope and capsid proteins of the RV virion, releasing the viral RNA into 

the cytoplasm (Katow et al., 1988, Mauracher et al., 1991). The positive strand 

RNA genome can then be directly translated to produce the viral replicase 

proteins. 

 

Similar to all positive strand RNA viruses, replication of the RV RNA genome 

occurs on altered cellular membranes called replication complexes (Lee et al., 

1992). These replication complexes are formed from modified lysosomes, as 

double stranded RNA (dsRNA), an indicator of single stranded RNA virus 

replication, overlaps with several lysosomal markers (Magliano et al., 1998). 

Replication complexes appear as large vacuoles in the cytoplasm with regularly 
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interspersed vesicles or spherules 60nm in size attached to the inner face of the 

vacuolar membrane (Lee et al., 1992). These spherules are continuous with the 

cytoplasm through thin membranous necks and are the actual  sites of viral 

replication (Lee et al., 1994, Kujala et al., 1999). A recent study has indicated 

more diverse structures where viral replication occurs, including large vesicles 

and "straight elements" that are also continuous with the cytoplasm (Fontana et 

al., 2010). RV infection induces a clustering of various organelles around 

replication complexes, including the rough endoplasmic reticulum (RER), 

mitochondria, and Golgi complex (Lee et al., 1992, Lee et al., 1996a, Risco et al., 

2003). This is thought to enhance exchange of metabolites, RNA and proteins 

between the replication compartment and these organelles by reducing the 

distance between them. Unlike alphaviruses, which also cause organelle 

clustering, RV induces the formation of electron dense plaques between 

apposing membranes of the ER and mitochondria (Lee et al., 1996a).  After 

genomic replication and viral protein production, virions bud into the Golgi 

cisternae, although budding directly from the plasma membrane may occur to a 

lesser extent (von Bonsdorff et al., 1969). The viral nucleocapsid assembly takes 

place at the same time as virion budding and nucleocapsids are only rarely seen 

in the cytoplasm (Lee et al., 1999). This is in stark contrast to alphaviruses, which 

form their nucleocapsids in the cytoplasm and bud from the plasma membrane 

(reviewed in Simons et al., 1980). 
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1.1.3 Rubella virus in cell culture and animal models 

Most studies of RV done before 1979 used BHK-21 cells, although Vero and RK-

13 cell lines are now commonly used (Frey, 1994). Titers of RV are significantly 

lower than those seen in alphavirus-infected cells but under optimal conditions 

can approach 107pfu/mL in BHK-21 cells and 108pfu/mL in Vero cells (Maes et al., 

1966, Vaheri et al., 1967, Bardeletti et al., 1979). RV replicates relatively slowly 

with virus titers not peaking until 48hrs (Hemphill et al., 1988). It has been 

suggested that this may be due to the high GC content of the viral genome, 

which is thought to result in greater stability of RNA secondary structure and 

suboptimal codon usage (Frey, 1994). Generally, infected cell cultures exhibit 

little cytopathic effect, with most cells remaining alive 96 hours post-infection 

(Hemphill et al., 1988). Interestingly, RV infection exhibits particularly low 

cytopathic effect in fetal and joint tissues and often establishes persistent 

infections (Miki et al., 1992, Adamo et al., 2004, Perelygina et al., 2013). 

Synchronous infection is not possible in cultured cells, possibly due to fluctuation 

of a limiting cellular component during the cell cycle (Hemphill et al., 1988, Frey, 

1994). Recently though, it was found that when high MOIs were employed nearly 

synchronous infection in HUVEC cells resulted with most cells exhibiting RV 

antigen 24hrs post-infection (Perelygina et al., 2013). Since two of the cells lines 

that produce the highest RV titers (Vero and BHK-21) lack a functional interferon 
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system, it has been suggested that RV is particularly sensitive to interferon 

(Mifune et al., 1970, Frey, 1994). Indeed, addition of interferon significantly 

reduces viral replication (Wong et al., 1967, Mifune et al., 1970, Stanwick et al., 

1974). Furthermore RV does induce interferon expression and the induction of 

an anti-viral state in infected cells (Wong et al., 1967). During infection, 

interferon expression drops rapidly after 2 days post-infection to much lower, 

but persistent levels. Despite these observations, extracellular viral titers were 

found to be slightly higher in the interferon competent A549 cells than Vero 

cells, calling into question the importance of interferon in viral replication in a 

tissue culture system (Perelygina et al., 2013).  

 

RV infection has characteristic effects on host cell replication and metabolism. 

For example, infection is associated with an increase in O2 uptake: at first 

transiently during the first hour after infection and again later reaching a peak by 

24hrs (Bardeletti, 1977). RV infection also changes both the amount and 

composition of lipids in host cells (Bardeletti et al., 1976, Voiland et al., 1980). 

Unlike many viruses, RV infection generally does not inhibit host cell translation 

on a global level at least early in the infection (Maes et al., 1966, Vaheri et al., 

1967, Chantler et al., 1980, Hemphill et al., 1988). Results are more controversial 

in later infection though, with some studies reporting moderate to total 

translational inhibition 48hrs post-infection (reviewed in Frey, 1994). RV 
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infection is known to slow cell growth, an effect seen in both established, 

primary, and fetal cell cultures (Maassab et al., 1966, Rawls et al., 1966, Vaheri et 

al., 1967, Boue et al., 1969). One notable exception is human fetal endothelial 

cells, which show no difference between cell numbers in infected and uninfected 

cells (Perelygina et al., 2013). 

 

Investigation of RV pathogenesis has been limited by the lack of a working 

animal model.  While African Green Monkeys can develop viremia and shed 

virus, infection is generally asymptomatic (Horstmann, 1969). Some CRS-like 

manifestations have been reported in offspring of infected rats, rabbits and 

monkeys, however the incidence is lower than that observed in human fetal 

infections (Delahunt et al., 1967, Cotlier et al., 1968, Kono et al., 1969). 

Furthermore, others studies have shown no effects in these animals or 

inconsistent results (Webster, 1998). Due to these limitations, most 

understanding of the pathology of CRS has come from studies of aborted fetuses. 

 

1.1.4 Viral genome 

The viral genome is a single stranded RNA of positive polarity that can be directly 

translated by host ribosomes. Complete and partial RV genome sequences have 

been determined for several strains, including the wild type strains Therien (Frey 

et al., 1986, Frey et al., 1988, Dominguez et al., 1990) and M33 (Clarke et al., 
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1987), as well as the vaccine strains RA27/3 (Nakhasi et al., 1989), Cendehill 

(Lund et al., 2000) and HPV77 (Zheng et al., 1989). Several sequences for various 

RV isolates are also available on Genbank. The viral RNA is both 5' capped and 3' 

polyadenylated (Oker-Blom et al., 1984) and is 9757 nucleotides long when the 

polyA tail is excluded (Dominguez et al., 1990). RV is known to have one of the 

most GC rich viral RNA genomes, with G/C bases making up 69.5% of the genome 

(Dominguez et al., 1990). The RV genome contains two non-overlapping open 

reading frames (ORF): a 5' 6656 nucleotide ORF that codes for the non-structural 

proteins and a 3' 3189 nucleotide ORF that codes for the structural proteins 

(Figure 1.2). In addition to the genomic RNA, which has a sedimentation 

coefficient of 38-40S (Hovi et al., 1970, Sedwick et al., 1970), infected cells also 

contain a 24S subgenomic RNA that corresponds to the 3' structural gene ORF 

(Oker-Blom et al., 1984). Similar to the genomic RNA, the subgenomic RNA is 

both capped and polyadenylated.  

 

The RV genome contains several elements that are thought to play a role in 

replication, packaging, and interaction with host cell factors. There are three 

untranslated regions (UTRs): a 5' 40bp UTR, a 59bp 3' UTR, and a 123 nucleotide 

UTR between the non-structural and structural ORFs (Hobman, 2013).  Two stem 

loop structures, one in the 5' untranslated region and one in the 3' untranslated 

region, were found to stimulate translation (Pogue et al., 1993). The 123bp inter-
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Figure 1.2 Rubella virus genome. The Rubella virus genome contains five 
genes and three untranslated regions (UTRs). The 5' ORF of the positive 
sense, 40S, genomic RNA is translated to produce the viral replicase 
polyprotein p200 that is later cleaved by a protease domain in the p150 
protein. The replicase proteins, p150 and p90 transcribe the positive strand 
RNA into a minus strand that is used as a template to produce plus sense 
genomic and subgenomic RNAs. The subgenomic RNA is translated in 
association with ER membranes into the structural proteins capsid (C), E2 
and E1. Adapted from Ilkow et al (2010b). 
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ORF UTR is also predicted to contain several stem loop structures and is known 

to affect translation of the subgenomic RNA in conjunction with 3' UTR elements 

(Pappas et al., 2006, Hobman, 2013). Strangely, a predicted stem loop 

downstream of the starting site of the structural gene ORF has an inhibitory 

effect on translation (Pappas et al., 2006). The complex stem loop structures in 

the 3' UTR not only affect translation but are also required for positive strand 

synthesis (Chen et al., 2004a) and bind to several host proteins (Nakhasi et al., 

1994, Chen et al., 1999). A stretch of nucleotides between 347 and 375 bind to 

the capsid protein and serves as the encapsidation signal (Liu et al., 1996).  

 

1.1.5 Non-structural proteins 

 The non-structural proteins are translated directly from the full length genomic 

RNA as a precursor polypeptide, p200, that is later cleaved into p90 and p150 

(Marr et al., 1994). Together these proteins form the viral replicase and are 

responsible for genome replication. The p150 protein contains a 

methyltransferase domain that is thought to be responsible for capping the 

genomic RNA, and a papain-like protease domain responsible for cleavage of the 

p200 polyprotein (Gorbalenya et al., 1991, Rozanov et al., 1992, Koonin et al., 

1993, Yao et al., 1998). p150 also contains a poorly characterized X-domain, 

which has been shown to be important for activity of the protease domain but 

only when supplied in trans (Liang et al., 2000b). Interestingly, this domain is 
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highly conserved in viruses with papain-like cysteine proteases and is one of the 

few regions highly conserved between RV and alphaviruses (Gorbalenya et al., 

1991). The p90 protein contains the RNA-dependent RNA polymerase and 

helicase motifs (Hobman, 2013). The cleavage of p200 is necessary for replication 

and triggers the switch from production of negative strand template RNA to 

positive strand genomic and subgenomic RNA (Liang et al., 2000a, Liu et al., 

2000).  

 

Predictably, a large pool of p150 and p90 localize to replication complexes in 

infected cells (Fontana et al., 2007). Additionally, p150 and p90 localize to 

cytoplasmic fibers later in infection and these sites appeared to be a location of 

viral RNA replication (Forng et al., 1995, Kujala et al., 1999, Matthews et al., 

2009). The importance of these fibers is unknown, as inhibiting their formation 

did not significantly alter viral replication (Matthews et al., 2010). p90 may also 

have functions unrelated to its replicase activities and has been reported to bind 

the host cell proteins Citron-K kinase (Atreya et al., 2004) and the retinoblastoma 

tumor suppressor protein (Atreya et al., 1998, Forng et al., 1999). Furthermore, 

p90 expression induces tetraploidy in cells, possibly through a Citron-K kinase 

related inhibition of cytokinesis (Atreya et al., 2004). While the significance of 

these interactions is unclear,  they may be related to the slowed growth seen in 

RV infected cells. 
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1.1.6 Structural genes 

Three structural proteins are involved in formation of the virion: the two 

envelope proteins E1 and E2 and the capsid protein. Virion particles range in size 

from 56-73nm in diameter and contain an electron dense nucleocapsid core 

surrounded by a lipid envelope (Murphy et al., 1968). E2 and E1 form the spikes 

seen on the lipid envelope while the capsid protein binds to the RNA genome to 

form the nucleocapsid (Hobman, 2013). A recent electron tomography study 

revealed that RV virions are highly variable in size and shape, exhibiting what the 

authors describe as a  "spherical" structure notably different from the typical 

icosahedral shape exhibited by alphaviruses (Battisti et al., 2012). The virion is 

sensitive to heat, detergents and both protein and DNA damaging agents 

(Hobman, 2013). Infectivity is also lost with prolonged storage at -20°C and 

virions must be stored at temperatures below -60°C or lyophilized at 4°C. 

 

The structural genes are translated as a single polypeptide from the 24S 

subgenomic RNA in the order NH2-Capsid-E2-E1-COOH (Oker-Blom, 1984). This 

polyprotein is translated in association with RER membranes and is cleaved into 

its constituents by the host signal peptidase (Hobman et al., 1988, Hobman et al., 

1989, Marr et al., 1991). When the three structural proteins are expressed alone 

in cells, they form virus-like particles (VLP) that closely resemble RV virions 
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(Hobman et al., 1994, Qiu et al., 1994). This shows that viral RNA is not necessary 

for viral particle assembly. 

 

1.1.6.1 The envelope proteins E1 and E2 

As already mentioned, the E1 and E2 proteins form the viral spikes on the virion 

envelope and are responsible for receptor binding, internalization and 

membrane fusion. Although both proteins are present on the outer face of the 

viral envelope, E1 is the immunodominant antigen (Katow et al., 1985, Waxham 

et al., 1985a, Waxham et al., 1985b). The E1 protein is a 481 amino acid protein 

and migrates as a discrete band between 55 and 62kDa by SDS-PAGE (Frey, 

1994). E2 is a 282 amino acid protein and runs as two occasionally 

indistinguishable bands between 42kDa and 54kDa. The reason for this may be 

due to variability in glycosylation of E2. Indeed, both E1 and E2 are glycosylated 

at multiple asparagines (Hobman et al., 1991, Lundstrom et al., 1991, Qiu et al., 

1992) whereas E2 is heavily glycosylated on multiple serine/threonine residues 

(Lundstrom et al, 1987). Both proteins contain C-terminal transmembrane 

regions that anchor them to membranes (Clarke et al., 1987, Hobman et al., 

1988). While E1, like the fusion proteins of alphaviruses, is a class 2 fusion 

protein (DuBois et al., 2013), it is unique in that it is the only known viral fusion 

protein whose activity is Ca2+ dependent (Dube et al., 2014). 
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E2 protein appears to be responsible for correct targeting of the other structural 

proteins to the site of viral assembly, the Golgi complex. When expressed alone, 

E1 accumulates in a pre-Golgi compartment (Hobman et al., 1992), and capsid 

remains associated with the ER (Hobman et al., 1990, Baron et al., 1992). The E2 

protein, which contains a Golgi-targeting signal (Hobman et al., 1995), masks an 

ER retention signal on E1 when the two proteins dimerize (Hobman et al., 1997). 

This dynamic is thought to retain E1 in the ER to ensure proper folding before 

targeting to the Golgi (Hobman et al., 1993). Ultimately, both the E2 

transmembrane domains and the capsid transmembrane domain are important 

for proper targeting of these proteins (Garbutt et al., 1999, Law et al., 2001). 

 

1.1.6.2 Capsid protein 

As mentioned previously, capsid's primary structural role is to bind the viral 

genomic RNA and form the nucleocapsid in the center of the virion. It is a 300 

amino acid protein that runs at an apparent molecular size of 33 to 35kDa during 

SDS-PAGE (Hobman, 2013). Although the reason is unknown, capsid will often 

migrate as a doublet or triplet by SDS-PAGE (Suomalainen et al., 1990a). The 

capsid protein contains many positively charged arginine residues particularly in 

and around the RNA binding region located between residues 28 to 56 near the 

N-terminus of the protein (Figure 1.3) (Clarke et al., 1987, Liu et al., 1996). 

Similar to the envelope proteins, capsid is membrane associated and retains the 
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Figure 1.3 Rubella virus capsid structure. (A) Diagram of capsid structure 
showing the RNA binding region (RNA), C-terminal arginine rich region (R) 
and transmembrane E2 signal peptide region (SP). The region of capsid used 
for X-ray crystallography is indicated with a black line.  (B) Diagram showing 
capsid secondary structure in crystallized region. β-strands are marked A-E 
and the single alpha helix is marked as H. (C) Ribbon diagram of capsid 
dimers (one monomer in cyan and the other in magenta) as determined by x-
ray crystallography.  Left and right figures are related by a 180 rotation. A 
quasi-twofold axis is indicated by black oval (q2). Disulfide bonds are 
indicated by blue cylinders.  Adapted from Mangala Prasad et al. (2013) 
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E2 signal peptide from the original polyprotein for this purpose (Suomalainen et 

al., 1990b). After it is cleaved from E2, the capsid protein does not appear to 

undergo subsequent proteolytic processing as evidenced by the fact that the E2 

signal peptide is retained by capsid in mature virions (Suomalainen et al., 1990b, 

McDonald et al., 1991). Unlike the envelope proteins however, for which the 

bulk of the proteins are in the ER lumen, most of capsid faces the cytoplasm 

(Hobman, 2013). Capsid's membrane anchorage represents another major way 

in which RV differs from alphaviruses, whose capsids contain an autoprotease 

activity that releases them into the cytoplasm (Melancon et al., 1987). 

 

Recently, the crystal structure of a large portion of capsid's C-terminus was 

determined (Mangala Prasad et al., 2013). Given the lack of sequence similarity 

between RV and alphaviruses (Clarke et al., 1987), it is perhaps not surprising 

that the crystal structure of RV capsid bears little resemblance to alphavirus 

capsids (Choi et al., 1991). Indeed, capsid's structure is unique and does not 

appear to share any structural similarity to other known protein structures. 

Capsid, which has already been shown to form disulphide linked dimers in virions 

(Baron et al., 1991), formed two-fold symmetrical dimers in the crystal structure 

as well. These dimers form higher order oligomeric rows through hydrogen 

bonds and hydrophobic contacts, which themselves form even higher order 

structures through hydrophilic contacts between adjacent rows. Although 
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disruption of disulfide bonds does not affect virion formation (Lee et al., 1996b), 

mutations which disrupt the oligomerization of capsid dimers into rows 

completely abrogate virion release (Mangala Prasad et al., 2013). More recently 

it was found that another self-interacting region, predicted to be a coiled-coil 

region, exists in the N-terminus of capsid (Sakata et al., 2014). Although this 

region was dispensable for virion formation, it was necessary for infectivity. 

 

It has long been known that RV capsid is a phospho-protein (Marr et al., 1991) 

and phosphorylation seems to occur early after translation and is not dependent 

on targeting to the Golgi (Garbutt et al., 1999). In fact, capsid is efficiently 

phosphorylated even when expressed in isolation of other viral proteins (Law et 

al., 2003). The bulk of phosphorylation occurs on five residues within the RNA 

binding region of capsid (Law et al., 2003, Law et al., 2006). These 

phosphorylation events are dependent upon serine 46, as evidenced by the fact 

that changing this residue to an alanine (S46A) almost completely abrogates 

phosphorylation of other residues (Law et al., 2003, Law et al., 2006). 

Phosphorylation appears to control RNA binding, with dephosphorylated capsid 

binding RNA to a much higher extent than fully phosphorylated capsid (Law et 

al., 2003). Furthermore, virion-associated capsid contains less phosphate than 

intracellular capsid, suggesting a dephosphorylation event precedes virion 

formation (Law et al., 2006). Alternatively, hypophosphorylated capsid may be 
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selectively incorporated into the virion.  Not surprisingly, incorporation of the 

S46A mutation into an infectious cDNA clone negatively affected viral titers (Law 

et al., 2006). This was not due to defective virion assembly, but rather was linked 

to an early infection event such as nucleocapsid disassembly. While capsid does 

contain potential protein kinase C sites (Garbutt et al., 1999), and can be 

dephosphorylated by PP1A in vitro (Law et al., 2003), the bona fide kinases and 

phosphatase responsible for modifying capsid's phosphorylation state have not 

been determined. 

 

In addition to the ER, where it is synthesized, and the Golgi, where virion 

assembly takes place, capsid is localized to several other compartments within 

the cell including replication complexes (Lee et al., 1999). Since capsid appears to 

play a role in viral genome replication (discussed in detail later), its localization to 

replication complexes is not unexpected. Second, capsid also associates with the 

outer mitochondrial membrane in infected cells (Lee et al., 1999), a 

phenomenon which occurs independently of other viral proteins (Beatch et al., 

2005). Moreover, expression of capsid induces mitochondrial clustering and 

formation of electron dense plaques between apposing mitochondria and ER, 

both of which are hallmarks of RV infection (Beatch et al., 2005). This process has 

recently been shown to require microtubules, but not actin (Claus et al., 2011). 
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1.1.7 Non-structural roles of the capsid protein 

Recently, several studies have revealed the non-structural roles of RNA virus 

capsid proteins (reviewed in Willows et al., 2013). It should come as no surprise 

that RNA viruses would evolve multifunctional proteins, and capsid proteins are 

particularly good candidates for multifunctionality. RNA virus genomes range in 

size from 3kbp to 32kbp and there is a significant selective pressure to keep 

them as small as possible (Gorbalenya et al., 2006). This selective pressure is due 

to the low fidelity of the RNA dependent RNA polymerases, which can make as 

many as 1 mutation per genome per replication cycle, compared with 1/300 for 

DNA viruses (Drake et al., 1998). With this limited coding capacity, RNA viruses 

are unable to evolve single purpose accessory genes often seen in DNA viruses. 

For this reason, conditions are favorable for the evolution of genes that play 

multiple roles in viral replication particularly genes already required for basic 

viral replication and virion assembly. 

 

RNA virus capsid proteins are especially suited to multifunctionality for several 

reasons. First, they are present in large amounts, often significantly exceeding 

the amount required for virion formation (Scheele et al., 1969). This would make 

capsid proteins suitable for simple competitive inhibition of host cell factors. 

Since viral replication functions will innately limit the evolutionary degree of 

freedom among multifunctional viral proteins, the ability to have an effect 



26 
 
 

through simple binding rather than a complex enzymatic activity would be highly 

favorable. For this reason multifunctional capsid proteins would be quicker to 

evolve and could fulfill more additional functions than the  replicase proteins 

which are usually expressed at lower levels. Other structural proteins, such as 

the envelope proteins, are less likely to evolve multifunctionality, as RNA virus 

capsid proteins have greater access to the cytoplasm from which they would 

normally bind a pool of viral RNA. This cytoplasmic access also allows interaction 

with a much greater proportion of host cell factors than the extracellular facing 

envelope proteins. Finally, attaching additional functions to surface antigens 

would reduce the degree of freedom these proteins would have to sustain 

mutations that could result in escape from the adaptive immune response. 

 

1.1.7.1 Capsid involvement in viral genome replication 

RV capsid is now known to play a significant role in viral genome replication. This 

was first discovered when it was found that a replicon containing a large deletion 

in the p150 gene (DeltaNotI) could replicate only in the presence of WT RV 

helper virus (Tzeng et al., 2001). This was later found to be the result of 

complementation, both in cis and trans, by the capsid protein(Tzeng et al., 2003).  

Further investigation established that an arginine rich region in the RNA-binding 

region of capsid was required (Tzeng et al., 2009). Interestingly, p150 and capsid 

share sequence similarity between the p150 region encoded by the NotI-NotI 
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fragment and the RNA-binding region of capsid (Tzeng et al., 2003) and the 

authors suggested that the arginine rich motifs in both proteins share a common 

function. Capsid expression also affected genome replication per se, modulating 

both the amount of genomic RNA as well as the ratio of subgenomic to genomic 

RNA produced by RV replicons (Chen et al., 2004b, Tzeng et al., 2005). Capsid 

seemed to have a balancing effect on genome replication, enhancing it when 

expressed at low levels while inhibiting it when at high levels (Chen et al., 

2004b). Additionally, capsid expression only affected the subgenomic:genomic 

RNA ratio when supplied in cis, even though this effect was dependent on the 

protein rather than the RNA (Tzeng et al., 2005). The authors hypothesized that 

translation of capsid in close proximity to viral replication complexes was 

required for it to affect subgenomic RNA synthesis. Indeed, a pool of capsid 

localizes to replication complexes in infected cells (Lee et al., 1999, Fontana et 

al., 2007) and interacts with p150(Tzeng et al., 2006). 

 

The actual function of capsid within the replication complexes is still open for 

debate, but at least two possibilities have been suggested (Ilkow et al., 2010b). 

First, capsid could function as an RNA chaperone, stabilizing the newly created 

genomic RNA and/or altering secondary structure to assist the viral replicase. 

RNA chaperone activity has been reported for other capsids including those of 

human immunodeficiency virus (HIV) (Darlix et al., 1993, Peliska et al., 1994, Ji et 
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al., 1996), some flaviviruses (Cristofari et al., 2004, Ivanyi-Nagy et al., 2008), and 

hantaviruses (Mir et al., 2006). Second, the ability of capsid to modulate ratios 

between positive strand, negative strand and subgenomic RNA may be required 

for efficient replication. As mentioned earlier, high levels of capsid protein inhibit 

genomic RNA replication and subgenomic RNA synthesis, which could possibly 

liberate genomic RNA for viral assembly once sufficient levels of structural 

proteins have been reached. Also, capsid may inhibit subgenomic replication 

thus reducing the subgenomic:genomic RNA ratio in order to prevent more 

structural proteins from being synthesized when a sufficient concentration has 

already accrued.  

 

1.1.7.2 Capsid interactions with host factors 

In the last fifteen years, several studies reported a cohort of host cell proteins 

that interact with capsid and a number of these interactions have been studied 

in greater detail. Initially, a yeast two-hybrid screen detected binding of capsid 

with the mitochondrial protein p32 and the pro-apoptotic protein Par-4 (Beatch 

et al., 2000). A GST pulldown in mammalian cells revealed several new 

interacting proteins, most notably poly-A binding protein (PABP), a translation 

initiation factor (Ilkow et al., 2008). Other proteins found in this pulldown 

included many that are involved in mitochondrial metabolism, import and fission 

as well as the serine/threonine phosphatase protein phosphatase 1 (PP1) 



29 
 
 

(Carolina Ilkow, unpublished data). A later study showed that capsid also 

interacts with the pro-apoptotic Bcl-2 protein Bax (Ilkow et al., 2011). Finally, it 

has also been shown that capsid interacts with cardiolipin, a mitochondrial 

specific lipid (Ilkow et al., 2010a). 

 

p32, also known as HABP1, MAM33p and gC1q-R, is a 33kDa protein that resides 

primarily within the mitochondrial matrix (Dedio et al., 1998). It has also been 

found on the cell surface (Ghebrehiwet et al., 1998) and in the nucleus 

(Matthews et al., 1998) and has been implicated in a cornucopia of pathways, 

including oxidative phosphorylation (Muta et al., 1997), messenger RNA (mRNA) 

splicing (Krainer et al., 1991), mitochondrial morphology (Hu et al., 2013), the 

innate immune response (Xu et al., 2009) and several different apoptotic 

pathways (Sunayama et al., 2004, Chowdhury et al., 2008, Itahana et al., 2008). 

p32 interacts with a variety of pathogen proteins, both bacterial and viral 

(reviewed in Ghebrehiwet et al., 2001). Besides capsid, p32 also binds the RV 

p150 protein and associates with replication complexes (Suppiah et al., 2012). 

The capsid-p32 interaction occurs through the last 69 amino acids of p32's C-

terminus and an arginine rich region between amino acids 30 and 69 of capsid 

(Mohan et al., 2002, Beatch et al., 2005). Mutation of several arginines required 

for the capsid:p32 interaction to alanines drastically affected viral titers (Beatch 

et al., 2005), suggesting an important role for p32 in viral replication. This 
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decrease may be due to impaired mitochondrial clustering, as capsid p32 binding 

mutants and p32 knockdown both impair capsid's induction of this event (Beatch 

et al., 2005, Claus et al., 2011). These observations suggest that not only is p32 

involved in mitochondrial clustering, but also that capsid induced mitochondrial 

clustering is important for viral replication. 

 

The canonical role of PABP is initiation of translation in eukaryotic cells (reviewed 

in Eliseeva et al., 2013). PABP binds to both the poly(A) tail on the 3' end and 

several proteins on the 5' end of the mRNA, the most notable being eIF4G, 

consequently forming the mRNA into a looped structure. This interaction 

stimulates the activity of these initiation factors while the closed loop is thought 

to assist ribosome recycling. Capsid was found to interact with PABP, both in 

infected cells or when expressed alone, resulting in relocalization of this host 

protein to the perinuclear region where capsid resides (Ilkow et al., 2008). Oddly, 

PABP expression was upregulated in infected cells, something not seen in 

alphaviruses, possibly due to RV capsid relieving PABP's inhibition of its own 

translation (Bag et al., 1996). The interaction was through the C-terminal half of 

PABP, a region that generally mediates interaction with other proteins and 

oligomerization. Ultimately, capsid was shown to inhibit translation in vitro 

through a stoichiometric, PABP-dependent mechanism, as addition of excess 

PABP relieved translational inhibition.  
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Many viruses are known to inhibit host cell translation often by activation of the 

antiviral factor protein kinase R (PKR), which recognizes double stranded viral 

RNA and phosphorylates the translation initiation factor eIF2α (reviewed in 

Garcia et al., 2007). Additionally, several viral proteins also directly inhibit 

translation. Picornaviruses are the best known, cleaving eIF-4F using virus-

encoded proteases to shut down host cell translation (Porter, 1993). Influenza 

virus also affects eIF-4F but through a different mechanism, instead reducing its 

phosphorylation (Feigenblum et al., 1993). Some capsid proteins inhibit 

translation, such as the hepatitis C virus (HCV) core protein, which binds to the 

capped mRNA unwinding helicase DBX (Mamiya et al., 1999), and the alphavirus 

Semliki Forest virus capsid protein, which is thought to bind directly to the host 

mRNA (van Steeg et al., 1984, Elgizoli et al., 1989). PABP is targeted by several 

viruses (reviewed in Smith et al., 2010), including caliciviruses (Kuyumcu-

Martinez et al., 2004) and HIV (Alvarez et al., 2006). Viral inhibition of host cell 

translation not only frees up cellular resources for translation of viral RNAs, but 

also prevents expression of anti-viral genes induced by activation of the host 

innate immune response. Oddly, as mentioned before, RV infection does not 

usually result in global inhibition of host cell translation, at least not until late in 

infection in some cases (Hemphill et al., 1988). Because a pool of capsid 

associates with replication complexes (Lee et al., 1999, Fontana et al., 2007), 
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locally blocking translation of viral genomic RNAs once a sufficient amount of 

structural protein has built up may allow genomic RNA to be freed for 

incorporation into virions, thus increasing the efficiency of replication (Ilkow et 

al., 2008, Ilkow et al., 2010b). 

 

RV capsid has also been shown to inhibit import of proteins into the 

mitochondria (Ilkow et al., 2010a). Notably, in both yeast and human cells, capsid 

expression decreased import of the mitochondrially-targeted substrate Su9-

DHFR in a dose-dependent manner. Furthermore, infected cells showed a 

noticeable decrease of p32 in the mitochondrial matrix. Inhibition of 

mitochondrial import was independent of both p32 and cardiolipin, as deletion 

mutants lacking these factors still showed capsid inhibition of mitochondrial 

import. Treatment of mitochondria with trypsin also failed to limit capsid's 

inhibition of import, suggesting this activity is independent of outer 

mitochondrial membrane import receptors. Nevertheless, the import machinery 

affected by capsid must be highly conserved, given that this viral protein inhibits 

import in yeast and mammalian cells. A link between the capsid-induced electron 

dense plaques between mitochondria (Beatch et al., 2005) and inhibition of 

import has not been investigated, but it is possible that these structures occlude 

access of translocation substrates to the import machinery on the outer 

mitochondrial membrane (OMM). Indeed, mitochondria exhibiting electron 
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dense plaques occasionally exhibit loss of cristae (Lee et al., 2000), an indicator 

of mitochondrial import inhibition (Perkins et al., 2001). The actual role 

mitochondrial import plays in RV replication is purely speculative at this point. 

Since mitochondrial import inhibition requires large quantities of capsid in vitro 

(in the range of several micrograms), this process may only play a role late in 

infection. It has been previously suggested that inhibition of mitochondrial 

import could affect RV capsid's anti-apoptotic activity (Ilkow et al., 2010a, Ilkow 

et al., 2010b, Ilkow et al., 2011). Notably, several apoptotic mediators are 

reported to interact with components of the translocase of the outer membrane 

(TOM) complex (reviewed in Petit et al., 2009). Bax, an important target for 

capsid's anti-apoptotic activity (Ilkow et al., 2011), interacts with TOM22 and this 

interaction was shown to be important for Bax-dependent apoptosis (Bellot et 

al., 2007, Ott et al., 2007). Through disrupting mitochondrial import, capsid may 

impair the ability of Bax to initiate apoptosis at the OMM. 

 

1.2 Rubella virus and apoptosis 

Apoptosis is a cellular process that results in the tightly controlled destruction of 

eukaryotic cells (see Taylor et al., 2008 for an in depth review). All apoptotic 

pathways eventually lead to activation of a family of cysteine proteases called 

caspases. Initially present in all cells as inactive zymogens, proteolytic cleavage 

activates caspases, allowing them to begin a chain reaction of proteolysis events 
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that result in the destruction of the cell. The executioner caspases 3,6 and 7 

mediate most of the events that take place late in apoptosis. Hallmark 

morphological changes occur in apoptotic cells, including detachment and 

rounding, nuclear condensation and fragmentation, and membrane blebbing. 

Several biochemical changes are also characteristic of the late stages of 

apoptosis, such as DNA degradation, and inhibition of transcription/translation. 

Exposure of phosphatidylserine on the outer leaflet of the plasma membrane 

targets cells for phagocytosis by macrophages (Fadok et al., 1992). While the end 

result is generally the same, several different stimuli and signaling networks can 

activate apoptosis. These can be divided into two pathways: intrinsic and 

extrinsic (Figure 1.4). 

 

Extrinsic apoptosis begins when a ligand binds to a death receptor on the cell, 

activating a signal transduction pathway that ultimately leads to the activation of 

caspases. One example of an extrinsic apoptotic pathway is activation of the FAS 

receptor (reviewed in Peter et al., 2003). FAS ligand, a membrane protein 

expressed on the surface of T-lymphocytes, is involved in inducing apoptosis 

during cell-mediated cytotoxicity by the adaptive immune response. Interaction 

between FAS ligand on T-lymphocytes and the FAS receptor on target cells 

induces the formation of the death-inducing signaling complex (DISC) (Kischkel et 

al., 1995). The FAS receptor interacts with Fas-associated Death Domain protein 
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Figure 1.4 Extrinsic and intrinsic apoptotic pathways. In the intrinsic 
pathway, a stress stimulus leads to the activation or expression of pro-
apoptotic BH3-only proteins. These activated proteins sensitize cells to 
apoptosis by inhibiting anti-apoptotic Bcl-2 proteins or induce apoptosis by 
activating Bax and Bak. Oligomerization of Bax and Bak on the OMM forms 
pores that allow the release of cytochrome c (green circles) that, together 
with APAF1 and caspase 9, forms the apoptosome. Caspase 9 is activated 
through autoproteolysis and then cleaves and activates the executioner 
caspase, caspase 3. In extrinsic apoptosis, a ligand binds to a death receptor 
inducing DISC formation and autoproteolysis of caspase 8. In type I cells, 
caspase 8 can directly activate caspase 3 through proteolysis. In type II cells, 
caspase 8 must cleave and activate the BH3-only protein Bid to induce the 
intrinsic pathway. 
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(FADD) through a region on its cytoplasmic domain called the death domain (DD) 

(Chinnaiyan et al., 1995). The death domain is common to many death receptor 

signaling pathways and is present not only on death receptors, but on their 

intracellular mediators as well, including FADD. The latter acts as a scaffold for 

recruitment of various proteins, including the initiator caspase, caspase-8 (also 

called FLICE and MACH) (Boldin et al., 1996, Muzio et al., 1996). In Type I cells, 

DISC formation activates caspase-8 efficiently, allowing it to directly activate 

caspase-3 (Scaffidi et al., 1998). In Type II cells, though, caspase-3 activation 

requires amplification by the intrinsic apoptotic pathway through cleavage and 

activation of the BH-3 only protein tBid (Li et al., 1998, Luo et al., 1998). 

 

Unlike the extrinsic pathway, which is triggered by interaction of death ligands 

with their receptors on the cell surface, intrinsic apoptosis can be initiated by a 

wide range of apoptotic stimuli. These stimuli include cellular stressors such as 

growth factor withdrawal, lack of contact with the extracellular matrix (ECM) and 

other cells, DNA damage, perturbations in mitochondrial metabolism, excessive 

amounts of unfolded proteins, translational inhibition, and hypoxia. While 

upstream parts of this pathway are quite diverse, they all activate or induce the 

expression of the BH-3 only proteins (see Happo et al., 2012 for a short review of 

these proteins). The activity of these proteins then converge on activation of two 

Bcl-2 family proteins, Bax and Bak (reviewed in Westphal et al., 2011). 
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Oligomerization of these proteins forms pores in the OMM, resulting in the 

release of cytochrome c into the cytoplasm. Cytochrome c is then incorporated 

into a complex with APAF-1 and pro-caspase 9, called the apoptosome (Li et al., 

1997, Hu et al., 1999, Saleh et al., 1999, Zou et al., 1999). The apoptosome, 

similar to DISC, results in auto-proteolysis and activation of the initiator caspase 

9 that cleaves and activates caspase 3, an executioner type of caspase. There are 

two prevailing theories to account for how BH3-only proteins activate Bax: the 

indirect and the direct activation models (Giam et al., 2008). The indirect 

activation model posits that BH-3 only proteins merely displace the anti-

apoptotic Bcl-2 family proteins, such as Bcl-2 and Bcl-XL, preventing them from 

interacting with Bax and Bak. When free from inhibition, Bax and Bak can 

oligomerize and induce apoptosis. The direct activation model proposes that a 

subgroup of BH3-only proteins, termed activators, are required to stimulate the 

apoptotic activity of Bax and Bak. The non-activator BH3-only proteins bind and 

inhibit the anti-apoptotic Bcl-2 proteins, but this only sensitizes the cell to the 

activators. Likely, elements of both models are correct (see Giam et al., 2008 for 

a more in depth discussion). Notably, in support of the direct activation model, 

some BH3-only proteins were able to directly activate the pore forming ability of 

Bax added to liposomes, with Bim and Bid being unambiguously strong activators 

(Kuwana et al., 2005). The core difference between the models, whether or not 

Bax and Bak are constitutively active, is a matter of debate.  
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Bax and Bak are often thought to have redundant functions as evidenced by the 

fact that knockout of both proteins is required to fully nullify the effects of 

numerous apoptotic stimuli, including ultraviolet radiation, kinase inhibitors, 

DNA damaging reagents, serum withdrawal, and BH3-only protein 

overexpression (Wei et al., 2001, Zong et al., 2001). Several studies have found 

the situation to be more nuanced though, with Bak and Bax having non-

redundant functions for some processes. In HCT116 cells, for example, knockout 

of Bax alone severely reduces apoptosis caused by many common stimuli 

(Theodorakis et al., 2002, Gillissen et al., 2003). Furthermore, myc-induced 

apoptosis was highly suppressed in Bax knockout cells but completely unchanged 

in Bak knockout cells when compared to wild type (Dansen et al., 2006). Some 

functions instead require only Bak, for example Vitamin K-induced apoptosis 

(Karasawa et al., 2013) and long-chain ceramide generation (Siskind et al., 2010). 

Moreover, some BH3-only proteins showed a preference for Bak or Bax 

activation (Sarosiek et al., 2013). 

 

 While Bak is associated with the mitochondrial membrane under normal 

conditions, most Bax is in the cytoplasm and only translocates to the 

mitochondria following induction of apoptosis (Hsu et al., 1997a, Wolter et al., 

1997, Griffiths et al., 1999a). During apoptosis activation, a conformational 
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change exposes the C-terminal hydrophobic alpha helix that is normally buried in 

a hydrophobic groove in Bax (Suzuki et al., 2000). Apoptosis also causes a change 

in conformation that reveals the N-termini of both Bax (Hsu et al., 1997b, 

Nechushtan et al., 1999, Peyerl et al., 2007) and Bak (Griffiths et al., 1999b, 

Dewson et al., 2009). Exposure of the BH3 domain in these proteins allows 

dimerization and eventually oligomerization (George et al., 2007, Dewson et al., 

2008, Gavathiotis et al., 2010). The resulting oligomers form pores in the OMM 

that ultimately allows the release of cytochrome c from the intermembrane 

space into the cytosol (Saito et al., 2000, Kuwana et al., 2002, Dejean et al., 

2005). The anti-apoptotic Bcl-2 proteins bind to Bax and Bak and inhibit their 

oligomerization (Ruffolo et al., 2003, Willis et al., 2005, Fletcher et al., 2008), 

likely through the interaction of the Bax/Bak BH3 region with a hydrophobic 

groove in the anti-apoptotic Bcl-2 proteins (Sattler et al., 1997). 

 

1.2.1 Viruses and apoptosis 

Apoptosis is a major mechanism by which a host can prevent the spread of a viral 

infection. For example, the FAS pathway is a key mechanism by which cytotoxic 

T-lymphocytes eliminate cells expressing viral antigens (Depraetere et al., 1997). 

Interferons, a group of cytokines that induce an antiviral state in neighboring 

cells, sensitize cells to apoptosis as part of their antiviral program. Furthermore, 

several interferon-stimulated genes induce apoptosis, the most direct being 
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through increased expression of the death receptor ligand tumor necrosis factor-

related apoptosis inducing ligand (TRAIL) (Kayagaki et al., 1999, Chawla-Sarkar et 

al., 2001, Chen et al., 2001). RNAse L, an interferon stimulated gene (ISG) that 

cleaves single stranded RNA in response to viral RNA detection, has also been 

shown to induce apoptosis (Castelli et al., 1998). Another interferon inducible 

gene product that directly detects viral dsRNA, protein PKR, induces apoptosis 

when activated (Der et al., 1997). The RIG-I/MDA5 system, which detects viral 

RNAs and induces expression of interferon (discussed in more detail in section 

1.3), can also activate apoptosis (Rintahaka et al., 2008a, Besch et al., 2009b). A 

major effector of this pathway, the transcription factor IRF3, directly activates 

Bax (Chattopadhyay et al., 2010a). Activation of the unfolded protein response 

(UPR), whose sustained activation leads to apoptosis, occurs in several virus, 

including Japanese encephalitis virus (Su et al., 2002), West Nile virus (WNV) 

(Medigeshi et al., 2007), HCV (Asselah et al., 2010), coxsackievirus (Zhang et al., 

2010) and African swine fever virus (Galindo et al., 2012). Typically, the UPR is 

activated through expression of large amounts of viral proteins in association 

with the host ER, in particular surface glycoproteins.   

 

Not surprisingly, several viruses have evolved mechanisms to inhibit apoptosis in 

host cells. Many DNA viruses encode proteins dedicated to inhibiting apoptosis, 

including baculoviruses (Clem, 2015), human papilloma viruses (Mammas et al., 
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2008), adenoviruses (White, 2006), cytomegaloviruses (Brune, 2011), and 

poxviruses (Everett et al., 2002). For papilloma virus, the ability to inhibit 

apoptosis correlates with its oncogenic potential (Thomas et al., 1999). While 

DNA virus inhibition of apoptosis has been thoroughly researched, RNA virus 

inhibition of apoptosis is relatively poorly understood. Despite this, several RNA 

virus anti-viral proteins have been recently characterized. For example, 

poliovirus 3A protein (Neznanov et al., 2001) inhibits trafficking of the tumor 

necrosis factor (TNF) receptor to the cell surface, thereby inhibiting TNF-induced 

apoptosis . Some viruses activate pro-survival pathways, such as the PI3K/AKT 

and NF-κB pathways by respiratory Syncytial virus NS1/NS2 proteins (Bitko et al., 

2007) and HCV NS5A protein (Waris et al., 2003, Street et al., 2004). The 

Chikungunya nsP4 and nsP2 proteins were found to inhibit the UPR pathway by 

blocking eIF2α phosphorylation and host cell translational shutoff (Akhrymuk et 

al., 2012, Rathore et al., 2013, Fros et al., 2015). A number of viral capsid 

proteins also inhibit apoptosis. For example, WNV capsid inhibits apoptosis 

through activation of the pro-survival kinase Akt (Urbanowski et al., 2013). The 

Hantaan virus nucleocapsid protein inhibits apoptosis by both blocking nuclear 

import of NF-κB and targeting the pro-apoptotic protein p53 for degradation 

(Ontiveros et al., 2010, Park et al., 2013). 
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Although inhibition of apoptosis would increase the window of time for viral 

replication, many viruses instead induce apoptosis. Activation of apoptosis does 

offer several advantages to viruses, especially those that replicate quickly and 

don't need to extend the lifespan of their host. Apoptosis can allow the spread of 

virus through apoptotic bodies, which can disseminate the virus to neighboring 

cells and phagocytes (Mi et al., 2001, Boehme et al., 2013). The apoptotic bodies 

would also shield the virions from neutralizing antibodies (Roulston et al., 1999). 

Furthermore, apoptosis would limit the release of cytokines and viral antigens 

from the cell, limiting the visibility of the virus infection to the host immune 

response. Viruses from a variety of families utilize both direct and indirect 

pathways to induce apoptosis (see Galluzzi et al., 2008 for a more in depth 

review). The HCV ns4A and ns3 proteins both induce apoptosis, the former 

through the mitochondrial pathway and the latter through caspase-8 (Prikhod'ko 

et al., 2004, Nomura-Takigawa et al., 2006). The related flavivirus, WNV, also 

activates the caspase-8 pathway through its ns3 protein (Ramanathan et al., 

2006). Some viral capsid proteins also induce apoptosis. For example, 

coxsackievirus capsid protein VP2's interaction with the pro-apoptotic host 

protein siva leads to induction of apoptosis by a currently unknown mechanism 

(Henke et al., 2000, Henke et al., 2001). Controversially, several flavivirus capsid 

proteins have been found to both promote and inhibit apoptosis. For example, 

HCV core binds the transcription factor p53 and has been found to both induce 
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and repress expression of downstream pro-apoptotic genes (Ray et al., 1997, Lu 

et al., 1999, Otsuka et al., 2000). It was later found that the level of expression of 

the core protein changes the effect it has on p53, with lower levels enhancing 

p53 expression and higher levels inhibiting it (Kao et al., 2004). The WNV capsid 

protein has also been shown to induce apoptosis by sequestration of the p53 

inhibitor HDM2 (Yang et al., 2002, Yang et al., 2008). A more recent study found 

that WNV capsid instead inhibits apoptosis through activation of the PI3K/AKT 

survival signaling pathway (Urbanowski et al., 2013). The discrepancy between 

these studies can be explained by the use of the mature form of capsid in the 

latter and a longer, membrane-anchored capsid in the former. Since only the 

mature form of capsid is found in infected cells (Urbanowski et al., 2013), the 

latter study is more relevant to WNV biology.   

 

1.2.2 Effect of RV infection on apoptosis.  

The induction of apoptosis in RV infected cells is controversial. As mentioned 

earlier, most cell types show little cytopathic effect when infected with RV, at 

least until late in infection (Hemphill et al., 1988, Duncan et al., 1999). This is in 

stark contrast to alphaviruses, which tend to induce high levels of apoptosis in 

infected cells (reviewed in Li et al., 2004). Moreover, RV can establish persistent 

infections in many cell lines, including RK-13 (Svedmyr, 1965), LLC-MK(2) 

(Maassab et al., 1966), and BHK21 (Sato et al., 1977). Persistence also occurs in 
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CRS, with 42% of infants with a maternal history of rubella during pregnancy still 

shedding virus after birth (Phillips et al., 1965). Low levels of apoptosis would be 

beneficial for establishing persistence, as it would reduce the loss of infected 

host cells and attract less attention from immune cells. RV does not simply select 

for apoptosis resistant cells when establishing persistent infection, as Vero cells 

that were persistently infected were still sensitive to apoptotic stimuli (Pugachev 

et al., 1998). 

 

Despite these characteristics, RV has been shown to induce cell death in various 

cell lines, particularly late in infection. For example, 43% of infected Vero cells 

were found to have died after three and a half days (Pugachev et al., 1998). This 

study did not measure apoptosis within the infected cells but rather, cell death 

was determined by counting the numbers of cells floating in the media at various 

time points. Notably, different cell types show markedly different rates of cell 

death. One study found that, 48hrs after infection, 25% of Vero cells and 75% of 

RK13 cells were detached, while only 2% of BHK21 cells lost contact with the 

plates (Duncan et al., 1999). In another study, more than 40% of cytotrophoblast 

cells showed signs of apoptosis four days post-infection, while <1% of human 

embryonic fibroblasts were apoptotic 10 days post-infection (Adamo et al., 

2004). RV-induced apoptosis is also known to be asynchronous, as 40% of Vero 

cells remain alive five days post infection, despite every cell showing evidence of 



45 
 
 

infection (Pugachev et al., 1998). Furthermore, up to 10 days after infection 

almost none of these cells showed signs of death, suggesting that a 

subpopulation is resistant to RV-induced cytopathology. While one study 

reported that p53 is important for RV-induced apoptosis (Megyeri et al., 1999), 

other studies suggest that this is not the case (Hofmann et al., 1999, Domegan et 

al., 2002). Overall, the use of non-human cell lines and different infection 

protocols in these studies makes the relevance of virus-induced cell death to RV 

biology difficult to assess. 

 

While the mechanism remains unknown, genome replication and the replicase 

proteins are the most likely causes of RV induced cell death. In the related 

alphavirus Sindbis virus, the viral replicase protein nsP2, the envelope 

glycoproteins, and even virion entry can all activate apoptosis (Glasgow et al., 

1998, Joe et al., 1998, Jan et al., 1999). RV on the other hand does not activate 

apoptosis by fusion alone and requires viral replication, as UV-inactivated virions 

do not activate apoptosis (Duncan et al., 1999, Hofmann et al., 1999, Megyeri et 

al., 1999). Cell death seems to be caused by the non-structural proteins, as more 

cytopathic RV infectious clones produced more non-structural proteins 

(Pugachev et al., 1997). This is not surprising, as viral genomic RNA is the primary 

pathogen product recognized by the innate immune system.  Expression of the 
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structural proteins alone, on the other hand, did not cause significant cell death 

(Hofmann et al., 1999). In one study, though, the RV capsid protein was found to 

induce cell death in RK-13 cells (Duncan et al., 2000). This pro-death activity 

required membrane anchorage and the N-terminal 170 amino acids. These 

results were contradicted by a more recent study, which showed that RV capsid 

actually protected from apoptosis in RK-13 cells (Ilkow et al., 2011). This study is 

likely more accurate, as it measured several markers of apoptosis including 

caspase 3 activation, release of cytochrome c from the mitochondria, and loss of 

mitochondrial membrane potential. In contrast, Duncan et al. (2000) calculated 

rates of cell death by cotransfecting cells with capsid and a GFP plasmid and 

measuring the decrease in GFP expressing cells. This did not directly measure 

apoptosis and could have been confounded by competition between co-

expressed plasmids for transcriptional/translational resources. Regardless, RK-13 

cells may be a poor model for RV induced apoptosis, as they originate from 

rabbits, which are not a natural host for RV, and exhibit unusually large amounts 

of apoptosis when infected with RV. 

 

1.2.3 Bax-dependent inhibition of apoptosis  

As mentioned, one of the non-structural functions of RV capsid is preventing 

apoptosis. This is accomplished through its interaction with the pro-apoptotic 

Bcl-2 family protein Bax (Ilkow et al., 2011). Unlike previous studies, this recent 
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study found that RV infection in Vero and A549 cells infected with RV both 

showed protection from apoptosis induced with the broad spectrum kinase 

inhibitor staurosporine. Although not previously used as widely as Vero cells, 

A549 cells, a human lung carcinoma cell line, likely represents a better candidate 

for studying RV biology as they are from a host and tissue that is naturally 

infected by RV. The most likely reasons for this novel anti-apoptotic activity is 

timing; most other studies looked at apoptosis rates 3 or more days after 

infection, while this study analyzed results generally 48hrs after infection. 

Further investigation showed that the capsid protein alone could account for this 

anti-apoptotic activity. When expressed in several different cell lines, including 

A549, Vero, RK-13 and the primary human cell line HEL-18, capsid expression 

reduced apoptosis rates by up to 80%. This reduction was seen not only when 

apoptosis was induced by staurosporine, but also by an anti-FAS antibody that 

activates the extrinsic apoptosis pathway.  Capsid expression in a stable cell line 

also conferred protection from apoptosis. Unlike previous assays, which 

measured apoptosis by counting transfected cells that were also stained with an 

antibody directed towards the active form of caspase-3, this assay looked at 

depolarization of the mitochondria using the drug Tetramethylrhodamine methyl 

ester (TMRM). These results show that the anti-apoptotic activity of capsid 

operates upstream of mitochondrial depolarization and cytochrome c release. 
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One mechanism by which RV capsid functions to block programmed cell death is 

through its interaction with Bax. A capsid:Bax interaction was shown through 

reciprocal immunoprecipitations (IPs), and interestingly, induction of apoptosis 

increased binding between these two proteins. Conversely, capsid did not form a 

stable complex with the related pro-apoptotic protein Bak. Interaction with Bax 

required both the N and C-termini of capsid, as neither the C-terminal or N-

terminal regions of capsid were sufficient for complex formation. Capsid 

expression was also found to prevent Bax-induced loss of mitochondrial 

membrane potential. This protection was not seen upon Bak overexpression 

though, further supporting the notion that capsid inhibits only Bax. Capsid also 

prevented cytochrome c release in cells over-expressing Bax, indicating that 

capsid inhibits the pore-forming function of Bax. Counter-intuitively, capsid 

expression resulted in increased Bax activation as assayed by increased exposure 

of its N-terminal domain, which is the target of the monoclonal antibody 6A7. 

Chemical crosslinking of mitochondria revealed that capsid and Bax formed 

mixed high order oligomers. This occurred even in the absence of apoptotic 

stimuli. Ultimately, it was suggested that capsid interacts with and activates Bax 

in order to form non-functional pores that, even while taking on many features 

of activated Bax, are impaired in their ability to release cytochrome c. An 

alternative explanation could be that capsid activates Bax, but mislocalizes it so 

as to prevent release of cytochrome c.  This is supported by the fact that in cells 
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expressing capsid, activated Bax exhibited a more diffuse localization reminiscent 

of the ER rather than discrete foci and tubules of the mitochondria. 

 

Ilkow et al (2011) also found that an arginine rich region (R-region) in the C-

terminus adjacent to the SP was essential for capsid's anti-apoptotic activity. 

Deletion of the SP from capsid resulted in a slight decrease in protection from 

αFAS and no protection from staurosporine. Removal of both the SP and the R-

region completely abrogated the anti-apoptotic activity of capsid. Indeed a patch 

of 5 arginines in the R-region where shown to be important for blocking 

apoptosis. Unexpectedly, mutation of 5 arginines in this region (CR5A) neither 

disrupted binding to or activation of Bax but did completely disrupt its anti-

apoptotic activity suggesting that hetero-oligomerization with Bax is not 

sufficient for capsid's anti-apoptotic activity. Incorporation of the CR5A 

mutations into a full-length infectious clone severely affected RV replication, 

reducing both genomic RNA replication and viral protein production. This was 

not due to problems with virion formation, as both virus and structural proteins 

alone formed virions/VLPs and media from infected cells produced plaques in 

RK-13 cells. Together, these data indicate that inhibition of apoptosis by the RV 

capsid protein is important for viral replication. 
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Another Bax inhibiting protein expressed by human cytomegalovirus (HCMV) is 

viral mitochondrial inhibitor of apoptosis (vMIA) a product of the UL37 gene 

exon 1. Similar to RV capsid, vMIA binds to Bax and induces its mitochondrial 

localization and oligomerization (Arnoult et al., 2004, Poncet et al., 2004). vMIA 

also has a C-terminal, arginine rich region that is required for its anti-apoptotic 

activity (Hayajneh et al., 2001, Pauleau et al., 2007). This region is very similar to 

the R-region of RV capsid (Ilkow et al., 2011), and both the arginine-rich region 

and mitochondrial membrane targeting sequence of vMIA are necessary for 

interaction with Bax (Arnoult et al., 2004). While it was initially expected to 

function like anti-apoptotic Bcl-2 proteins, vMIA instead interacts with a 

previously uncharacterized binding pocket on Bax, in between helices 3 and 4 on 

one side and helices 5 and 6 on another (Ma et al., 2012). The authors suggest 

that this prevents a conformational change whereby these helix hairpins 

separate. Since helices 5 and 6 insert into the mitochondrial membrane and are 

thought to form the actual pore (Annis et al., 2005), vMIA may lock Bax in a 

conformation that prevents penetration of the outer mitochondrial membrane. 

Likewise, the R-region of RV, although dispensable for Bax binding, may bind to 

this region and lock Bax in a conformation that fails to form a pore. Unlike RV, 

HCMV can also inhibit Bak induced apoptosis through a separate protein called 

viral inhibitor of Bak oligomerization (vIBO) (Cam et al., 2010). Interestingly, RV 

capsid appears to employ a Bax-independent anti-apoptotic mechanism 



51 
 
 

upstream of Bak. This is evident from the ability of the a C-terminal capsid 

construct that can efficiently inhibit apoptosis, despite not being able to bind Bax 

(Ilkow et al., 2011). 

 

1.3 Interaction of RV capsid with PP1 

Another host cell-encoded capsid binding protein that was chosen for further 

study is PP1. As previously mentioned, the alpha isoform of the PP1 catalytic 

subunit was identified in a capsid pulldown (Carolina Ilkow, unpublished data). 

PP1 is a serine/threonine phosphatase that is encoded by three different genes: 

PP1CA, PP1CB and PP1CC. These genes encode the proteins PP1α, PP1β, and 

PP1γ respectively, each of which has 2-3 isoforms through differential splicing. 

Almost all of the diversity between PP1 paralogs is present in the N- and C-

termini, with the catalytic core being highly conserved (Korrodi-Gregorio et al., 

2014). Orthologs of PP1 are also highly conserved, with human PP1 and the yeast 

homolog Glc7p sharing over 80% sequence identity and human PP1 expression 

being able to rescue yeast cells from Glc7p deletion (Gibbons et al., 2007). While 

previously thought to be a promiscuous protein that acts to passively reverse 

phosphorylation by protein kinases, PP1 is now known to be actively regulated 

(reviewed in Virshup et al., 2009). 
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While the human genome encodes over 428 serine/threonine kinases, there are 

only ~40 genes encoding serine/threonine phosphatases (Moorhead et al., 

2007). Not surprisingly, PP1 targets a plethora of proteins and pathways involved 

in mitosis, transcription, translation, DNA repair, actin rearrangements, and 

apoptosis (see Korrodi-Gregorio et al., 2014 for a comprehensive list). These 

functions are regulated by a large number of PP1 interactors, targeting proteins, 

and inhibitors, with over 180 proteins identified in the PP1 interactome (Heroes 

et al., 2013). PP1 binding proteins can regulate PP1 by changing its localization, 

recruiting target proteins or complexes, or by regulating the activity of the 

catalytic core. Most interactors contained a PP1 binding region called the RVxF 

motif (Egloff et al., 1997), which has the consensus sequence of 

[K/R][K/R][V/I][x][F/W] (Peti et al., 2013). Several other docking motifs have also 

been identified recently, including the SILK motif (consensus [GS]IL[RK]) and the 

MyPhoNE motif (consensus RxxQ[VIL][KR]x[YW]) (Hendrickx et al., 2009). PP1 

binding partners are often intrinsically disordered proteins: a class of proteins 

that rapidly convert between several conformations (reviewed in Choy et al., 

2012).  

 

With respect to interaction with capsid, the most relevant pathways PP1 is 

involved with are apoptosis and the innate immune response. PP1's role in 
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apoptosis came to light after it was found in a complex with WAVE-1, 

glucokinase, and protein kinase A on the OMM (Danial et al., 2003). Notably, a 

PP1 targeting inhibitor prevented loss of Serine112 phosphorylation on Bad, a 

pro-apoptotic BH3-only protein, after cytokine deprivation. Dephosphorylation 

of this residue acts to relieve Bad's inhibition by 14-3-3 proteins, thus allowing it 

to act pro-apoptotically (Chiang et al., 2003). In this manner, PP1 would seem to 

be a pro-apoptotic protein. PP1 also plays a role in the innate immune response. 

The innate immune response to RNA viruses begins by the detection of single 

and double-stranded RNAs by the RIG-I like receptors, retinoic acid-inducible 

gene 1 (RIG-I) and melanoma differentiation-associated protein 5 (MDA5) (Figure 

1.5) (see Loo et al., 2011 for a review of this pathway). These receptors then 

signal through a mitochondrial adaptor protein, MAVS, which recruits 

downstream signaling molecules that result in phosphorylation and activation of 

interferon regulatory factors (IRF) 3 and 7. These transcription factors are then 

translocated to the nucleus where they activate transcription of several genes, 

including type-I interferons. Secreted interferon then activates its cell surface 

receptor in a paracrine and autocrine manner. The interferon receptor then 

recruits and activates the tyrosine kinase family Janus Kinase (JAK), which 

phosphorylates and activates the signal transducer and activator of transcription 

(STAT) proteins. In the nucleus, activated STAT proteins induce the expression of 

several ISGs. A recent study has shown that PP1 catalyzes the dephosphorylation 
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Figure 1.5 Activation of the interferon response by RIG-I like receptors. Viral 
RNA binds to and activates RIG-I and MDA5. After dephosphorylation by PP1, 
RIG-I and MDA5 bind to the scaffold protein MAVS, which induces a signal 
transduction pathway that results in the activation of IRF3/IRF7. IRF3/IRF7 
localize to the nucleus and induce the expression and secretion of type-I 
interferons (IFN). IFN binds to the interferon receptors (IFNR), which recruit 
and activate JAK kinases. These kinases phosphorylate and activate STAT 
proteins, which translocate to the nucleus and induce the expression from the 
interferon stimulated response element (ISRE). 
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of both RIG-I and MDA5, an event required for downstream signaling to MAVs 

(Wies et al., 2013). Demonstrating its importance in the innate immune 

response, measles virus V-protein was reported to inhibit PP1 in order to 

suppress activation of the innate immune response (Davis et al., 2014, Mesman 

et al., 2014). Additionally, PP1 has also been implicated in reversing eIF2α 

phosphorylation, thus relieving translational inhibition induced by the ISG PKR 

(Brush et al., 2003). Several viruses have been found to utilize PP1 in this 

pathway, generally by recruiting it into a complex with eIF2α and facilitating its 

dephosphorylation (Kazemi et al., 2004, Cruz et al., 2011, Li et al., 2011, Van 

Opdenbosch et al., 2012). 

 

1.4 Rationale and objectives of this thesis 

As discussed above, the RV capsid protein plays several non-functional roles to 

aid viral replication. While capsid's interaction with several of these proteins has 

been studied, other areas still remain to be investigated. First, while capsid also 

inhibits apoptosis in a Bax-dependent manner, the mechanism by which it does 

so is not understood. Moreover, preliminary data suggest that membrane 

association of capsid and phosphorylation may affect its anti-apoptotic activity. 

For this reason, I studied the effects of altering these two properties of capsid on 

apoptosis with the expectation that they could reveal details about capsid's anti-

apoptotic mechanism. Second, as has been demonstrated, capsid exhibits a 
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strong Bax independent anti-apoptotic activity. Given that PP1 is a widely 

expressed protein with key roles in apoptosis, I investigated whether its 

interaction with capsid could explain how capsid interferes with apoptosis in 

multiple cell lines. I also investigated whether capsid's interaction with PP1 

affected other aspects of the anti-viral response.  
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CHAPTER 2 
Materials and Methods 
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2.1 Materials 

Table 2.1 Commercial reagents 

Reagent Source 

10X/6X DNA Gel loading buffer Invitrogen 

16% Paraformaldehyde, electron microscopy grade Electron Microscopy 

Sciences 

40% Acrylamide/Bis-acrylamide solution, 29:1 Bio-Rad 

Agarose, Ultrapure Invitrogen 

Ammonium chloride EMD Chemicals 

Ampicillin Sigma-Aldrich 

Bacto-Agar BD Biosciences 

Benzonase Novagen 

Bovine serum albumin (BSA) Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich 

Complete™ EDTA-free protease inhibitor (CPI) Roche 

Cycloheximide Sigma-Aldrich 

Dextrose EMD Chemicals 

DAPI Sigma-Aldrich 

Diatomaceous Earth Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Dithiothreitol (DTT)  Sigma-Aldrich 

Deoxynucleoside triphosphates (dNTPS) Invitrogen 

Dulbecco's Modified Eagle's medium (DMEM) GIBCO 

Ethanol, 95% Commercial Alcohols 
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Table 2.1 Continued...  

Reagent Source 

Ethidium Bromide (10mg/mL) Sigma-Aldrich 

Ethylenediaminetetraacetic acid (EDTA) EMD Chemicals 

Fetal bovine serum (FBS) GIBCO 

Halt™ Phosphatase Inhibitor Thermo-Scientific 

Luria Broth Base Invitrogen 

Glycerol Fischer Scientific 

HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid)  1M Solution 

GIBCO 

Hydrochloric acid (36.5 to 38% (w/w)) Fischer Scientific 

Kanamycin Sigma-Aldrich 

Igepal CA-630 Sigma-Aldrich 

Isopropanol Sigma-Aldrich 

Interferon-α EMD Millipore 

L-glutamine GIBCO 

Magnesium chloride hexahydrate EMD Chemicals 

Manganese chloride Anachemia 

Microcystin-Sepharose (MC-Sepharose) Charles Holmes, UofA 

Methanol Fischer Scientific 

Minimal essential medium Eagle (MEM) Sigma-Aldrich 

Mitotracker Red CMXRos  Molecular Probes 

Mitotracker Deep Red FM Molecular Probes 
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Table 2.1 Continued...  

Reagent Source 

Non-essential amino acids (NEAA) GIBCO 

N,N,N',N'-Tetramethylethylenediamine (TEMED) Sigma-Aldrich 

OptiMEM GIBCO 

Paraformaldehyde (PFA) J.T. Baker 

Penicillin-streptomycin solution (100X) GIBCO 

Phenol/Chloroform/Isoamyl alcohol (25:24:1) Sigma-Aldrich 

Polybrene Sigma-Aldrich 

Polyinosinic:polycytidylic acid (poly(I:C)) Sigma-Aldrich 

Potassium chloride BDH 

Potassium dihydrogen orthophosphate BDH 

ProLong Gold Antifade reagent with DAPI Invitrogen 

Protein-A-Sepharose GE Healthcare 

Protein-G-Sepharose GE Healthcare 

RNaseOUT™ Invitrogen 

SlowFade Gold Antifade mountant Life Technologies 

Sodium chloride Fischer Scientific 

Sodium dodecyl sulphate (SDS) Bio-Rad 

Sodium hydroxide BDH 

Staurosporine Cell Signaling 

Tris base Fischer Scientific 

Tris-HCl Fischer Scientific 
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Table 2.1 Continued...  

Reagent Source 

Triton X-100 VWR International 

Trypsin-EDTA Invitrogen 

Tween-20 Sigma-Aldrich 

β-Mercaptoethanol Bioshop 

 

Table 2.2 Molecular size standards 

 Marker Source 

0' GeneRuler™ 1kb Ladder Fermentas 

GeneRuler™ 1kb Plus Ladder Fermentas 

PageRuler™ Prestained Protein Ladder Thermo-scientific 

 

Table 2.3 DNA/RNA modifying enzymes 

 Enzyme Source 

Calf-intestinal alkaline phosphatase Invitrogen 

Restriction Endonucleases 

New England 

Biolabs/Invitrogen 

RNase A Sigma-Aldrich 

T4 DNA ligase Invitrogen 
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Table 2.4 Immunoblotting reagents 

 Reagent Source 

Nitrocellulose membrane 0.45μM Bio-Rad 

Polyvinylidene difluoride (PVDF) membrane 

(0.45μM) Millipore 

Polyvinylidene difluoride (PVDF) membrane 

(0.2μM) Millipore 

Immobilon-FL transfer membrane (0.45μM) Millipore 

Odyssey blocking buffer LI-COR 

Restore™ Western blot stripping buffer Thermo Scientific 

  Table 2.5 Multi-component systems 

 Multi-component system Source 

BCA™ Protein assay kit Thermo Scientific 

Dual-Luciferase® Reporter Assay Promega 

ElectroMax Efficiency DH10B Cells Invitrogen 

ElectroMax™ Stbl4™ competent cells Invitrogen 

Lipofectamine 2000 Invitrogen 

mMessage mMachine SP6 RNA Transcription Kit Ambion 

PerfeCta SYBR Green Supermix, Low ROX qPCR kit Quanta Biosciences 

Platinum Pfx PCR System Invitrogen 

Platinum Taq HIFI PCR System Invitrogen 

QIAquick Gel extraction kit QIAGEN 
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Table 2.5 Continued... 

 Multi-component system Source 

QIAquick PCR purification kit QIAGEN 

QIAGEN plasmid HiSpeed Midi kit QIAGEN 

QIAGEN plasmid Midi kit QIAGEN 

QIAGEN plasmid Maxi kit QIAGEN 

QIAshredder kit QIAGEN 

RNeasy Mini kit QIAGEN 

Subcloning Efficiency DH5alpha Cells Invitrogen 

SuperScript® II Reverse Transcriptase kit Invitrogen 

TNT Coupled Transcription/Translation kit Promega 

Transit-LT1 Mirus Bio 

 

Table 2.6 Buffers and solutions 

 Name Composition 

5X Protein sample buffer 62.5mM Tris-HCl pH 6.8, 25% (v/v) glycerol, 

2% (w/v) SDS, 0.01% (w/v) bromophenol 

blue, 5% (v/v) β-mercaptoethanol 

Buffer A 50mM Tris-HCl pH 7.4, 0.1mM EDTA, 0.5mM 

MnCl2, 0.2% (v/v) β-Mercaptoethanol 

Diatomaceous Earth slurry 100mg/mL Diatomaceous Earth, 6M 

guanidine-HCl, 20mM EDTA, 50mM Tris-HCl 

pH 7.5 
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Table 2.6 Continued... 

 Name Composition 

Diatomaceous Earth column 

wash 

200mM NaCl, 20mM Tris-HCl pH 7.4, 5mM 

EDTA, 50% (w/v) Isopropanol 

Gel running buffer (SDS-PAGE) 250mM glycine, 0.1% (w/v) SDS, 100mM Tris 

base, pH 8.3 

Hepes-buffered saline 137mM NaCl, 5mM KCl, 6mM Dextrose, 

0.7mM Na2HPO4, 20mM HEPES 

NP-40 Lysis buffer 1% (v/v) Igepal, 150mM NaCl, 2mM EDTA, 

50mM Tris-HCl , pH 7.4 

Phosphate-buffered saline (PBS) 137mM NaCl, 2.7mM KCl, 8mM Na2HPO4, 

0.5mM CaCl2, 1mM MgCl2, pH 7.4 

Phosphate-buffered saline plus 

calcium magnesium (PBSCM) 

137mM NaCl, 2.7mM KCl, 8mM Na2HPO4, 

0.5mM CaCl2, 1mM MgCl2, 0.5mM CaCl2, 

1mM MgCl2, pH 7.4 

Phosphate-buffered saline plus 

Tween (PBST) 

137mM NaCl, 2.7mM KCl, 8mM Na2HPO4, 

0.5mM CaCl2, 1mM MgCl2, 0.1% (w/v) 

Tween-20, pH 7.4 

PP1 Co-IP Buffer 1% (w/v) Triton X-100, 10mM HEPES pH 7.5, 

10mM KCl, 2mM MgCl, 1mM DTT 

4X Resolving gel buffer 1.5M Tris-HCl, 0.1% (w/v) SDS, pH 8.8 

4X Stacking gel buffer 1M Tris-HCl, 0.4% (w/v) SDS, pH 6.8 
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  Table 2.6 Continued... 

 
Name Composition 

TAE buffer 40mM Tris-Acetate pH 8.0, 1mM EDTA 

Transfer buffer 

20% (v/v) methanol, 200mM glycine, 25mM 

Tris base pH 8.3 

TE buffer 1mM EDTA, 10mM Tris-HCl pH 7.5 

 

 

Table 2.7 Primary antibodies 

Antigen Species 

Clone/ 

Identifier Source 

IF 

Dilution 

WB 

Dilution 

Actin Mouse  Abcam  4000 

Active Caspase-

3 

Rabbit  Cell Signaling 400 1000 

Bax Mouse YTH 2D2 Trevigen  2000 

Bax Rabbit  Abcam  1000 

Calnexin Rabbit  Dr. David 

Williams, U of 

Toronto 

500  
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Table 2.7 Continued...     

Antigen Species Clone/ 

Identifier 

Source IF 

Dilution 

WB 

Dilution 

Capsid Mouse C-1 Dr. Jerry 

Wolinsky, U of 

Texas 

800 1000 

Capsid Rabbit 7W7 Hobman lab 500 1000 

Decapping 

protein 1 (DCP1)  

Rabbit  Abcam 1000  

GAPDH Rabbit  Abcam  2000 

GFP Goat  Abcam 1000 1000 

HSP60 Mouse  BD Biosciences 500  

Myc Mouse 4A6 Millipore  4000 

Myc Mouse 9E10 American Type 

Culture 

Collection 

(Hybridoma) 

300  

p150 Rabbit  Dr. Tero Ahola, 

U of Helsinki 

300 1000 
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Table 2.7 Continued... 

Antigen Species Clone/ 

Identifier 

Source IF 

Dilution 

WB 

Dilution 

Protein 

Phosphatase 1 

catalytic subunit 

α isoform 

(PP1α) 

Goat C19 Santa Cruz 

Biotechnology 

400 1000 

Protein 

Phosphatase 1 

catalytic subunit 

γ isoform (PP1γ) 

Rabbit  Bethyl 

Laboratories 

250 2000 

Rubella Virus 

VLP 

Goat  Meridian Life 

Sciences 

800 1000 

 

IF: Immunofluorescence, IB: Immunoblot 
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Table 2.8 Secondary antibodies 

Host 

Species Fluorophore Specificity Source 

IF 

Dilution 

WB 

Dilution 

Goat Alexa Fluor® 488 Chicken IgG Invitrogen 400 

 Goat Alexa Fluor® 594 Chicken IgG Invitrogen 400 

 Goat Alexa Fluor® 647 Chicken IgG Invitrogen 400 

 Goat Alexa Fluor® 680 Donkey IgG Invitrogen 

 

2000 

Mouse Alexa Fluor® 488 Donkey IgG Invitrogen 400 

 Mouse Alexa Fluor® 594 Chicken IgG Invitrogen 400 

 Mouse Alexa Fluor® 546 Donkey IgG Invitrogen 400 

 Mouse Alexa Fluor® 647 Donkey IgG Invitrogen 400 

 Mouse Alexa Fluor® 680 Goat IgG Invitrogen 

 

2000 

Mouse Alexa Fluor® 750 Goat IgG Invitrogen 

 

2000 

Rabbit Alexa Fluor® 488 Donkey IgG Invitrogen 400 

 Rabbit Alexa Fluor® 546 Donkey IgG Invitrogen 400 

 Rabbit Alexa Fluor® 594 Chicken IgG Invitrogen 400 

 Rabbit Alexa Fluor® 647 Donkey IgG Invitrogen 400 

 Rabbit Alexa Fluor® 790 Donkey IgG Invitrogen 

 

2000 

Rabbit IRDye® 800CW Donkey IgG LI-COR 

 

10000 

IF: Immunofluorescence, IB: Immunoblot 
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Table 2.9 Oligonucleotides 

 Name Sequence 

5'P-SpeI-SacI-EcoRI-3' Adap CTA GTG AGC TCA GCG 

5'P-EcoRI-SacI-SpeI-3' Adap AAT TCG CTG AGC TCA 

B-ACTIN FW CCT GGC ACC CAG CAC AAT 

B-ACTIN REV GCC GAT CCA CAC GGA GTA CT 

F-Cap-EcoRI GCC GGA ATT CAC CAT GGC TTC CAC TAC CCC C 

F-Cap-frag-SalI GGT CTG GTC GAC CTG CAT TTT ACC AAC CTG G 

R-Cap-BamHI TTG GAT CCC TAG GCG CGC GCG GTG 

R-Cap-BamHI-NoStop TAT GGA TCC GGC GCG CGC GGT G 

R-Cap-frag-SalI CGC CGC CAT AGT CGA CGC GGT AGA AGA CC 

R-CapΔSP-Stop-BamHI TTG GAT CCT TAG CGG ATG CGC CAA GGA TG 

RV-F AGG TCA TGT CTC CGC ATT TC 

RV-R GTC CCG AGT AGC AAG GGT CT 

Underline:  Restriction Enzyme Site, Bold: Start or stop site 

 

Table 2.10 

Cell lines 

 

 

Cell Line Source Cell Type 

A549 ATCC Human non-small cell lung carcinoma 

BHK-21 ATCC Baby hamster kidney 

HEK 293T ATCC Human embryonic kidney with SV40 Large T antigen 

RK-13 ATCC Rabbit kidney 

Vero ATCC African green monkey kidney 
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Table 2.11 Viruses 

 Genomic cDNA plasmid Source 

pBRM33 Shirley Gilliam, University of British Columbia 

pBRM33-S46A Hobman Lab 

pBRM33-S46D This thesis 

pBRM33-RARA This thesis 

 

 

Table 2.12 Plasmids 

 Plasmid Name Source 

pcDNA3.1-Capsid-myc/His This thesis 

pCMV5  David Russell, U of Texas 

pCMV5-24S  Shirley Gilliam, U of British Columbia 

pCMV5-24S-PVWP  Hobman Lab 

pCMV5-24S-RARA This thesis 

pCMV5-Capsid  Hobman Lab 

pCMV5-Capsid-CT  Hobman Lab 

pCMV5-Capsid-NT  Hobman Lab 

pCMV5-Capsid-RARA This thesis 

pCMV5-Capsid-S46A  Hobman Lab 

pCMV5-Capsid-S46A/ΔSP This thesis 

pCMV5-Capsid-S46D  Hobman Lab 

pCMV5-Capsid-S46D/ΔSP This thesis 

pCMV5-Capsid-ΔSP  Hobman Lab 
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  Table 2.12 Continued... 

 Plasmid Name Source 

pCMV5-CR5A Hobman Lab 

pEGFP-C1  Clontech 

pEYFP(C1)-PP1α Addgene 

pGag-Pol  Charles Rice, Rockefeller University 

pGL3-ISRE-Luc Rongtuan Lin, McGill University 

pHCMV5-VSV-G  Charles Rice, Rockefeller University 

pRLTK  Rongtuan Lin, McGill University 

pTRIP-Capsid-AcGFP This thesis 

pTRIP-MCS-AcGFP  Hobman Lab 

pTRIP-S46A-AcGFP This thesis 

pTRIP-S46A/ΔSP-AcGFP This thesis 

pTRIP-S46D-AcGFP This thesis 

pTRIP-S46D-ΔSP-AcGFP This thesis 

pTRIP-ΔSP-AcGFP This thesis 

pUC57-Cap-RARA GenScript 
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2.2 Methods 

2.2.1 Cell culture techniques 

2.2.1.2 Cell culture maintenance 

A549 and 293T cells were maintained in DMEM containing 10% FBS and 20mM 

HEPES. Vero and BHK-21 cells were maintained in DMEM containing 5% FBS and 

20mM HEPES. RK-13 cells were maintained in MEM containing 10% FBS, , 20mM 

HEPES, 2mM L-Glutamine, 1X NEAA and 1X Pen/Strep. Cells were grown at 37°C 

incubator with a 5% CO2 atmosphere unless otherwise specified. Confluent cells 

were detached from dishes using trypsin-EDTA and either split into new 

flasks/dishes or used for experiments. A549 cells were chosen for apoptosis 

assays because they are responsive to several apoptotic stimuli, including αFAS 

and poly(I:C), and were used prominently in a previous study on capsid's anti-

apoptotic activity (Ilkow et al., 2011). HEK 293T cells were used in several 

pulldown assays because of their ability to express high quantities of protein 

following transfection. Vero cells and BHK-21 cells have been used extensively by 

our lab and others, to generate recombinant RV strains following transfection or 

electroporation of viral genomic RNA. Finally, RK-13 cells were used for plaque 

assays because they are highly sensitive to RV induced cytopathic effect. 

 

2.2.1.3 Cell transfection 

A549 cells were transfected with either Lipofectamine 2000 or Transit-LT1. For 

Lipofectamine 2000 transfections, cells were seeded the day before at the 
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following densities: 1x106 cells per 100mm dish, 7.5x104 to 1x105 cells per well in 

12 well plates, and  5x104 cells per well in 24 well plates. The next day, cells were 

transfected with the following amounts of DNA: 8μg per 100mm dish, 1μg per 

well in 12 well plates, and 0.5μg per well in 24 well plates. A ratio of 1μL of 

Lipofectamine 2000 per 1μg of DNA was used for all transfections. DNA and 

Lipofectamine 2000 reagent were initially added to separate tubes containing 

25μL of OptiMEM per μg of DNA or μL of Lipofectamine 2000. These reagents 

were incubated separately for five minutes before being mixed and incubated at 

room temperature for an additional 20 minutes. The DNA:Lipofectamine 

mixtures were added onto cells in OptiMEM. Compared to normal culture 

conditions, half the volume of OptiMEM was used in each well/dish during 

transfection. After incubating for four hours, OptiMEM was removed and 

replaced with fresh complete media. Cells were then incubated one to two days 

before further processing. Vero cells were also transfected with Lipofectamine in 

a similar manner to A549 cells. Cells were seeded the day before transfection at 

1x105 cells per well in six well plates/ 35mm dishes and 5x104 cells per well in 12 

well plates. Two μg per well of DNA was used in 35mm dishes, 1-3μg per well of 

RNA was used in six well plates and 1.5μg per well of RNA was used in 12 well 

plates. A ratio of 1μL of Lipofectamine 2000 per 1μg of RNA was used in every 

reaction.  

 



74 
 
 

A549 cells were also transfected with Transit-LT1. For immunofluorescence 

assays, cells (2.5 to 4x104 per well) were seeded onto coverslips in 12 well plates. 

For Luciferase assays, cells (5x104 cells per well) were seeded into 24 well plates). 

The next day, Transit-LT1 was diluted in OptiMEM at a ratio of 1:125 and then 

incubated at room temperature for five minutes before adding plasmid DNA. 

Cells in 12 well plates received 0.5μg of DNA and 1μL of Transit-LT1 per well, 

those in six well plates received 1μg of DNA and 2μL of Transit-LT1 per well and 

those in 24 well plates received 0.5μg of DNA and 1μL of Transit-LT1. The Transit-

LT1:DNA mixtures were incubated for 20 minutes and then added  directly to 

cells in complete media. Unless otherwise indicated, transfected A549 cells were 

processed 24-48 hours post-transfection. For immunoprecipitation and pulldown 

experiments HEK293T cells were transfected with Transit-LT1. Cells (1.75 to 

2.5x106) were seeded into 100mm dishes one day before transfection. The 

protocol was the same as for A549 cells except that 13.2μg of DNA and 39.6μL of 

Transit-LT1 were used for each 100 mm dish. 

 

2.2.2 Molecular biology 

2.2.2.1 Isolation of plasmid DNA from Escherichia coli 

An in-house developed diatomaceous earth miniprep protocol was used for 

isolation of small amounts of plasmids. Freshly transformed colonies were used 

to inoculate 3mL of LB broth containing either 100μg/mL of ampicillin or 
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30μg/mL of kanamycin (depending on the plasmid). Cultures were incubated 

overnight at 37°C with shaking at 180-220rpm. Bacteria from the 1.5mL cultures 

were pelleted by centrifugation in a microfuge at 16,000 g for two minutes. 

Pellets were resuspended in 250μL of cold RNase A (100μg/mL)-containing Buffer 

P1 from QIAGEN Midi/Maxiprep kits and then lysed by addition of 250μL of room 

temperature Buffer P2. Lysis reactions were quenched by addition of 300μL cold 

Buffer P3. Cell debris was pelleted by centrifugation at 16,000 g for 10 minutes 

at room temperature. The resulting supernatants were mixed with 600μL of 

diatomaceous earth slurry and incubated for at least one minute with rotation at 

room temperature. The DNA bound to the diatomaceous earth was collected in 

1mL micropipette tips with filters fitted onto a vacuum apparatus. When all the 

liquid had passed through the filter, tips were washed twice with Diatomaceous 

earth column wash buffer and then the diatomaceous earth resin was dried on 

the vacuum apparatus for 10 minutes. Residual wash buffer was removed by 

centrifugation of tips in a microfuge at 16,000 g for one minute at room 

temperature. Plasmid DNA was eluted by adding 30-50μL of MilliQ water to the 

diatomaceous earth followed by centrifugation at 16, 000 g at room temperature 

for one minute. 

 

Larger amounts of DNA typically used in transfections were isolated using 

QIAGEN Maxi- or Midi-prep kits. Freshly transformed bacterial colonies were 
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used to inoculate 3mL LB starter cultures with appropriate antibiotic. This starter 

cultures were incubated for eight hours at 37°C with shaking after which a 

1:1000 dilution of this starter culture was added to 100 or 300 mL of LB with 

antibiotic for midi- or maxi-preps respectively. Extraction of plasmid was done as 

per manufacturer's guidelines. Plasmids were resuspended in 50mM Tris-HCl and 

concentrations were determined using a NanoDrop 1000 Spectrophotometer. All 

plasmid stocks were adjusted to 1μg/μL and stored at -20°C. 

 

2.2.2.2 Polymerase chain reaction (PCR) 

Platinum Taq HIFI PCR or Platinum Pfx PCR Systems were used to amplify DNA. 

Most reactions (50μL) contained 10-20ng of template DNA, 400nM of each 

primer, 200nM of each dNTP, and 1U of polymerase. When amplifying high GC 

content RV cDNAs, 10% DMSO was also added to reactions. Reactions were 

performed in a Stratagene Robocycler Gradient 40. When PCR reaction products 

were to be used in restriction endonuclease digestion reactions, the DNA was 

separated from other reaction buffer components using a QIAquick PCR 

purification kit. 

 

2.2.2.3 Restriction endonuclease digestion 

Restriction endonuclease digests were performed according to manufacturer's 

guidelines. Ten μL volume reactions were used for diagnostic reactions whereas 
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20-50μg of DNA in reaction volumes up 100μL was used to prepare DNA 

fragments for ligation. In some cases, vector fragments were dephosphorylated 

using one unit of calf intestinal alkaline phosphatase (for 60 minutes at 37°C) 

prior to ligation.  

  

2.2.2.4 Agarose gel electrophoresis 

Ultrapure agarose (0.7-1% (w/v)) was dissolved in TAE buffer by heating in a 

microwave. Shortly before casting gels, ethidium bromide (0.5μg/mL) was added 

to the agarose solution. After setting, gels were submerged in electrophoresis 

tanks containing TAE buffer. DNA samples were mixed with Gel loading buffer 

before pipetting into wells. Gels were run at 80-120V and then DNA was 

visualized using a Fischer Scientific Ultraviolet transilluminator or a Bio-Rad Gel 

Doc™ XR+ imaging system. Gel photos were analyzed using Bio-Rad Image Lab™ 

software. 

 

2.2.2.5 Extraction of DNA from agarose gel 

Desired DNA fragments were excised from agarose gels with clean razor blades. 

The gel pieces were  weighed and the DNA was extracted using QIAquick Gel 

extraction kit.  
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2.2.2.6 DNA ligation 

Isolated insert and vector were combined at molar ratios of 3:1 and 6:1 and 

heated for five minutes at 65°C and then cooled on ice followed by a brief low 

speed spin in a microfuge to collect any condensed liquid at the top of the tubes. 

If DNA adaptors were used, 1.2ng per added to reactions before the heating 

step. T4 DNA ligase and buffer were added and reactions were incubated 

overnight in an ice bucket filled with water initially at 4°C. After incubation, 

reactions were stored at 4°C until used for bacterial transformation. Reaction 

mixtures were diluted either 1:3 or 1:5 before transformation of chemically 

competent or electro-competent bacteria respectively. 

 

2.2.2.7 Transformation of Escherichia coli 

Three strains of E. coli were used for transformation with ligation reaction 

products and propagation of plasmids: DH5α, DH10β and Stbl4. Most plasmids 

other than those derived from the large infectious clone plasmid pBRM33 or 

lentiviral (pTRIP) vectors were propagated in DH5α cells. Ligation reactions 

involving pTRIP vectors were electroporated into DH10β cells using the Ec1 

setting of a Bio-Rad MicroPulser™. All pBRM33-based plasmids were propagated 

in Stbl4 cells via electroporation with a BTX Electro Cell Manipulator® 600 set at 

2.5kV/resistance high voltage (HV) mode with a resistance of 129ohms (R5) and 



79 
 
 

a voltage of 1.5kV. All electroporations were conducted using Bio-Rad Gene 

Pulser® 0.1 cm Cuvettes. 

 

2.2.3 Construction of expression plasmids 

Oligonucleotides used for plasmid construction are listed in Table 2.9. All 

recombinant plasmids were subjected to sequencing to confirm their 

authenticity. pBRM33-based plasmids were sequenced at the Molecular Biology 

Facility, Department of Biological Sciences (University of Alberta) while all other 

plasmids were sequenced at The Applied Genomics Center in the Department of 

Medical Genetics (University of Alberta). 

 

2.2.3.1 pCMV5 based plasmids 

To construct the capsid SP truncation mutants pCMV5-S46A/ΔSP and pCMV5-

S46D/ΔSP, a 318bp fragment was amplified from pCMV5-capsid by PCR using the 

primers F-Cap-frag-SalI and R-CapΔSP-Stop-BamHI. The resulting cDNA, which 

has a stop codon just before the transmembrane region of capsid, was used to 

replace the 417bp SalI-BamHI fragment in pCMV5-capsid S46A and -S46D. The 

resulting plasmids encoded amino acid residues 1-277 of capsid with either the 

S46A or S46D mutation. 
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pCMV5-24S-RARA was made by using the pCMV5-24S plasmid as a backbone. A 

421bp DNA fragment corresponding to the BsrGI-BstEII fragment within the RV 

24S cDNA but with valine 276 and phenylalanine 278 to alanine mutations was 

synthesized by Genscript. This 421bp fragment was isolated from the pUC57-

RARA plasmid and used to replace the analogous fragment in pCMV5-24S. The 

resulting plasmid, pCMV5-24S-RARA, was then subjected to PCR using the 

primers F-Cap-EcoRI and R-Cap-BamHI and the resulting 924 bp cDNA was 

digested with EcoRI and BamHI and ligated into the EcoRI and BamHI sites of 

pCMV5, forming pCMV5-Capsid-RARA. 

 

2.2.3.2 pcDNA 3.1 myc/His plasmids 

To construct the pcDNA3.1-Capsid myc/His plasmid, capsid was amplified from 

pCMV5-Capsid using the primers F-Cap-EcoRI and R-Cap-BamHI-NoStop. The 

resulting fragment was digested with EcoRI and BamHI and inserted into the 

EcoRI and BamHI sites of pcDNA3.1/myc-His©(-) A (Invitrogen). 

 

2.2.3.3 pBRM33 based plasmids 

The pBRM33-S46D infectious clone was constructed using the pBRM33 RV 

infectious cDNA (Yao et al., 1999) as a backbone. The 7977 bp NotI-BsrGI and 

4937 bp NotI-NotI fragments from pBRM33 and the 466 bp Not1-BsrG1 from 

pCMV5-Capsid-S46D (Law et al., 2006) were isolated from agarose gels as 
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described above. The 7977 bp NotI-BsrGI fragment from pBRM33 was ligated to 

the 466 bp fragment of pCMV5-Capsid-S46D to create an intermediary cloning 

vector. This shuttle vector was digested with Not1 and then ligated with the 

4937 bp Not1-Not1 fragment from pBRM33 to produce pBRM33-S46D. To make 

the pBRM33-RARA infectious clone, the 2085 bp BsrG1-BamHI fragment from 

pBRM33 was replaced with the analogous fragment from pCMV5-24S-RARA.  

 

2.2.3.4 pTRIP based plasmids 

All pTRIP plasmids used in this study were constructed from pTRIP-MCS-AcGFP 

(Urbanowski et al., 2013). RV capsid cDNAs that were released from pCMV5-

based RV expression constructs by EcoRI and BamHI digestion were ligated into 

pTRIP-MCS-AcGFP that had been digested with SpeI and BamHI using the 

adaptors 5'P-SpeI-SacI-EcoRI-3'-Adap and 5'P-EcoRI-SacI-SpeI-3'-Adap.  

 

2.2.4 Lentivirus production and transduction 

2.2.4.1 Lentivirus production 

To generate recombinant lentivirus stocks, HEK293T cells were seeded the day 

before transfection at a density of 2.5x106 cells per 100mm dish. The next day, 

cells were transfected with 5.6μg of pTRIP, 5.6μg of pGag-pol and 1.6μg of 

pHCMV5 VSV-G plasmids using Transit-LT1. Transfections were performed as 

described in section 2.2.1.3 except that 800μL of OptiMEM and 25.6μL of Transit-

LT1 were used per 100mm dish. Before addition of transfection reagent, the 
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HEK293T cell growth media in each dish were replaced with 7mL of DMEM + 

3%FBS. Six hours after the transfection mixtures and media were replaced with 

10mL of DMEM + 3%FBS. After three days, the lentivirus-containing media were 

collected and filtered through a 0.45μm filter, supplemented to 4μg/mL of 

polybrene and 20mM HEPES and then stored in 1mL aliquots at -80°C. 

 

2.2.4.2 Lentivirus transduction 

A549 cells were seeded the day before transduction at a density of 1-3 x105 

cells/well in six well plates or 0.5-1.5x105 cells/well in 12 well plates. On the day 

of transduction, media were changed to DMEM + 3%FBS 20mM HEPES + 4μg/mL 

polybrene. Sufficient media was added so the final volumes were 4mL per well in 

six well plates and 2mL per well in 12 well plates respectively after virus addition. 

Lentivirus stock was mixed into the wells and then plates were spinoculated for 

45 minutes at 1200 g and 37°C after which the inoculum was replaced with 

complete media. The transduced cells were used for experiments one to two 

days later. Unless indicated otherwise, a multiplicity of transduction (MOT) of 

two was used for all experiments. 

 

2.2.4.3 Determination of lentivirus titer 

Six well plates of A549 cells were transduced as described in section 2.2.4.2. Two 

days post-transduction, cells were washed once in PBS and detached from plates 
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with trypsin-EDTA. Trypsin was quenched with complete media and the 

detached cells were collected by centrifugation (800 x g for five minutes at room 

temperature) and then washed twice in PBS + 1%FBS. The washed cells were 

resuspended in PBS + 1%FBS and then analyzed by flow cytometry using a 

Becton Dickinson FACScan with CellQuest software or FACSARIA III with FACSDiva 

software. The proportion of GFP-positive cells was determined after subtracting 

the false positive background in mock-transduced cells. The equation for 

determining viral titers was -ln(1-p)NV-1 where ln() is the natural logarithm, p is 

the corrected proportion of GFP positive cells, N is the estimated number of cells 

on the day of transduction and V is the volume of virus used. This equation 

assumes a Poisson distribution can be accurately used to describe the number of 

cells transduced for a given MOT. 

 

2.2.5 Microscopy techniques 

2.2.5.1 Indirect immunofluorescence 

Cells (2-4x104 per well) were seeded onto coverslips in 12 well plates and the 

next day were transfected with appropriate expression plasmids using Transit-

LT1. Two days post-transfection, cells were washed twice in PBSCM and then 

fixed with 4% PFA in PBS for 15-30 minutes. Where indicated, cells were stained 

with Mitotracker CMX ROS (20 nM) or Mitotracker Far Red (100 nM) for 30 

minutes before fixation. After fixation, PFA was quenched with 50mM NH4Cl in 
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PBS for five minutes and the cells were permeabilized with 0.2% Triton X-100 in 

PBS for four minutes. After washing twice in PBSCM, cells were then blocked in 

1% BSA in PBSCM for 15 minutes. Incubation with primary antibodies diluted in 

1%BSA in PBSCM was done overnight at 4°C. The next day, samples were washed 

three times in 0.1%BSA in PBSCM before incubation with secondary antibodies 

diluted in 1%BSA in PBSCM for one hour. After two washes in 0.1% BSA in PBSCM 

and one wash in PBSCM alone, the coverslips were mounted onto microscope 

slides using ProLong Gold Antifade reagent with DAPI. Images were captured 

using an Olympus IX-81 microscope base with a Hamamatsu EMCCD (C9100-13) 

camera. Image acquisition was done using Volocity software (PerkinElmer).  

 

2.2.5.2 Superresolution microscopy 

Cells were fixed with 4% electron microscopy grade PFA in PBS as described 

above. The cells on coverslips were then washed three times in PBS and 

incubated for one hour at room temperature in Blocking buffer (0.1% Triton X-

100, 3%BSA in PBS). Next, samples were incubated with primary antibodies 

diluted in blocking buffer for 1.5 hours at room temperature, washed twice in 

Washing buffer (0.01% Triton X-100, 0.3% BSA in PBS) and then incubated with 

secondary antibodies and 1μg/mL DAPI in Blocking buffer at room temperature 

for one hour. The coverslips were then washed twice in Washing buffer and once 

in MilliQ water before mounting onto microscope slides using SlowFade Gold 
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Antifade reagent.  The mounting agent was allowed to set for two hours at room 

temperature before the coverslips were sealed with nail polish and then stored 

for at least 16 hours at -20°C. Images were captured using an Applied Precision 

DeltaVision OMX super resolution microscope.  Image acquisition was performed 

with DeltaVision OMX software and reconstructed using SoftWoRx 6.1 OMX SI 

Reconstruction tool. 

 

2.2.5.3 Apoptosis assays 

To determine how expression of capsid mutants affected apoptosis induction 

A549 cells were transduced with the appropriate capsid-encoding lentiviruses as 

described in section 2.2.4.2. The next day, cells were split and seeded at a 

dilution of 1:2 into 12 well plates with coverslips. Apoptosis was induced on the 

second day after transduction by treatment with αFAS (0.25μg/mL) and 

cycloheximide (1μg/mL) for 24 hours. Alternatively, transduced cells were 

transfected (using Lipofectamine 2000) with poly(I:C) (2μg/mL) or pCMV5 

(negative control) 24 hours before fixation. Where indicated, recombinant RV 

strains with mutations that affect phosphorylation of capsid protein were used 

to infect A459 cells seeded the day before (5x104/well) in 12 well dishes at an 

MOI of 0.5 (see section 2.2.7.3). Apoptosis was induced two days after infection 

by αFAS (1μg/mL of) and cycloheximide (1μg/mL of) treatment for eight hours. 
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Cycloheximide was used to prevent upregulation of anti-apoptotic genes by NF-

κB, which is activated by the FAS receptor (Wang et al., 1998).  

 

To determine whether expression of the capsid RARA mutant conferred 

protection against apoptotic stimuli, A549 cells were transfected with relevant 

pCMV5 constructs using Lipofectamine 2000 as described in section 2.2.1.3. Two 

days post-transfection, apoptosis was induced with αFAS (0.25μg/mL) and 

cycloheximide (1μg/mL) for 6 hours. To assay apoptosis induced by viral 

replication, Vero cells were transfected as described in section 2.2.1.3 with the 

relevant infectious RNA produced as described in section 2.2.7.1. Two days post-

infection, cells were fixed and assayed for apoptosis. 

 

Activated caspase 3 was detected in transduced, transfected or infected cells by 

indirect immunofluorescence as described in section 2.2.5.1. Transduced cells 

were detected using a goat antibody to GFP and transfected/infected cells were 

identified using the mouse αCapsid antibody (C-1). To determine the percentage 

of apoptotic cells in a sample, caspase 3 reactivity in at least 100 GFP- or capsid-

positive cells was assessed as previously described (Ilkow et al., 2011). 
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2.2.6 Biochemical techniques 

2.2.6.1 Preparation of cell lysates 

Cells were washed twice in PBS and lysed in 1X Protein sample buffer containing 

31.25U/mL Benzonase. For 6 well plates, 200μL of Protein sample buffer /well 

was used whereas 50 or 100μL/well were used for 24 and 12 well plates 

respectively. Cell lysates were then immediately boiled and run on gels or stored 

at -20°C until further use. 

 

To prepare cell lysates with NP-40 or PP1 CoIP lysis buffers, cells were washed 

twice in cold PBS before lysis buffer was then added.  Dishes were incubated on 

ice for 10 minutes and then cell scrapers were used to dislodge cellular material. 

The lysates were cleared by centrifugation at 10 000 g at 4°C for 10 minutes. 

 

 

 

2.2.6.2 Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis 

(PAGE) 

Acrylamide gels were made using 4X Resolving and Stacking gel buffers (Table 

2.6). Resolving gels with 10% or 12% acrylamide were used for all experiments. 

Samples to be analyzed were mixed with 5X Protein sample buffer and then 

boiled for five minutes, centrifuged at 16,000 g briefly, and then loaded onto 

gels. SDS-PAGE was conducted in Bio-Rad Mini-Protean III systems in Running 
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buffer at 75-120V. After electrophoresis, proteins were transferred to PVDF or 

nitrocellulose membranes. Before use, PVDF membranes were activated by 

washing briefly in methanol. All membranes were equilibrated in Transfer buffer 

for at least five minutes before use. Transfers were conducted using a Bio-Rad 

Mini Trans-Blot system at a constant current of 320mA for 1-1.75 hours in an ice 

water bath. 

 

2.2.6.3 Western blot 

After protein transfer, PVDF or nitrocellulose membranes were washed briefly in 

PBS before incubation for at least one hour in Blocking buffer: a 1:1 mixture of 

Odyssey Blocking Buffer and PBS. Incubation with primary antibodies was then 

performed in Blocking buffer for one to three hours at room temperature or 

overnight at 4°C. Membranes were then washed four times in PBST and 

incubated with secondary antibodies diluted in Blocking buffer for one hour at 

room temperature. Before imaging, membranes were washed three times in 

PBST and one final time in PBS. Image acquisition was done using a LI-COR 

Odyssey infrared imaging system. If membranes were to be reused, they were 

washed twice in PBS and incubated with Restore™ Western blot stripping buffer 

for 15-30 minutes at room temperature. Before re-blocking, membranes were 

washed twice in PBS. 
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2.2.6.4 Immunoprecipitation 

For immunoprecipitations with rabbit anti-Bax, A549 cells were seeded at 1x106 

cells in 100mm dishes and transfected the next day with pCMV5-Capsid, pCMV5-

Capsid-S46A or pCMV5-Capsid-S46D using Lipofectamine 2000. Two days post-

transfection, cells were lysed in 1.8mL of NP-40 Lysis buffer with 1X CPI and 1XPI. 

Lysates were precleared by incubation with a Protein-A Sepharose slurry for one 

hour with rotation at 4°C. After pre-clearing, a small amount of lysate was kept 

as a loading control. While lysates were preclearing, 15μL of 33% Protein-A 

Sepharose slurry per sample was incubated with 2μL of Rabbit αBax or pre-

immune serum in 1% (w/v) Casein in PBS + 1X CPI for one hour at 4°C with 

rotation. The antibody-coated beads were then collected by centrifugation (500 

x g for five minutes) and then mixed with 350μL of pre-cleared lysates together 

with an additional 2μL of antibody/pre-immune serum. Immune complexes were 

allowed to form for four hours at 4°C with rotation after which the Sepharose 

beads were collected by centrifugation and then washed once in NP-40 Lysis 

buffer and twice in NP-40 Lysis buffer lacking detergent. After the final wash, 

excess liquid was removed with a gel loading pipette tip and proteins were 

eluted by boiling in 30μL of 5X Protein sample buffer. The entire 

immunoprecipitation and 30μL of the saved lysate (8.6% of volume used in IPs) 

were subjected to SDS-PAGE. 
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For immunoprecipitations with capsid antibody, HEK293T cells were seeded at 

2.25x106 cells per 100mm dish and transfected the next day with Transit-LT1. 

Cells were then lysed in 1mL of PP1 CoIP buffer + 1XCPI per dish. Lysates were 

pre-cleared with Protein A Sepharose slurry as described above and 300μL of 

lysate was incubated with 4μL of rabbit αcapsid (7W7) (Beatch et al., 2000) 

overnight at 4°C with rotation. In parallel, 33% Protein A Sepharose slurry was 

blocked in 1% (w/v) Casein in PBS overnight at 4°C with rotation. .  The next day, 

15μL of 33% bead slurry was incubated with lysates for one hour at 4°C with 

rotation. Then beads were washed twice in PP1 CoIP buffer and once in PBS 

before proteins were eluted by boiling in 30μL 5X Protein sample buffer. Twenty 

μL of the immunoprecipitations and 2μL of lysate saved before pre-clearing were 

then subjected to SDS-PAGE and immunoblotting. 

 

2.2.6.5 Microcystin-Sepharose pulldown 

HEK293T cells (1.75-2.5x106) seeded in 100mm dishes were transfected the next 

day with plasmids using Transit-LT1. Two days post-transfection, cells were lysed 

in 1mL of NP-40 lysis buffer + 1X CPI per dish.  Both Microcystin-Sepharose (MC-

Sepharose) and Sepharose beads (33% slurry) were washed twice in cold water 

and twice in Buffer A. All centrifugations were performed at 8,500rpm in a 

microfuge at 4°C for three minutes. After washing, where indicated, beads were 

incubated with 2μg of purified PP1α (courtesy of Dr. Charles Holmes, University 
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of Alberta) for 1.5 hours at 4°C in 300μL of Buffer A with rotation.  Beads were 

then washed twice in Buffer A + 150mM NaCl + 1% (w/v) Tween-20 before 

incubating with 500μL of lysate overnight at 4°C with rotation. The next day, the 

beads were washed four times in Buffer A + NaCl + Tween and bound proteins 

were eluted by boiling in 45μL of 5X protein Sample buffer for five minutes. 

Twenty μL of pulldown eluates and 5-20μL of lysate were subjected to SDS-PAGE 

and immunoblotting. 

 

For pull-downs involving capsid transcribed/translated in vitro, reactions were 

performed as per manufacturer's instructions using 40μL of TnT® Quick Master 

Mix, 1μL of 1mM Methionine, 7μL of nuclease-free water and 1μg of pcDNA3.1-

Capsid-myc/His and incubation for 1.5 hours at 37°C. Pull-downs were conducted 

as described above except that 7μg of PP1α, PP1γ (courtesy of Dr. Charles 

Holmes, University of Alberta) or Buffer A alone as a control were used instead of 

2μg of PP1α and 40μL of in vitro transcription/translation reaction topped up to 

800μL with NP-40 lysis buffer + 1% (w/v) BSA + 1XCPI were used instead of 500μL 

of lysate. 

 

2.2.6.6 Luciferase assays 

To assay activation of the ISRE reporter by poly(I:C), A549 cells were seeded in 12 

well plates (1x105 cells per well) and transfected the next day with Lipofectamine 
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2000 (1μg of DNA/well). To assay activation of the ISRE reporter by interferon-α, 

A549 cells were seeded into 24 well plates (5x105 cells per well) and transfected 

the next day with Transit-LT1 (250ng of DNA/well). Cells were transfected with 

the indicated pCMV5 plasmid, PGL3-ISRE-Luc and pRLTK at a ratio of 35:3:2 or 

30:3:2 in Lipofectamine and Transit-LT1 transfected cells respectively. The next 

day, cells were transfected with poly(I:C) (2.5μg/mL)  or pCMV5 as a control 

using Transit-LT1 or exposed to 10U/mL of interferon-α. Eighteen hours later, 

cells were lysed and Luciferase activity was measured with the Promega Dual-

Luciferase® Reporter Assay System as per manufacturer's guidelines. Analysis 

was done using a BioTek Synergy 4 plate reader and accompanying Gen5 

software. All data are expressed as a fold induction compared to non-treated 

cells transfected with vector (pCMV5) alone. All samples were normalized to 

expression from the control Renilla Luciferase plasmid, pRLTK. 

 

2.2.7 Virology techniques 

2.2.7.1 In vitro transcription of infectious RNA 

Infectious RNA was transcribed from pBRM33-based plasmids that were 

linearized by HindIII digestion as described in section 2.2.2.3. The linearized 

plasmids were subjected to phenol:chloroform extraction followed by ethanol 

precipitation prior to transcription using Ambion mMessage mMachine SP6 RNA 

Transcription kits. Xenopus elongation factor 1α RNA transcribed from the pTRI-
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Xef plasmid included in this kit was used as a transfection control where 

indicated. The manufacturer's guidelines were employed with the exception that 

1μL of RNAse OUT was added to the 20μL reaction mixtures which were 

incubated for two hours at 37°C. RNA was then precipitated by addition of LiCl 

Precipitation Solution (from Ambion kit) and incubated at -20°C for at least 30 

minutes. RNA was pelleted by centrifugation at top speed in a microfuge for 15 

minutes at 4°C, washed with 70% ethanol and then air-dried and before 

resuspension in nuclease-free water. RNA concentration was determined using a 

NanoDrop 1000 Spectrophotometer and quality was assayed through agarose 

gel electrophoresis. RNA stocks were aliquoted and stored at -70°C until use. 

 

2.2.7.2 Virus stock production 

Confluent BHK-21 cells were washed once in PBS before detachment from T75 

flasks with trypsin-EDTA. The trypsin was then quenched with media containing 

5%FBS after which the detached cells were washed in PBS, pelleted and then 

resuspended in 400μL of HEPES buffered Saline. Five μL of in vitro synthesized 

infectious RNA (see above) was added to the cell suspension which was then 

transferred to a Bio-Rad Gene Pulser® 0.2cm Cuvette. Electroporation was done 

using a BTX Electro Cell Manipulator® 600 with the following settings: 

500V/Capacitance and Resistance Low voltage mode, 100μF capacitance, 

720ohm (R10) resistance and a charging voltage of 500V. After pulsing, cells 
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were incubated in HEPES buffered Saline for 10 minutes and then seeded into 

150mm plates containing 20mL of complete media. Unless otherwise indicated, 

all cells infected with RV were cultured at 35°C under 5% CO2 atmosphere. Three 

days post-electroporation, the media were then collected, centrifuged at 900 x g 

for five minutes to remove cell debris, aliquoted and stored at -80°C. Before use, 

virus titers were determined by plaque assay as described in section 2.2.7.4. 

 

2.2.7.3 Virus infection 

To infect cells with wild type or mutant RV strains, half of the media from cell 

cultures was removed before virus stocks were added. Cells were then incubated 

at 35°C for six hours before media was replaced with the “normal” volume of 

complete media. Cells were then incubated at 35°C with 5% CO2 until their use in 

experiments. 

 

2.2.7.4 Plaque assay 

RK-13 cells were seeded at 3x105 cells per well in 6 well plates. The next day, 

media were replaced with 2mL serial dilutions of virus stock. After a four hour 

incubation step at 35°C, media were replaced with a warmed, sterile 1:1 mixture 

of 2X RK-13 media and 1% agarose. The cells were incubated at 35°C for seven 

days to allow plaque formation after which the agarose was removed. The cells 
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were fixed and stained with 0.05% (w/v) crystal violet in 17% ethanol for two 

hours to enable visualization of the plaques.  

 

2.2.7.5 Quantitative polymerase chain reaction (qPCR) 

The levels of viral genome in infected cells was determined by qPCR. Vero cells 

transfected with infectious RNA using Lipofectamine 2000 were cultured for 24 

to 72 hours at 35°C, washed in PBS and then lysed using the RNeasy Mini kit. 

Resulting cell lysates were homogenized using the QIAshredder kit and then 

stored at -70°C until further use. RNA concentrations in the lysates were 

measured using a NanoDrop 1000 spectrophotometer and 300ng of total RNA 

was used for reverse transcription with random primers (200 ng) with the 

SuperScript® II Reverse Transcriptase kit. qPCR was performed using a PerfeCta 

SYBR Green Supermix, Low ROX kit in a Stratagene MX3005P instrument. For 

each experimental condition, qPCR reactions were done in triplicate.  Five μL of 

reverse transcription reactions diluted 1:2 with nuclease free water were used 

for qPCR. To amplify RV genomes, RV-F and RV-R primers were used at a 

concentration of 0.2μM each. As an internal control, β-actin mRNA was amplified 

with B-ACTIN FW and B-ACTIN REV primers (0.1μM each). After an initial 

denaturing step of 94°C for 3 minutes, 40 cycles of 15 seconds at 95°C, 30 

seconds at 58°C and 20 seconds at 72°C were used to amplify RNA. SYBR green 

and ROX reference dye fluorescence was quantified during the 58°C annealing 



96 
 
 

step. Viral genome levels are normalized to β-actin and expressed relative to wild 

type virus at 24 hours using the 2-ΔΔCT method. 

 

2.2.7.6 Isolation of Rubella virus-like particles  

Vero cells in 35 mm dishes were transfected with pCMV5-24S based constructs 

or pCMV5 alone as a negative control.  Two days post transfection, media were 

collected and pre-cleared by centrifugation at 10 000 x g for 10 minutes at 4°C. 

The remaining cells were also lysed in 200μL of 1X Protein sample buffer 

containing Benzonase®. Virus-like particles were pelleted from the pre-cleared 

media by centrifugation at 53 000 rpm for one hour at 4°C in a Beckman 

Optima™ TLX Ultracentrifuge equipped with a TLA 100.4 rotor. Media were then 

aspirated and the pellets were resuspended in 40μL of 5X Protein sample buffer. 

Twenty μL each of lysate and pellet were then analyzed by SDS-PAGE and 

immunoblotting. 

 

2.3 Post-acquisition processing 

2.3.1 Image processing and presentation 

Post-acquisition processing of microscopy images was done by importing images 

into ImageJ using the Bio-Formats plug-in (Open Microscopy Environment). 

Images were then either directly processed in ImageJ or Adobe PhotoShop CS6. 

With the exception of super-resolution microscopy images, all changes were 
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linear and applied equally across all images for a given channel within the same 

figure. 3D Superesolution microscopy images were produced with the ImageJ 3D 

Viewer (Benjamin Schmid, http://imagej.nih.gov/ij/plugins/3d-viewer/). LI-COR 

TIF files were also opened in ImageJ where brightness and contrast were altered 

before being final adjustments were made in Photoshop.  All changes were linear 

and applied equally for all samples in a given row within a figure. All quantitative 

data were processed and graphed in Microsoft Excel before being exported to 

Photoshop for final adjustments. 

  

2.3.2 Statistical analysis 

All quantitative data are the result of at least three but no more than five 

independent experiments. Asterisks represent a statistically significant difference 

(p<0.05) between the given construct and wild type capsid except where 

otherwise indicated. All statistical analysis was done using Student's paired t-test 

or a one-way ANOVA with a Tukey HSD post-hoc test 

(http://statpages.org/anova1sm.html). All error bars represent standard error. 

Pearson's coefficient was calculated using JACoP 

(http://rsb.info.nih.gov/ij/plugins/track/jacop.html) in ImageJ. 
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CHAPTER 3 
Importance of phosphorylation and 
membrane association for the anti-

apoptotic activity of Rubella virus capsid 
protein 

Data from this chapter were published previously in Willows et al. (2014). 
Willows, S.D., Ilkow, C.S. and Hobman, T.C. (2014) Phosphorylation and 
membrane-association of the Rubella virus capsid protein are important for 
its anti-apoptotic function. Cell Microbiol. 16(8): 1201-10. 
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3.1 Rationale and hypothesis 

For many years, viral capsid proteins have been thought to fulfill mostly 

structural roles, recruiting and protecting the viral genome in the nucleocapsid. 

Recent research has found that many viral capsid proteins, especially those of 

RNA viruses, are also able to fulfill non-structural functions. RV capsid is a 

particularly good example and has been shown, through work in our lab and 

others, to affect many processes through interaction with several host and viral 

proteins (Beatch et al., 2000, Tzeng et al., 2003, Beatch et al., 2005, Tzeng et al., 

2005, Tzeng et al., 2006, Ilkow et al., 2008, Ilkow et al., 2010a, Ilkow et al., 2011). 

One of its most important roles is in protecting infected cells from apoptosis, a 

process that involves the pro-apoptotic Bcl-2 family protein Bax (Ilkow et al., 

2011). This protection was observed not only in several different cell lines, 

including primary cells, but was  effective against multiple apoptotic stimuli. It is 

not surprising that RV would seek to limit apoptosis, as this is a major 

mechanism by which infected cells are eliminated in host organisms. 

Furthermore, RV replicates slowly, with titers peaking only after 48hrs (Hemphill 

et al., 1988), and must extend the window for viral replication for as long as 

possible. Although one host target has been identified, the mechanism by which 

RV capsid inhibits apoptosis is still not fully understood. 
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Although RV capsid expression clearly functions to block apoptosis in a cellular 

context, recent in vitro experiments revealed that RV capsid has effects that may 

be considered pro-apoptotic in nature. Specifically, exposure of isolated 

mitochondria to a recombinant capsid protein resulted in characteristic changes 

to mitochondria that occur during apoptosis. Of significance, the recombinant 

capsid lacks phosphorylation and is not membrane-associated like bona fide 

capsid from infected or transfected cells. Therefore, I sought to investigate the 

role of these two properties in capsid's anti-apoptotic activity. 

 

3.2 Results 

3.2.1 Recombinant RV produced in bacteria has pro-apoptotic effects in vitro 

Previously, Dr. Carolina Ilkow constructed a system whereby the effects of capsid 

on mitochondria could be assayed in isolation from other cellular systems 

(Willows et al., 2014). In these assays, capsid purified from bacteria was 

incubated with mitochondria isolated from rat liver or A549 cells and two 

different assays were used to determine the effects on mitochondria. First, the 

effect of capsid on uptake of Tetramethylrhodamine, methyl ester (TMRM), a 

fluorescent molecule that collects in mitochondria (Loew, 1994), was 

determined. Due to its positive charge, an intact mitochondrial membrane 

potential is required for TMRM to accumulate in this organelle. TMRM can 

therefore be used to monitor mitochondrial membrane potential both in isolated 
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mitochondria and intact cells. Loss of mitochondrial membrane potential occurs 

downstream of cytochrome-c release and depends on the action of two pro-

apoptotic proteins, Bax and Bak (Goldstein et al., 2000). Although capsid 

expression inhibits Bax-dependent cytochrome-c release in vivo (Ilkow et al., 

2011), pre-incubation of mitochondria with recombinant capsid severely reduced 

uptake of TMRM (Figure 3.1A), indicating that this viral protein induces loss of 

mitochondrial membrane potential. The effect of capsid on TMRM uptake was 

comparable to a known pro-apoptotic BH3-only protein, tBid. This protein, which 

is the truncated form of Bid, binds and activates Bax, thus inducing pore 

formation (Ruffolo et al., 2000). Because loss of mitochondrial membrane 

potential could also be caused by a Bax-independent event, such as opening of 

the mitochondrial membrane permeability transition pore (mPTP) (reviewed in 

Siemen et al., 2013), the effect of recombinant capsid on cytochrome-c release 

directly was investigated (Figure 3.1B). Here, rat liver mitochondria were isolated 

and exposed to varying levels of the recombinant capsid protein or a similarly 

sized control protein Sec17, with no known role in apoptosis. The supernatant 

and mitochondria pellet fractions were then separated by centrifugation and 

analyzed for the presence of cytochrome-c. Immunoblotting for complex II, 

which resides on the matrix side of the inner mitochondrial membrane, was used 

as a loading control for mitochondria. Addition of 2μg or more of capsid resulted 

in a loss  of cytochrome-c from the mitochondria indicating that the 
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Figure 3.1 Recombinant capsid has pro-apoptotic effects on mitochondria in 
vitro. (A) Mitochondria were isolated from A549 cells and incubated with 
indicated proteins for 15 minutes at 30°C. TMRE (150nM) was added and 
mitochondria were incubated for another 30 minutes at 37°C. After washing, 
mitochondria were subjected to fluorometric analyses. (B) Isolated rat liver 
mitochondria were first normalized to 1mg/mL of protein and incubated with 
the indicated protein for 30 minutes at 30°C. Mitochondria were then 
pelleted by centrifugation and both supernatant and pellet were analyzed by 
SDS-PAGE and immunoblotting. Data were provided courtesy of Dr. Carolina 
Ilkow. 
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pro-apoptotic effects of recombinant capsid were mediated by Bax/Bak pore 

formation rather than opening of the mPTP. 

 

3.2.2 Phosphorylation of serine 46 in RV capsid is important for protection 

against Fas-dependent apoptosis 

There are several differences between recombinant capsid made in bacteria and 

bona fide capsid made in RV-infected or transfected eukaryotic cells that could 

explain the opposite effects on apoptosis. One difference is lack of 

phosphorylation of the recombinant capsid. I next investigated whether capsid 

mutants lacking known phosphorylation sites were able to protect from cells 

from apoptotic stimuli. Two previously characterized phosphomutants were 

used: S46A and S46D (Figure 3.2). As reported previously, mutation of serine 46 

to a non-phosphorylatable residue such as alanine results in decreased 

phosphorylation of multiple residues around the RNA binding region (Law et al., 

2003, Law et al., 2006). The S46D mutant, which has a negatively charged 

residue (aspartate) at position 46, is thought to mimic the negative charge found 

on the phosphate which is normally added to serine 46 of wild type capsid. 

Indeed, the S46D mutant shows nearly wild type levels of phosphorylation at 

other residues, suggesting it is sufficient for recognition by host kinases (Law et 

al., 2006). In order to understand the effect of these mutations on capsid's anti-

apoptotic activity, an immunofluorescence assay (Ilkow et al., 2011) was 
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 Figure 3.2 Capsid mutants used in this study. The serine 46 to alanine 
mutation in S46A and S46A ΔSP render capsid almost entirely 
dephosphorylated. The serine 46 to aspartate mutation in S46D and S46D ΔSP 
leave capsid nearly fully phosphorylated. Removal of the signal peptide in ΔSP, 
S46A ΔSP, and S46D ΔSP results in loss of membrane association. RNA-RNA 
binding region; R- arginine rich R-region; SP-E2 signal peptide, a 
transmembrane domain that anchors capsid to membranes. 
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employed to detect apoptosis in transfected cells. A549 cells were transduced 

with lentiviruses encoding wild type and capsid mutants as well as AcGFP from 

an internal ribosome entry site (IRES). Transduced cells (AcGFP-positive) 

identified by fluorescence microscopy were then counted and the percentages 

that are positive for staining with an α-active Caspase-3 antibody were 

determined.  

 

Cells expressing phosphomutant capsids were less resistant to the apoptotic 

stimulus anti-Fas compared to those expressing wild type capsid (Figure 3.3). 

This was not due to reduced stability of the mutant proteins as previous studies 

indicated that non-phosphorylated capsid protein is expressed at comparable 

levels to wild type capsid (Law et al., 2003, Law et al., 2006). Compared to anti-

Fas treated cells transduced with lentivirus encoding AcGFP alone, expression of 

wild type capsid reduced percentage of apoptotic cells by 50%.  In contrast, the 

apoptotic protection conferred by the S46A mutant, while significantly different 

from AcGFP only expressing cells was less effective compared to wild type 

capsid. Surprisingly, the S46D mutant that I thought would act similarly to wild 

type capsid because phosphorylation levels are near normal, exhibited 

intermediate protection against anti-Fas. These results show that 

phosphorylation at serine 46 is important for the anti-apoptotic activity of RV 

capsid.  
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Figure 3.3 Capsid S46A and S46D exhibit reduced protection from αFAS 
induced apoptosis. A549 cells were transduced (MOT = 2) with lentivirus-
encoding the indicated capsid constructs or AcGFP alone. Apoptosis was 
induced two days later for 24 hours with αFAS (0.25μg/mL) and 
cycloheximide (1μg/mL). Apoptosis was assayed via immunofluorescence 
with an antibody directed towards active caspase 3. All error bars indicate 
standard error from four independent experiments. Asterisks denote a 
statistically significant difference from wild type capsid (p<0.05) as 
determined by Student's t-test. 
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3.2.3 Phosphorylation of serine 46 in RV capsid is important for protection 

against poly(I:C) induced apoptosis 

I next examined the importance of capsid phosphorylation in protection from 

another inducer of apoptosis: Polyinosinic:polycytidylic acid (poly(I:C)). Poly(I:C) 

is an immunostimulant that is thought to act as an analog to double-stranded 

RNA, a common viral pattern recognized by the innate immune response. Two 

types of receptors recognize poly(I:C): the endosome localized toll-like receptor 3  

(TLR3) (Alexopoulou et al., 2001) and the intracellular RIG-I like receptors 

(Yoneyama et al., 2004, Gitlin et al., 2006). Activation of these receptors not only 

induces the innate immune response, but also causes apoptosis (Salaun et al., 

2006, Salaun et al., 2007, Rintahaka et al., 2008b, Besch et al., 2009a). 

Furthermore, a downstream effector of both pathways, IRF3, has been shown to 

bind and directly activate Bax, possibly mediating apoptosis in response to innate 

immune induction (Chattopadhyay et al., 2010b).  

 

The ability of capsid to protect from poly(I:C) induced apoptosis was analyzed in 

a similar manner to the αFAS assays. Transduced cells were split onto coverslips 

1 day post-transduction and transfected with poly(I:C) the next day. Although 

many studies simply add poly(I:C) to the media, transfection of poly(I:C) was 

used in these assays, as it better represents activation of intracellular, rather 

than endosomal receptors of viral dsRNA. Internal receptors are more relevant 
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for assaying capsid apoptotic protection because RNA replication in the 

cytoplasm is likely a major stimulus for RV induced apoptosis. Furthermore, 

addition of poly(I:C) to cell media did not induce significant apoptosis in A549 

cells (data not shown), whereas transfection of poly(I:C) strongly induced cell 

death. Plasmid DNA vector pCMV5 was transfected in parallel to poly(I:C) as a 

negative control to ensure apoptosis induction was not principally due to the 

transfection procedure. In these assays, capsid expression conferred moderate 

protection to poly(I:C) induced apoptosis, reducing the levels by ~40% (Figure 

3.4). In contrast, the levels of apoptosis in cells expressing S46A or S46D were no 

different from the control cells expressing AcGFP alone.  This experiment for the 

first time shows the RV capsid inhibits apoptosis induced by activation of the 

innate immune response. Furthermore, it shows that the phosphorylation of 

capsid is critical for protection against apoptosis in contexts that closely 

resemble infection. 

 

3.2.4 Cells infected with RV with mutations at S46 are highly susceptible to 

apoptosis 

Since poly(I:C) transfection is similar to apoptotic stress encountered during 

infection, I next sought to investigate how the phosphorylation of serine 46 

affected apoptosis in RV-infected cells. To do this, I utilized a previously 

constructed mutant RV strain containing the S46A mutation in the capsid gene 
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Figure 3.4 Wild type capsid, but not S46A and S46D, protect from poly(I:C) 
induced apoptosis.  A549 cells were transduced (MOT = 2) with lentivirus 
encoding wild type (Wt), S46A or S46D capsid mutants or AcGFP alone. Two 
days post-transduction, cells were transfected with poly(I:C) (1μg/mL) or 
pCMV5 plasmid DNA as a control. Apoptosis was assessed 24 hours after 
transfection via immunofluorescence with an antibody towards active 
caspase 3. All error bars indicate standard error among five independent 
experiments. Asterisks denote a statistically significant difference from wild 
type capsid (p<0.05) as determined by Student's t-test. 
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(Law et al., 2006). I also generated an infectious RV clone containing the S46D 

mutation. Infectious RNAs produced by in vitro transcription of the linearized 

infectious clone plasmids were electroporated into BHK-21 cells to produce RV 

stocks that were used to infect A549 cells on coverslips. Infected cells were then 

treated with αFAS two days later. Here, the cells were treated with higher 

amounts of αFAS (1μg/mL) for a shorter duration (eight hours) to prevent 

significant RV induced apoptosis that occurs 72hrs post-infection from affecting 

results. Similar to the data from the lentivirus transduction experiments, cells 

infected with RV strains encoding S46A and S46D phosphomutants were not 

resistant to Fas-dependent apoptosis (Figure 3.5). Background death rates were 

relatively low, but were lowest for the S46A mutant.  

 

3.2.5 Loss of phosphorylation does not decrease binding of capsid to Bax 

Since Bax has been previously shown to be involved in one mechanism by which 

RV capsid blocks apoptosis, I next investigated how phosphorylation affects the 

interaction between capsid and Bax through immunoprecipitation. I initially 

hypothesized that capsid S46A and S46D would bind less well to Bax thereby 

explaining the loss of anti-apoptotic activity in serine 46 mutants.  To test this, 

transfected cells were subjected to co-immunoprecipitation with anti-Bax, SDS-

PAGE and immunoblotting with antibodies to capsid. Surprisingly, neither the 

S46A nor S46D mutants were defective for Bax binding  (Figure 3.6). In fact, 
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Figure 3.5 RV strains harboring S46A and S46D mutations are not resistant 
to treatment with αFAS. A549 cells were infected (MOI = 0.5) with indicated 
RV strain. Two days post-infection, apoptosis was induced with αFAS 
(1μg/mL) and cycloheximide (1μg/mL) for eight hours. Apoptosis was 
assayed via immunofluorescence with an antibody directed towards active 
caspase 3. All error bars indicate standard error from five independent 
experiments. Asterisks denote a statistically significant difference from wild 
type capsid (p<0.05) as determined by Student's t-test. 
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Figure 3.6 Capsid S46A and S46D bind Bax. A549 cells were transfected with 
indicated pCMV5-capsid constructs and lysates were harvested two days 
later. Endogenous Bax was bound to rabbit anti-Bax antibody or rabbit serum 
as a control and precipitated with Protein A Sepharose beads. Proteins were 
eluted with Protein sample buffer and assayed by SDS-PAGE and 
immunoblotting with 8.6% volume of the original lysates. 
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higher levels of S46A were consistently pulled down with anti-Bax than wild type 

capsid. This clearly indicates that phosphorylation of capsid is not required for 

stable interaction with Bax. Furthermore, it is unlikely that the apparent 

increased affinity of S46A for Bax contributes to its reduced anti-apoptotic 

activity, as the S46D mutant (which also has reduced anti-apoptotic activity) is 

indistinguishable from wild type capsid with respect to Bax interaction.  

 

3.2.6 High level expression of S46A and S46D mutants confers protection from 

Fas-dependent apoptosis 

Compared to our standard lentiviral transduction protocols (MOT = 2), I 

consistently observed higher resistance to apoptosis in transfected cells 

expressing capsid (data not shown). This discrepancy may be related to the 

differences in number of transgenes in transfected vs transduced cells. 

Specifically, in transfected cells, there can be as many as 104 and 106 copies of 

plasmid per cell (Fliedl et al., 2015). In contrast, lentiviral transduction generally 

delivers less than 10 vector copies per cell (Charrier et al., 2011). I asked 

whether, when expressed at higher levels, could the capsid phosphomutants 

confer significant resistance to apoptotic stimuli. Higher MOTs would increase 

the amount of cells transduced multiple times, thus increasing the amount of 

capsid expressed in individual cells. As hypothesized, higher MOTs increased the 

anti-apoptotic activity in cells expressing capsid S46A or S46D (Figure 3.7). When 
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Figure 3.7 High level expression of S46A and S46D confers resistance to 
apoptosis. A549 cells were transduced at give MOT with lentivirus 
expressing indicated capsid construct or AcGFP alone. Two days post-
transduction, apoptosis was induced with αFAS (0.25μg/mL) and 
cycloheximide (1μg/mL) for 24 hours. Apoptosis was assayed via 
immunofluorescence with an antibody directed towards active caspase 3. All 
error bars indicate standard error from three independent experiments. 
Asterisks denote a statistically significant difference from AcGFP alone at the 
given MOT (p<0.05) as determined by Student's t-test. 
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cells were transduced with lentiviruses using an MOT of 10, similar levels of 

protection from anti-Fas were observed with S46A, S46D and wild type capsid.  

Interestingly, at an MOT of five, S46A expressing cells were not protected at all 

compared to the AcGFP control. This suggests that a certain threshold of this 

capsid mutant is required for apoptotic protection. Higher MOTs also resulted in 

slightly higher rates of apoptosis in cells transduced with wild type capsid or 

AcGFP only, suggesting a greater sensitivity to apoptosis is induced by high 

MOTs. Overall these results show that capsid S46A and S46D do in fact retain 

some anti-apoptotic activity. 

 

 3.2.7 Membrane association of capsid is important for its anti-apoptotic 

activity 

In addition to lacking phosphorylation, the recombinant capsid used in the initial 

in vitro assays (Figure 3.1) also lacked the E2 SP which serves to anchor the 

capsid to membranes. When full-length capsid was expressed in bacteria, the 

hydrophobic E2 SP resulted in the formation of aggregates in the bacteria. I 

questioned whether the lack of membrane association could affect the ability of 

capsid to protect against apoptotic stimuli. To investigate this possibility, I 

utilized a previously characterized capsid truncation mutant, CapΔSP, in which 

the E2 signal peptide (SP) was removed (Law et al., 2001). I also constructed 

versions of the S46A and S46D mutants that lack the membrane association 
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domain (Figure 3.2). Because expression of the S46A, S46D, or ΔSP mutants did 

not induce apoptosis in vivo (Figure 3.3 and Ilkow et al., 2011), I reasoned that 

only “soluble” capsid constructs that lacked phosphorylation would exhibit the 

pro-apoptotic activity seen with recombinant capsid in vitro.  

 

Using assays identical to those seen in Figure 3.3, A549 cells were transduced 

with the above-mentioned capsid mutants and apoptosis was induced with αFAS. 

All capsid truncation mutants showed a significant reduction in anti-apoptotic 

activity (Figure 3.8), with the S46AΔSP mutant being the least protective. This 

reduction in anti-apoptotic activity was not due to instability of the mutant 

capsid as it has been reported by this laboratory that removal of the E2 signal 

peptide does not significantly affect the stability of capsid (Law et al., 2001). 

These data indicate that indeed membrane association and phosphorylation are 

both important for the ability of capsid to protect cells from apoptotic stimuli. 

Notably, none of the capsid mutants tested induced apoptosis, suggesting that 

loss of membrane association and phosphorylation are not sufficient to produce 

the pro-apoptotic effects of recombinant capsid in vitro. 

 

3.2.8 Subcellular localization of capsid mutants 

Earlier studies from this laboratory established that loss of the membrane 

association domain (E2 SP) affects the localization of capsid 
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Figure 3.8 Membrane association is important for the anti-apoptotic 
activity of capsid. A549 cells were transduced (MOT = 2) with lentivirus 
expressing the given capsid constructs or AcGFP alone. Apoptosis was 
induced two days later for 24 hours with αFAS (0.25μg/mL) and 
cycloheximide (1μg/mL). Apoptosis was assayed via immunofluorescence 
with an antibody directed towards active caspase 3. All error bars indicate 
standard error from four independent experiments. Asterisks denote a 
statistically significant difference from wild type capsid (p<0.05) as 
determined by Student's t-test. 
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(Law et al., 2001, Ilkow et al., 2011). I next investigated whether loss of 

phosphorylation influences the subcellular localization of capsid. The rationale 

for these experiments is that a change in localization could affect the pool of 

host proteins that a particular capsid mutant is exposed to, and may therefore 

shed light onto why some mutants are less protective against apoptosis. A549 

cells were transfected with the different capsid constructs and localization was 

determined using a monoclonal antibody to the N-terminus of capsid. ER and 

mitochondria were detected using an antibody to calnexin and Mitotracker, 

respectively. While a large pool of capsid has previously been shown to localize 

to the mitochondria in Vero cells (Beatch et al., 2000), it exhibits a much more 

diffuse localization in A549 cells with less apparent mitochondrial association 

(Figure 3.9). The phosphomutants S46A and S46D exhibited a similar distribution, 

suggesting that changes to phosphorylation alone do not dramatically affect 

localization. However, compared to wild type capsid, it did appear that a larger 

pool of the phosphomutants were associated with mitochondria. Moreover, the 

mitochondria-associated cohort had a more punctate appearance. Similar 

punctae were occasionally observed in cells expressing wild type capsid, but they 

were more common in the cells expressing S46A or S46D, particularly the 

former.  Notably, both the S46A and S46D mutants appeared to have reduced 

mitochondrial clustering, although this too was highly heterogeneous and was 

not quantified. 
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Figure 3.9 Subcellular localization of capsid mutants. A549 cells were 
transfected with indicated pCMV5-capsid construct or eGFP as a control. 
Two days after transfection, cells were treated with Mitotracker and 
processed for indirect immunofluorescence. ER was labeled with an anti-
body towards calnexin and capsid was labeled with a monoclonal mouse 
antibody. Scale bar represents a length of eight micrometers. 
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Loss of membrane association had a much more dramatic affect on capsid 

localization. All of the ΔSP capsid mutants localized to large cytoplasmic clusters 

and nuclei and/or nucleoli. The S46A/ΔSP was localized almost entirely to these 

regions, whereas a larger portion of ΔSP and S46D/ΔSP were detected in the 

cytoplasm. Notably, none of these constructs induced clustering of mitochondria 

as was seen in cells expressing wild type capsid. This suggests that membrane 

association of capsid is important for this process. Together, these data show 

that  membrane association of capsid and, to a lesser extent, its phosphorylation 

state are important for localization.  

 

3.2.9 Membrane association is important to prevent capsid from accumulating 

in RNA rich regions of the cell that have no obvious role in virus replication or 

assembly 

Given that some capsid mutants localize to RNA-rich regions of the nucleus 

(nucleoli), I next investigated whether these mutants also accumulate in RNA-

rich granules in the cytoplasm. The rationale for these experiments is as follows: 

First, capsid is highly positively charged and binds to RNA, a process that is 

negatively regulated by phosphorylation. As such, loss of phosphorylation may 

allow capsid to promiscuously localize to structures rich in cellular RNAs. Second, 

truncation mutants of capsid localized to subnuclear structures, likely nucleoli 

which are the primary sites of ribosome synthesis (see Pederson, 2011 for a 
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historical review). When not anchored to membranes, capsid may freely diffuse 

to these sites only to become sequestered through interaction with the high 

concentrations of ribosomal RNA. In the cytoplasm, processing bodies (P-bodies) 

are cytoplasmic granules that function in various aspects of RNA metabolism 

including mRNA repression and degradation (reviewed in Erickson et al., 2011). 

Because P-bodies are dense RNA-rich structures it is possible that they could 

sequester unanchored capsid proteins through RNA-protein interaction. To study 

this, immunofluorescence assays were used to examine the distributions of the 

capsid mutants relative to the P-body marker decapping protein 1 (DCP1) 

(Erickson et al., 2011).  

 

Very little if any of the membrane-anchored wild type and S46D capsid localized 

to DCP1-positive punctae (Figure 3.10), however some S46A overlapped with P-

bodies (Figure 3.10 arrowheads). In contrast, the capsid mutants lacking the 

membrane anchor domain (ΔSP, S46A-ΔSP and S46D-ΔSP) showed extensive 

localization to DCP1-positive structures in the cytoplasm (Figure 3.10 

arrowheads). As best illustrated in the S46A-ΔSP sample, these structures were 

often very large and misshapen, an atypical morphology for P-bodies. In some 

cells expressing S46A, S46AΔSP and S46DΔSP mutants, DCP1 staining was 

inexplicably dim or absent. Whether this was due to expression of these mutants 
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Figure 3.10 Capsid membrane truncation mutants localize to areas of high 
RNA content. A549 cells were transfected with indicated pCMV5-capsid 
construct or eGFP as a control. Two days after transfection, cells were 
processed for indirect immunofluorescence using a mouse monoclonal 
antibody to detect capsid and a rabbit antibody towards DCP1 to detect P-
bodies. Arrowheads indicate punctae positive for both capsid and DCP1. 
White rectangles represent area enlarged fivefold in inset. Scale bar 
represents a length of eight micrometers. 
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or simply due to heterogeneity of DCP1 structures in different cells is not known. 

Together, these data support the idea that phosphorylation and membrane 

association of capsid are important for reducing promiscuous and presumably 

non-productive interaction of RV capsid with RNA-rich structures in host cells. 

 

3.3 Summary 

Previous studies have shown that RV capsid inhibits apoptosis through its 

interaction with the pro-apoptotic protein Bax. While this interaction has been 

thoroughly characterized, the actual mechanism by which capsid blocks Bax-

mediated pore formation is still unknown. Unexpectedly, addition of 

recombinant capsid produced in bacteria to isolated mitochondria resulted in 

pro-apoptotic effects. Since this recombinant capsid lacked both membrane 

association and phosphorylation, I investigated the role of these two properties 

on capsid's anti-apoptotic ability. Alterations to the phosphorylated residue 

serine 46 caused a reduction in apoptotic protection from this protein. The lack 

of protection from apoptosis was even more apparent in the context of 

infection, as these capsid mutants showed no protection from the apoptotic 

stimulus poly(I:C) nor were recombinant viruses harboring these mutations 

resistant to apoptosis. The reduction in anti-apoptotic activity was unlikely to be 

due to loss of Bax binding, as both mutants co-precipitated with Bax to a similar 

or greater extent than wild type capsid. However, since immunoprecipitations 
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were performed using lysates from transfected cells (as opposed to transduced 

cells), I could not rule out the possibility that these mutants do not bind Bax 

when expressed at lower levels. Further investigation revealed that when 

expressed at very high levels, the mutant capsid proteins were able to protect 

cells from αFAS induced apoptosis. Membrane association was also important for 

anti-apoptotic activity, as deletion of the E2 signal peptide resulted in loss of 

anti-apoptotic activity, an effect that was even more pronounced when 

combined with lack of phosphorylation. Membrane association of capsid was 

found to be important for its subcellular localization, as the ΔSP mutants all 

localized to the nucleus/nucleolus and cytoplasmic granules, which further 

testing revealed to be P-bodies. For these reasons I propose that membrane 

association and phosphorylation prevent capsid from being sequestered to 

locations in the cell with high RNA content. This would ensure capsid is 

concentrated at other locations where it could fulfill non-structural and 

structural roles. 
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CHAPTER 4 
A PP1 binding motif in capsid is important for 

viral replication 
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4.1 Rationale and hypothesis 

Work in our lab and others identified several RV capsid interacting proteins. 

Although a handful have been explored in depth, most capsid:host protein 

interactions remain unstudied. I decided to focus on a novel capsid-binding 

protein identified in a large scale co-immunoprecipitation (Dr. Carolina Ilkow, 

unpublished): the alpha isoform of protein phosphatase I (PP1).   For several 

reasons, PP1 is of significant interest to justify further study. First, capsid 

contains a putative PP1-binding site in the R-region near the C-terminus (Figure 

4.1). A mutant (CR5A) containing several arginine to alanine mutations in this 

region has reduced anti-apoptotic activity and an RV strain with these mutations 

incorporated into the capsid gene has severe replication defects (Ilkow et al., 

2011). Two of these arginines are within the PP1 binding motif, and as such the 

CR5A mutant phenotype may be caused by disruption of capsid's interaction 

with PP1. Indeed, this mutant binds and activates Bax similar to wild type, 

suggesting a Bax-independent mechanism may be involved. Second, PP1 was 

previously shown to have pro-apoptotic activity (Danial et al., 2003), so the 

interaction between capsid and PP1 may play a role in capsid's anti-apoptotic 

function. As already discussed in section 1.2.3, a truncation mutant containing 

only the capsid C-terminus confers significant apoptotic protection, but does not 

bind Bax, suggesting a Bax independent capsid anti-apoptotic mechanism. Since 

the putative PP1 binding site is in capsid's C-terminus, interaction with PP1 may 
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Figure 4.1 Capsid mutants used in this chapter. The capsid RARA mutant 
contains two mutations in the RVXF motif located in the C-terminal R-region. 
Mutations at these positions within the RVXF are known to disrupt binding 
to PP1 when introduced in other PP1 interacting proteins. The CapNT 
construct encodes amino acids 1-152 of wild type capsid. The CapCT 
construct encodes amino acids 107-300. Adapted from Ilkow et al 2011. 
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be important for the Bax-independent anti-apoptotic activity of this viral protein. 

After confirming the interaction between capsid and PP1 using different assays, I 

investigated whether interaction between capsid and PP1 affected apoptosis 

and/or viral replication.  

   

4.2 Results 

4.2.1 Capsid binds to PP1 

To confirm the interaction between capsid and PP1, reciprocal pulldowns were 

conducted. First, capsid from transfected HEK293T lysates was 

immunoprecipitated with a rabbit polyclonal capsid antibody and immune 

complexes were subjected to SDS-PAGE and immunoblotting with a PP1α specific 

antibody. It was found that endogenous PP1 co-precipitated with capsid (Figure 

4.2 A). The reciprocal pulldown used microcystin-Sepharose (MC-Sepharose) to 

precipitate PP1. Microcystins are a group of cyanobacterial toxins that potently 

inhibit both PP1 and PP2A (Dawson et al., 1999). These cyclic heptapeptides bind 

very strongly to the catalytic center of PP1 (Goldberg et al., 1995), but do not 

disrupt RVXF motif-dependent interactions. Sepharose beads crosslinked to this 

toxin were provided by Dr. Charles Holmes (University of Alberta, Canada). 

Capsid transfected HEK293T lysates were incubated with MC-Sepharose and 

after washing proteins were eluted and analyzed by SDS-PAGE. Capsid co-

precipitated with PP1 (Figure 4.2 B), and when lysates were 



130 
 
 

 

Figure 4.2 Capsid binds to PP1α. (A) HEK293T cells were transfected with 
pCMV5 or pCMV5-capsid. Two days later, cells were lysed and 
immunoprecipitated (IP) with a rabbit antibody to capsid and  protein A 
Sepharose beads. Bound proteins were analyzed by SDS-PAGE and 
Immunoblotting (IB). (B) Transfected HEK293T cell lysates were incubated 
with MC-Sepharose beads or beads alone as a control. Where indicated, MC-
Sepharose beads were pre-incubated with purified PP1α. Bound proteins 
were analyzed by SDS-PAGE and immunoblotting. (C) Capsid synthesized in 
vitro was combined with MC-Sepharose beads pre-bound to PP1α or PP1γ. 
After overnight incubation beads were washed and proteins were eluted 
then subjected to SDS-PAGE and immunoblotting. 
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supplemented with exogenous PP1α (provided by Charles Holmes, University of 

Alberta, Canada) even more capsid was recovered. This suggested that capsid 

specifically interacts with PP1α. Binding was further confirmed using isolated PP1 

and capsid. Capsid was produced in vitro from the pcDNA3.1 Capsid myc/His 

plasmid using an in vitro transcription/translation system. After binding to PP1α 

or PP1γ, MC-Sepharose beads were incubated with capsid overnight, washed 

and proteins were eluted and analyzed by SDS-PAGE. Both PP1α and PP1γ co-

precipitated capsid indicating that capsid interaction was not specific to PP1α, 

which was the only isoform identified in the initial pulldown. 

 

4.2.2 Neither the N- nor C-terminus of capsid is sufficient for PP1 binding 

Since the putative PP1 binding region is in the C-terminus of capsid, I next 

assessed whether the C-terminus alone was sufficient to bind PP1.  I transfected 

HEK293T cells with pCMV5 capsid, pCMV5-capsid-CT, or pCMV5-capsid-NT and 

the lysates from these cells were subjected to an MC-Sepharose pulldown as 

described above. Neither the capsid C- nor the N-terminus alone was sufficient 

for PP1 pulldown, and only full-length capsid co-precipitated with PP1 (Figure 

4.3).  
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Figure 4.3 Neither the N- nor C-termini of capsid are sufficient for PP1 
binding. HEK293T cells were transfected with pCMV5-capsid (FL), pCMV5-
capsid-NT (NT), or pCMV5-capsid-CT (CT) and lysed two days later. Lysates 
were then incubated with MC-Sepharose beads (MC) or beads alone (Ctrl) as 
a control. After incubation, beads were washed and proteins were eluted by 
boiling in Protein sample buffer. Pulldowns (PD) and lysates (1.7% volume) 
were then subjected to SDS-PAGE and immunoblotting. 
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4.2.3 Capsid expression does not alter localization of PP1 

I next investigated whether capsid and PP1 localize to the same intracellular 

compartments in transfected cells. Although PP1 and capsid interact in pulldown 

assays, the relevance of this interaction is questionable if capsid cannot access 

PP1 in vivo. Capsid expression is known to alter the subcellular localization of 

several of its binding partners including PABP, Bax, and p32 (Beatch et al., 2005, 

Ilkow et al., 2008, Ilkow et al., 2011). Relocalization of PP1 in capsid expressing 

cells would not only provide additional evidence that these proteins interact, but 

may also shed light onto how capsid could affect the function of PP1. pCMV5-

capsid, pEYFP PP1α, or both plasmids together were transfected into A549 cells 

and two days later immunofluorescence was conducted using a mouse 

monoclonal antibody to capsid and EYFP fluorescence to visualize PP1. YFP-PP1 

was localized primarily to the nucleus in cells, although a small pool was present 

in the cytoplasm (Figure 4.4). When expressed at high concentrations, more YFP-

PP1 was detected in the cytoplasm as large punctae or membranous structures. 

Capsid exhibited a diffuse distribution in the cytoplasm with occasional 

perinuclear punctae. When expressed together, both proteins exhibited similar 

distribution but, unlike other capsid-binding partners, capsid expression did not 

dramatically alter the localization PP1. Overlap between capsid and PP1 was 

modest (Pearson's coefficient r=0.456), and increased when PP1 was expressed 
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Figure 4.4 Capsid expression does not significantly alter the localization of 
PP1α. A549 cells were transfected with pCMV5-capsid, pEYFP-PP1, or co-
transfected with both plasmids. Two days after transfection, cells were 
processed for indirect immunofluorescence. A mouse monoclonal antibody 
was used to visualize capsid and YFP fluorescence was used to visualize PP1. 
Pearson's coefficients for YFP and capsid are indicated in lower right hand 
corner of composite images. 
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at higher levels (Pearson's coefficient r=0.616).  

 

4.2.4 The capsid RARA mutant is deficient in anti-apoptotic activity 

In order to understand the significance of the capsid:PP1 interaction, I next 

sought to disrupt complex formation between these two proteins. To do this, I 

constructed a capsid mutant where two residues in the putative PP1 binding site  

were changed to alanines (Figure 4.1). The Valine/Isoleucine and 

Phenylalanine/Tryptophan residues in the RVXF motif are critical for PP1 binding, 

and mutation of these residues to alanines has been used before to disrupt PP1 

binding to other interactors (Trinkle-Mulcahy et al., 1999, Llorian et al., 2004). 

These mutations were incorporated into a synthetic DNA construct which was 

then used to make three the expression plasmids pCMV5-capsid-RARA, pCMV5-

24S-RARA and pBRM33-RARA.  

 

Since PP1 plays a role in apoptosis by dephosphorylating the pro-apoptotic BH3-

only protein Bad, I first investigated the effect of the RARA mutation on capsid's 

anti-apoptotic activity. To do this, A549 cells were transfected with pCMV5-

capsid wild type, pCMV5-capsid RARA, pCMV5-CR5A or pEGFP as a control. After 

two days, cells were treated with anti-FAS and cycloheximide and apoptosis was 

measured via indirect immunofluorescence with an antibody against active 

caspase 3. While expression of wild type capsid reduced apoptosis by nearly 
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50%, RARA mutant expression did not provide any protection from anti-FAS 

(Figure 4.5). This result matches the previously characterized capsid R-region 

mutant CR5A, which also had no measurable anti-apoptotic activity. In fact, 

expression of RARA or CR5A mutants induced significant apoptosis in cells that 

were not treated with anti-FAS (Fig. 4.5). 

 

4.2.5 The capsid RARA mutant exhibits an unusual subcellular localization 

During previous experiments, I noticed that the RARA mutant had a different 

localization than wild type capsid. Since capsid's localization is important for its 

structural and non-structural functions, I next determined the subcellular 

distribution of the RARA mutant. After transfecting A549 cells, capsid was 

visualized with a rabbit polyclonal antibody and mitochondria were visualized 

with an antibody specific for heat shock protein 60 (HSP60), a mitochondrial 

matrix protein. Mitochondria were chosen as a marker for subcellular 

distribution because many of capsid's binding partners localize to this organelle. 

RARA localization was dramatically different from wild type capsid, which 

showed a diffuse distribution with a small pool near the mitochondria (Figure 

4.6). In cells expressing the RARA mutant, the majority of capsid was present 

near the mitochondria, although a diffuse cytoplasmic/ER localization was often 

seen. At low expression levels, the RARA mutant localized primarily to small 

punctae on mitochondria. At higher expression levels, it instead formed a 
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Figure 4.5 Capsid RARA mutant does not protect from apoptosis. A549 cells 
were transfected with indicated pCMV5-capsid constructs or pEGFP. Two 
days later, apoptosis was induced with αFAS (0.25μg/mL) and cycloheximide 
(1μg/mL) for six hours. Apoptosis was assayed via immunofluorescence with 
an antibody directed towards active caspase 3. All error bars indicate 
standard error from three independent experiments. Asterisk indicates a 
statistically significant difference from αFAS treated, EGFP transfected cells 
as determined by Tukey's HSD test. 
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Figure 4.6 Capsid RARA exhibits altered localization compared to wild type. 
A549 cells were transfected with pCMV5-capsid or pCMV5-capsid-RARA. 
Two days later, an indirect immunofluorescence was conducted with a 
rabbit polyclonal antibody to capsid and a mouse antibody to HSP60 to 
visualize the mitochondrial matrix. 
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continuous cluster both at and between mitochondria and at very high levels, 

these clusters were dense and   compacted near the nucleus. Mitochondria were 

also highly clustered under these conditions, showing that the RARA mutant 

exhibits exaggerated mitochondrial clustering compared to wild type capsid.  

 

The nature of the RARA capsid:mitochondria clusters in transfected cells was not 

clear, as they were not sufficiently resolved by confocal microscopy. Therefore, I 

elected to use structured illumination microscopy (SIM) (Coltharp et al., 2012) to 

examine these structures at higher resolution. SIM uses interference produced 

from overlaying known illumination patterns over fluorescent samples to 

produce images with up to twice the resolution of conventional microscopes in 

all dimensions, which corresponds to an eightfold improvement in volume 

resolution.  SIM images were produced from A549 cells transfected with pCMV5-

capsid and pCMV5-capsid-RARA. Wild type capsid had a diffuse localization 

throughout the cell (Figure 4.7 A). It appeared as many small punctae and was 

most concentrated in the perinuclear region between apposing mitochondria 

(Figure 4.7 C). In contrast, the RARA mutant was largely concentrated in reticular 

structures around the nucleus (Figure 4.7 B & D). Small, spherical mitochondria 

were found both interlaced in these structures and free in the cytoplasm. 

Although the RARA mutant localized to, or at least contacts, the OMM, it was 

also present in places where mitochondria are absent. This implies that the RARA 
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Figure 4.7 Superresolution microscopy with the capsid RARA mutant.  A549 
cells were transfected with pCMV5-capsid (A and C) or pCMV5-capsid-RARA 
(B or C) and processed for indirect immunofluorescence two days later. A 
rabbit polyclonal antibody was used to visualize capsid (green) and a mouse 
antibody to HSP60 to visualize the mitochondrial matrix (red). Images are 
presented either as a single slice (A and B) or a 3D reconstruction (C and D). 
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mutant is not simply targeted to the OMM but instead may be associated with 

other membranes that become closely apposed to mitochondria in capsid RARA 

expressing cells.  

 

4.2.6 The RV RARA mutant has severe replication defects 

Disrupting capsid's anti-apoptotic activity is known to affect viral replication 

(Ilkow et al., 2011), so I next investigated replication of a RV strain with the RARA 

mutation incorporated into the capsid gene. Vero cells transfected with 

infectious RNA were incubated one, two or three days before media were 

collected and cells were lysed. Media were used to perform plaque and specific 

infectivity assays. At every time point, the specific activity of infectious RNA from 

wild type RV exceeded that of the RARA mutant strain by 1000 to 10 000 fold 

(Figure 4.8 A). Under most conditions, only a few plaques were evident in the 

lowest dilution (-1) of media from RARA infected cells. Similarly, viral protein 

production was drastically reduced in RARA mutant transfected cells (Figure 4.8 

B). At two and three days post-transfection, p150 levels in cells transfected with 

the RARA mutant RNA were much lower than in wild type RV RNA transfected 

cells. Capsid was not detected at any time point in the RARA mutant transfected 

cells, despite its antigenicity and stability being similar to wild type (data not 

shown). It is unlikely that these differences were caused by variation in 

transfection efficiencies or viral replicase activity, as genomic RNA levels in wild 
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Figure 4.8 The RARA mutant virus exhibits severe replication defects. Vero 
cells were transfected with infectious RNA transcribed from pBRM33 or 
pBRM33-RARA. At indicated times after transfection, cells were lysed or 
media was collected. Viral titers were determined by plaque assay (A) and 
viral protein levels were measured by SDS-PAGE and immunoblotting (B). 
RNA was also extracted in cells transfected as in (A) & (B). (C) After 
extraction, RNA was reverse transcribed and relative genomic RNA levels 
were determined by qPCR. All error bars denote standard error from three 
independent experiments. Asterisks indicate a statistically significant 
difference (p<0.05) from wild type transfected cells at the same time point 
as determined by Student's t-test 
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type and RARA transfected cells were nearly identical at 24 hours post-

transfection (Figure 4.8 C). However, at later time points, levels of wild type 

genomic RNA were much higher than RARA genomic RNA presumably due to 

more efficient replication. Together, these experiments show that the PP1-

binding motif in the capsid protein is important for replication or another critical 

aspect of the virus life cycle. 

 

 4.2.7 The RARA mutation negatively affects virion formation/release 

Given that the capsid RARA mutant does not inhibit apoptosis, I next explored 

the possibility that virus replication is impeded by the inability of this mutant to 

protect from virus-induced apoptosis in infected cells. After transfection with 

infectious RNA, Vero cells were incubated for two days and caspase 3 activation 

rates were assayed by indirect immunofluorescence. Compared to wild type 

virus, there were more apoptotic cells in the population transfected with the 

RARA mutant (Figure 4.9 A), however this was less than 5%. As such, it seems 

unlikely that increased apoptosis accounts for the severe reduction in replication 

of RARA mutant genomic RNA.  

 

For several reasons, I next investigated whether the RARA mutation affected 

virion formation. First, mutations in capsid can affect its structural role, which 

could explain the decrease in viral titers. Second, the RARA mutation has a 
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Figure 4.9 The effects of the RARA mutation on viral replication is due to 
defective virion formation. (A) Vero cells were transfected with infectious 
RNA transcribed in vitro from indicated pBRM33 plasmid. Xenopus 
elongation factor 1α RNA transcribed from the pTRI Xef plasmid was used as 
a control (Ctrl). Two days later, apoptosis was assayed via 
immunofluorescence with an antibody directed towards active caspase 3. All 
error bars indicate standard error from three independent experiments. 
Asterisk denotes a statistically significant difference (p<0.05) from control 
RNA transfected (Ctrl) as determined by Tukey's HSD test. (B) Vero cells 
were transfected with given pCMV5-24S construct or vector alone (V) and 
incubated two days. Media was then collected and virions were precipitated 
via ultracentrifugation. Levels of RV antigens from virions and cell lysates 
were determined by SDS-PAGE and immunoblotting. 
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severe effect on capsid localization, which may prevent capsid from 

accumulating at the Golgi where virion assembly takes place. Finally, capsid is a 

substrate for PP1 in vitro (Law et al., 2003) and is dephosphorylated before being 

incorporated into virions (Law et al., 2006). The RARA mutation may therefore 

affect dephosphorylation of capsid, which in turn may impair its ability to form 

virions. A surrogate assay for RV virion formation is based on the observation 

that the structural proteins are able to form VLPs in the absence of viral RNA 

(Hobman et al., 1994, Qiu et al., 1994). I utilized the pCMV5-24S-RARA plasmid 

to assay for defects in virion formation. Vero cells were transfected with pCMV5-

24S, pCMV5-24S-RARA, pCMV5-24S-PVWP or pCMV5 alone and incubated for 

two days before media were collected and lysates were made. After preclearing, 

virions were pelleted by subjecting media to ultracentrifugation. VLP-containing 

pellets were resuspended in Protein sample buffer and analyzed by SDS-PAGE 

and immunoblotting. The pCMV5-24S-PVWP plasmid, which encodes a capsid 

unable to form virions due to point mutations in capsid-capsid contact regions 

(Mangala Prasad et al., 2013), was used as a negative control for virion 

formation. While pCMV5-24S wild type, RARA, and PVWP constructs expressed 

comparable amounts of all structural proteins, only wild type was able to form 

VLPs (Figure 4.9 B). This suggests that the RARA mutation disrupts capsid's 

structural role in addition to its anti-apoptotic activity. 
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4.2.8 Wild type capsid, but not the RARA mutant, prevents activation of 

interferon-stimulated response element (ISRE) 

Since apoptosis is only one of many processes PP1 is involved in, I next explored 

the possibility that capsid could affect other functions of PP1. One function of 

particular relevance to RV replication is activation of the RIG-I like receptors. 

After detection of viral RNA, these receptors must be dephosphorylated by PP1 

in order for downstream signaling to occur (Wies et al., 2013). If capsid inhibits 

or sequesters PP1 it may prevent dephosphorylation and inhibit the host innate 

immune response. A549 cells were transfected with pCMV5, pCMV5-capsid or 

pCMV5-capsid-RARA and two Luciferase reporter vectors: PGL3-ISRE-Luc and 

pRLTK. PGL3-ISRE-Luc expresses Photinus pyralis (firefly) Luciferase under the 

control of the ISRE: a short sequence located upstream of several ISGs that 

allows upregulation in response to interferon α/β (Cohen et al., 1988, Levy et al., 

1988, Porter et al., 1988, Rutherford et al., 1988). pRLTK expresses Renilla 

reniformis luciferase from a constitutive promoter and acts as a control for 

transfection and basal expression. The day after transfection, ISRE was induced 

by transfecting cells with poly(I:C) or control DNA (pCMV5) and incubating for 

18hrs. The activity of firefly luciferase was then measured, normalized to Renilla 

luciferase activity and the fold induction relative to non-induced, vector-

transfected control was determined. Co-transfection of reporter plasmids with 

wild type capsid reduced induction of the ISRE by 50% (Figure 4.10 A). In 



149 
 
 

 

Figure 4.10 Capsid expression inhibits activation of the ISRE by poly(I:C) 
and interferon-α. A549 cells were co-transfected with indicated pCMV5-
capsid construct or pCMV5 alone (V), PGL3-ISRE-Luc, and pRLTK. The next 
day, cells were either transfected with poly(I:C)/pCMV5 (2.5μg/mL) (A) or 
exposed to interferon-α (10U/mL) (B) and lysed after 18 hours. Luciferase 
activity was measured, normalized to pRLTK expression, and expressed as a 
fold increase compared to uninduced, vector transfected samples. Error bars 
denote standard error from three independent experiments. Asterisks 
indicate a statistically significant difference (p<0.05) from induced, vector 
transfected (V) as determined by Tukey's HSD test. 
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contrast, expression of the capsid RARA mutant increased ISRE induction slightly 

compared to vector expressing cells. 

 

To identify what part of the interferon induction pathway capsid inhibits, the 

ability of capsid to protect from interferon-α induction of the ISRE was also 

assayed. Capsid inhibition of PP1 was not expected to affect this process, as PP1 

acts on the RIG-I like receptors, which operate upstream of interferon. ISRE 

induction was measured using the same assay mentioned above, except instead 

of poly(I:C) transfection, interferon-α was added directly to media. Surprisingly, 

wild type capsid protected from interferon-α, reducing activation of the ISRE by 

almost 50% (Figure 4.10 B). Again, the capsid RARA mutant showed no 

protection and instead showed a nearly 50% increase in ISRE induction in 

response to interferon-α. Together, these data indicate that wild type capsid, but 

not the RARA mutant reduce activation from the innate immune response. 

Furthermore, inhibition occurs downstream of interferon rather than at 

activation of RIG-I like receptors.  

 

4.3 Summary 

While several interactions between RV capsid and host proteins have already 

been characterized, many intriguing capsid-host protein complexes have not 

been thoroughly characterized, including the capsid-PP1 interaction.  After 



151 
 
 

confirming binding between capsid and PP1, it was determined that both the N- 

and C-termini of capsid were necessary for stable interaction with PP1. A mutant 

version of capsid (RARA), in which the C-terminal PP1 binding site was disrupted, 

was constructed and although, due to technical difficulties (reduced extraction 

by non-ionic detergent and increased background during pull-downs), I was 

unable to determine whether this mutant was deficient in binding PP1, it was 

found to have profound effects on capsid's function. First, the RARA mutation 

eliminated the ability of capsid to protect from αFAS-induced apoptosis. Second, 

this mutation significantly affected localization, of capsid. Third, incorporation of 

the RARA mutation into a RV infectious clone resulted in severely reduced  

replication, likely by affecting the ability of capsid to support formation and/or 

release of nascent virions. Finally, whereas wild type capsid was found to block 

ISRE induction by poly(I:C) and interferon-α, the RARA mutant was unable to do 

so. For these reasons I propose that the PP1 binding site in capsid and, by 

extension, its interaction with this phosphatase is important for its localization 

and functions, both structural and non-structural. 
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CHAPTER 5 
Discussion 
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5.1 Overview 

 Until relatively recently, viral capsid proteins were largely considered to have 

only structural roles in virion formation, egress and entry. However, it is now 

clear that these proteins are often multifunctional and are required for “non-

structural” roles that are unrelated to virus assembly or entry. For the RV capsid 

protein, several non-structural roles have already been described, including 

modulation of viral genome replication (Chen et al., 2004b), inhibition of 

translation (Ilkow et al., 2008), interfering with mitochondrial import (Ilkow et 

al., 2010a), and blocking apoptosis (Ilkow et al., 2011). Given that apoptosis is a 

primary means by which multicellular organisms clear themselves of viral 

pathogens, it is not surprising that many viruses encode anti-apoptotic proteins. 

For RV, inhibition of apoptosis induced by the innate and adaptive immune 

responses is particularly important, because it has a long eclipse period and 

replicates slowly. As such, the virus must expand the window of time for viral 

replication as long as possible. While it has already been shown that RV capsid 

interferes with programmed cell death by binding the pro-apoptotic Bcl-2 family 

protein Bax, the underlying mechanism is still unclear. Moreover, evidence 

suggests that capsid can also block apoptosis through a Bax-independent 

pathway. In order to gain a more complete understanding of the mechanisms by 

which capsid inhibits apoptosis, I pursued two different avenues of investigation. 

First, I examined how phosphorylation and membrane association affect the 
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ability of capsid to modulate apoptosis. Then, I investigated the role of the host 

cell-encoded capsid binding protein PP1 in blocking cell death pathways.  

5.1.1 Capsid phosphorylation and membrane association are important for its 

anti-apoptotic activity.  

With few exceptions, the phosphorylation states of viral proteins are controlled 

by host kinases and phosphatases. One example is the vesicular stomatitis virus 

(VSV) phosphoprotein (P), an important component of the viral replicase. By 

modulating the phosphorylation state of the P protein, the virus is able to control 

the switch from transcription to replication. Phosphorylation of the P protein in 

the N-terminal region by casein kinase II promotes transcription of the viral 

genome (Barik et al., 1992a, Gupta et al., 1995). Conversely, phosphorylation in 

the C-terminal region by the VSV L protein is required for viral genome 

replication (Chattopadhyay et al., 1987, Barik et al., 1992b, Pattnaik et al., 1997, 

Hwang et al., 1999). The PB1-F2 protein of influenza A virus, an accessory protein 

that induces apoptosis through activation of the mPTP, is another example of a 

viral phospho-protein (Zamarin et al., 2005). Phosphorylation of PB1-F2 by 

protein kinase C is necessary for its pro-apoptotic activity, and mutations that 

prevent phosphorylation of this protein significantly reduce apoptosis in infected 

cells (Mitzner et al., 2009).  
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As with RV, many virus capsid proteins are phosphorylated, including HIV-1 

(Cartier et al., 1997), hepatitis B virus (HBV) (Deroubaix et al., 2015), HCV (Lu et 

al., 2002), and severe respiratory syndrome coronavirus (SARS-CoV) (Surjit et al., 

2005). Phosphorylation of these proteins is important for function, and can 

affect uncoating and genome release (Misumi et al., 2010), oligomerization 

(Mondal et al., 2015), trafficking (Lu et al., 2002, Kock et al., 2003, Surjit et al., 

2005) chaperone activity (Chu et al., 2014), and RNA binding (Chen et al., 2005, 

Cheong et al., 2011). 

 

Phosphorylation of RV capsid is known to affect its function in virus assembly; 

specifically, phosphorylation of serine and threonine residues in the RNA binding 

region reduces its affinity for genomic RNA (Law et al., 2003). In this thesis 

research, I have shown that phosphorylation is also important for the anti-

apoptotic activity of capsid.  Surprisingly, mutation of serine 46 to an aspartate, 

which is expected to mimic the negative charge on a phosphoserine, decreased 

capsid's anti-apoptotic ability as much as a mutation to a non-phosphorylatable 

amino acid (alanine). While having aspartate at position 46 was sufficient to 

recruit the host kinase machinery to phosphorylate other amino acid residues in 

capsid, we cannot rule out the possibility that interactions with other cellular 

proteins are affected; particularly those required to block apoptosis. Indeed, 

there are cases where changing phosphoresidues to alanine or aspartate does 
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not fully mimic the unphosphorylated or phosphorylated states, respectively. For 

example, oligomerization of the influenza virus nucleocapsid in vitro fails to 

occur when either of the two phosphoserine residues are mutated to alanine or 

aspartate (Mondal et al., 2015). Similarly, changes in phosphorylation of the 

Duck HBV capsid significantly affect the structure of nucleocapsids.  When serine 

245 in the capsid protein, which is normally phosphorylated, is changed to 

alanine or aspartate, resulting nucleocapsids can no longer protect viral nucleic 

acid from nucleases (Kock et al., 2003). Finally, phosphorylation of multiple 

residues in the N-terminus prevent the RV capsid from binding genomic RNA; 

however when three of these residues are mutated to aspartate or alanine, the 

mutant capsids resemble non-phosphorylated capsid in that they bind RNA with 

high affinity (Law et al., 2006).  

 

Notably, whereas expression of capsid mutants S46A and S46D exhibited a 

modest level of protection from αFAS in transduced cells, they showed no 

protection from poly(I:C) or apoptosis induced by virus replication. Poly(I:C), 

which is thought to mimic dsRNA produced during virus replication, stimulates 

apoptosis via different upstream pathways than FAS activation and is a more 

physiologically relevant apoptotic stimulus than αFAS, at least early in infection. 

Unlike in lentivirus-transduced cells, infection with S46A or S46D RV strains did 

not protect cells from apoptosis induced by αFAS. Viral dsRNA produced during 
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replication likely triggers apoptotic pathways, which would further sensitize cells 

to other apoptotic stimuli such as αFAS. Because the S46A and S46D mutants 

cannot protect cells when apoptosis is induced by the innate immune response 

(dsRNA detection), they are in turn more sensitive to αFAS in infected cells than 

transduced cells, which do not endure the added apoptotic stress induced by 

dsRNA production. 

 

Truncation of the membrane anchoring SP domain of capsid also impaired its 

anti-apoptotic activity and, when combined with loss of phosphorylation (i.e. 

S46A/ΔSP mutant), the lowest level of anti-apoptotic activity among capsid 

constructs was observed. This does not appear to be the result of a simple 

additive effect of these mutations, because a combination of SP truncation with 

the S46D mutation, which reduces the anti-apoptotic activity of capsid to a 

similar extent as S46A, protected as well as ΔSP. Instead, the low level of anti-

apoptotic activity associated with S46A/ΔSP compared to ΔSP may be due to 

lower levels of free capsid in the cytoplasm in the former (see section 5.1.1.2). 

Although it was previously reported that deletion of the SP domain only caused a 

mild-reduction in apoptotic protection from αFAS (Ilkow et al., 2011), those 

assays utilized transfection instead of transduction. Since transfection results in 

higher protein expression levels per cell, the ΔSP mutant may, similar to S46A 
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and S46D capsid, retain some anti-apoptotic activity that becomes evident at 

higher expression levels. 

 

5.1.1.1 Effect of capsid phosphorylation on Bax binding 

Phosphorylation has been shown to modulate the activities of several Bax 

binding proteins. For example, phosphorylation of the BH3-only protein Puma, 

which binds to and activates Bax, reduces its pro-apoptotic activity by decreasing 

its stability (Fricker et al., 2010). Another Bax activating BH3-only protein, Bim, is 

also phosphorylated (Lei et al., 2003, Putcha et al., 2003). Phosphorylation of 

Bim prevents its sequestration by dynein and myosin V motor complexes, 

allowing it to target and activate Bax. Phosphorylation of the retinoblastoma 

protein (Rb) has also been reported to affect its interaction with Bax (Antonucci 

et al., 2014). Dephosphorylation of Rb at residues 807/811 prevents stable 

interaction with Bax, resulting in increased apoptosis. 

 

Unlike the proteins described above, loss of phosphorylation does not reduce 

binding of capsid to Bax. In fact, the S46A mutant co-immunoprecipitated with 

Bax at higher levels than wild type capsid, while the S46D mutant behaved 

similarly to wild type capsid. This observation rules out the simplest explanation 

for how capsid could inhibit Bax: that capsid binding to Bax occludes an 

intra/intermolecular interaction necessary for pore formation. Although capsid 
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S46A and S46D both bind Bax, the phosphoserine at residue 46 of wild type 

capsid may be positioned in a specific configuration in capsid:Bax oligomers that 

cannot be mimicked by an alanine or aspartate residue. There are at least three 

possibilities to account for how a phospho-serine at position 46 is required for 

blocking apoptosis: i) It blocks inter/intramolecular interactions at a site 

removed from the primary capsid:Bax binding surface; ii) It is positioned so as to 

induce a conformation in Bax or capsid that prevents pore formation; or iii) It is 

positioned so as to block the pore formed by oligomerized Bax. Ultimately, 

determining the crystal structure of the capsid:Bax oligomer would allow  us to 

distinguish between these possibilities, although the third scenario could be 

tested using an in vitro assay where the ability of Bax to release a fluorescent dye 

from liposomes is measured (Antonsson et al., 1997). If wild type capsid, but not 

S46A or S46D, prevents Bax-mediated dye release from liposomes, it would 

indicate that the phosphomutants are unable to block the Bax pore.  

 

It is also possible that the lower anti-apoptotic activities of the capsid 

phosphomutants are unrelated to Bax inhibition. As previously mentioned, some 

capsid mutants that don't bind Bax are still able to protect from apoptosis (Ilkow 

et al., 2011). Therefore, phosphorylation at serine 46 may instead affect a Bax-

independent anti-apoptotic activity of capsid. This could be tested by 
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determining whether S46A or S46D can protect cells from apoptosis induced by 

Bax over-expression. 

 

5.1.1.2 Importance of membrane association and phosphorylation on 

localization of capsid 

The most likely reason for the reduced anti-apoptotic activity of the SP 

truncation mutants is that their localizations are different from wild type capsid 

(Figure 5.1). When not anchored to membranes, capsid localizes to structures 

with high RNA content: P-bodies and nuclei/nucleoli. Because capsid is an RNA 

binding protein, loss of the membrane anchor may allow non-productive 

sequestration of this viral protein at these locations by binding to host RNA. Even 

though phosphorylated capsid does not bind RNA strongly in vitro (Law et al., 

2003), it may retain a low level RNA binding activity that is sufficient to affect its 

localization in vivo. I hypothesize that when sequestered in RNA granules or the 

nucleus/nucleoi, the Capsid-ΔSP mutant is unable to access host factors 

necessary for the anti-apoptotic function of capsid. Two observations suggest 

that phosphorylation may also affect capsid's localization: the cytoplasmic pool 

of hypophosphorylated, soluble capsid mutant (S46A/ΔSP) is smaller than other 

truncation mutants and the membrane-associated S46A mutant showed limited 

overlap with P-bodies that was not observed in cells expressing wild type. 
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Figure 5.1 Model for how membrane association and phosphorylation 
affect the anti-apoptotic activity of capsid. Schematics of wild type capsid 
(Top) and hypo-phosphorylated capsid without the signal peptide (SP) 
(bottom) are shown. The SP and phosphorylation together prevent capsid 
from localizing to areas of the cell rich in RNA (curly red lines). The S46A/ΔSP 
mutant, which is both soluble and hypophosphorylated, localizes to P-bodies 
and the nucleus/nucleolus, preventing it from accessing factors necessary to 
inhibit apoptosis. 
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Membrane association is one feature that differentiates RV capsid from 

alphavirus capsids. Although most alphavirus capsids are soluble, the majority of 

these proteins are diffusely localized throughout the cytoplasm, although, in 

some cases, they have been reported to associate with cytoplasmic granules and 

the nucleus/nucleolus. One example is the Sindbis virus capsid, which associates 

with large cytoplasmic granules that contain Ras-GAP SH3 domain binding 

protein (G3BP), a stress granule marker (Zheng et al., 2013). Localization of 

alphavirus capsids  to the nuclei and nucleoli is an active process mediated by 

nuclear import sequences  (Favre et al., 1994, Atasheva et al., 2010, Thomas et 

al., 2013). Because it does not contain a known nuclear localization signal and is 

small enough to pass through nuclear pores, it is likely that anchorless RV capsid 

enters the nucleus by passive diffusion. RV and alphavirus capsids show little 

sequence similarity and it is possible that the latter evolved alternative 

mechanisms to limit sequestration of the capsid to RNA-rich regions of the cell. 

 

The effect of phosphorylation on capsid localization is not unique to RV as 

trafficking of several other viral capsids between the nucleus and cytoplasm is 

reportedly controlled by phosphorylation. For example, phosphorylation of WNV 

capsid and influenza A virus nucleoprotein both affect nuclear/cytoplasmic 

shuttling by modulating binding to importin-α, a protein involved in nuclear 
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import (Bhuvanakantham et al., 2010, Zheng et al., 2015). Another example, the 

SARS-CoV nucleocapsid protein, is exported from the nucleus and retained in the 

cytoplasm by phosphorylation dependent binding to 14-3-3 proteins (Surjit et al., 

2005). Like RV, VSV utilizes phosphorylation to prevent interactions between 

capsid proteins and host RNAs (Chen et al., 2013). Phosphorylation of the VSV 

phosphoprotein is necessary to prevent the nucleocapsid from binding host 

RNAs and forming nucleocapsid-like structures in the cytoplasm that interrupt 

this protein's mediation of viral genome transcription and replication.  

 

5.1.2 Capsid interacts with the host protein PP1 

Using reciprocal co-purification assays, I confirmed the interaction between 

capsid and PP1, first discovered in a large-scale pulldown experiment (Dr. 

Carolina Ilkow, unpublished data). A canonical PP1-binding site was identified in 

the C-terminus of capsid, however this region of capsid is not sufficient for 

binding to PP1. This situation is not unique as several other proteins that interact 

with PP1 employ two or more motifs to stably bind this phosphatase (Hurley et 

al., 2007, Carmody et al., 2008). Although capsid does not contain any other 

canonical PP1-binding motifs, new motifs that mediate interaction with PP1 are 

still being discovered and therefore it is possible that capsid contains an as yet 

unidentified PP1-binding motif in its N-terminus.  Many PP1 interacting proteins 

contain large disordered regions that only adopt a stable conformation after 
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binding to PP1 (Bollen et al., 2010, Choy et al., 2012). These disordered regions 

allow large interaction surfaces to form between the protein and its binding 

partner, and their flexibility facilitates interaction with many different target 

proteins. As with other capsid proteins with highly basic N-termini (Rossmann et 

al., 1989), the N-terminus of RV capsid is predicted to be highly disordered 

(Beatch et al., 2005, IUPred unstructured protein prediction algorithm 

(http://iupred.enzim.hu/)). As such, it is possible that the capsid N-terminus 

binds to PP1 in a similar manner to other disordered regions that mediate 

interaction with this phosphatase. 

 

The interaction between PP1 and capsid may not be stable, as only a small 

portion of capsid or PP1 co-purify in pulldown experiments. Furthermore, over-

expression of YFP-PP1 or capsid does not noticeably affect the other's 

intracellular localization. However, given the large pool of PP1 inhibitors and 

targeting proteins within a cell, it is not necessarily surprising that only a small 

pool of PP1 is available to interact with capsid. Another potential explanation is 

that capsid's interaction with PP1 is transient and that only a small proportion of 

the total capsid pool interacts with PP1 at any one time.  
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A number of other viral proteins have been shown to interact with PP1 in a 

functional manner. Measles virus utilizes at least two different mechanisms to 

inhibit PP1 activity in order to dampen activation of the RIG-I like receptors. Early 

in infection, virions interact with the C-type lectin receptor DC-SIGN on dendritic 

cells. This activates a signaling cascade that leads to the incorporation of the PP1 

inhibitor, I-1, into the PP1 holoenzyme complex, which normally 

dephosphorylates RIG-I like receptors (Mesman et al., 2014). Binding of I-1 to the 

PP1 complex blocks dephosphorylation of these receptors, thereby preventing 

activation of the host innate immune system in response to detected viral RNA. 

The activation of DC-SIGN is only transient, though, and the measles virus V 

protein later inhibits activation of RIG-I like receptors (Davis et al., 2014). V 

protein binds to PP1α and PP1γ through an RVXF motif, preventing their 

interaction with and dephosphorylation of RIG-I and MDA5. Other viral proteins 

bind PP1 to prevent eIF2α-mediated host translational shutdown in response to 

infection, including human papilloma virus type E6 oncoprotein (Kazemi et al., 

2004), herpes simplex virus ICP34.5 (Zhang et al., 2008, Li et al., 2011), 

pseudorabies virus IE180 (Van Opdenbosch et al., 2012), and transmissible 

gastroenteritis virus gene 7 (Cruz et al., 2011). Most of these viral proteins bind 

to PP1 holoenzyme complexes and target them to eIF2α, reversing the 

phosphorylation of this host protein thereby relieving translational inhibition. 

The HIV-1 Tat protein also binds to PP1 and targets it to the nucleus where it is 
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required for transcription of HIV-1 genes (Ammosova et al., 2003). Tat is thought 

to activate transcription by using PP1 to alter phosphorylation of the RNA 

polymerase II C-terminal domain (CTD) directly or through dephosphorylation of 

the CTD kinase cyclin-dependent kinase-9 (Washington et al., 2002, Ammosova 

et al., 2005, Ammosova et al., 2011). The interaction between the HBV protein X 

regulatory protein and PP1 is necessary to induce viral DNA transcription but not 

host gene transcription (Cougot et al., 2012). By binding and inhibiting PP1, HBV 

protein X regulatory protein preserves phosphorylation of the transcription 

factor cyclic adenosine monophosphate response element-binding protein, 

thereby maintaining its interaction with co-activators and promoting 

transcription.  

 

5.1.2.1 The RVXF motif in capsid is important for localization. 

To understand the role of the PP1:capsid interaction in RV replication, I 

constructed a mutant (RARA) in which the PP1 binding site in the C-terminus was 

disrupted. Although I was not able to determine whether this mutation actually 

disrupted PP1 binding, I found it did have several effects on capsid, the most 

striking of which was a dramatic change in localization. Unlike wild type capsid, 

which localizes primarily to the ER and, to a lesser extent, the mitochondria, the 

RARA mutant localized almost exclusively to and around mitochondria. 

Moreover, the mitochondria in RARA expressing cells were highly clustered and 
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fragmented, not unlike mitochondria in cells over-expressing components of the 

fission/fusion machinery (Santel et al., 2001, Stojanovski et al., 2004) or 

mitophagy pathway (Vives-Bauza et al., 2010). The effect of the RARA mutation 

on capsid's localization may also underlie its inability to block apoptosis and anti-

viral signaling through a loss of interaction with host factors involved in these 

processes (discussed in more detail in sections 5.1.2.2 and 5.1.2.3). While it is 

known that viral glycoproteins E2 and E1 are required for transport of the capsid 

to the Golgi (Hobman et al., 1990, Baron et al., 1992), little else is known about 

how capsid traffics between the ER and other subcellular membranes. 

Accordingly, the mechanism by which the PP1-binding motif (RVXF) affects 

capsid localization is not clear. Similar to RV capsid, a number of eukaryotic 

proteins, known as tail-anchored (TA) proteins, contain a single pass, C-terminal 

transmembrane domain (Borgese et al., 2003). Several TA proteins target to the 

mitochondria using a short transmembrane domain flanked on both ends by 

positively charged amino acids as a signal sequence (Nguyen et al., 1993, 

Isenmann et al., 1998, Kuroda et al., 1998, Nemoto et al., 1999). Since it too is 

flanked by positively charged amino acids, capsid's SP may act as the signal that 

targets it to the outer mitochondrial membrane, and mutations in the R-region 

may therefore affect the localization of capsid by disrupting this signal. 

Surprisingly, both the RARA and CR5A mutations increased the amount of capsid 

associated with the mitochondria (Ilkow et al., 2011), while disruption of basic 
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residues surrounding the transmembrane domain of TA proteins tend to disrupt 

targeting to the mitochondria (Isenmann et al., 1998, Kuroda et al., 1998, 

Borgese et al., 2001, Kaufmann et al., 2003). Though the capsid SP and C-

terminus could still act as the mitochondrial targeting sequence, the RIRF motif 

instead may serve to retain capsid on the ER. Another area where capsid and TA 

proteins differ is import; TA proteins are inserted directly into the OMM 

(Borgese et al., 2001), while capsid is first inserted into the ER membrane as a 

polyprotein (Suomalainen et al., 1990b, Marr et al., 1991). This suggests that 

capsid utilizes a different subcellular trafficking system than host TA proteins.  

 

The HCMV protein vMIA, like RV capsid, localizes to both the ER and 

mitochondria (Mavinakere et al., 2004) and is initially inserted into the ER 

membrane before being post-translationally targeted to the OMM (Mavinakere 

et al., 2006). A bipartite leader sequence in the N-terminus determines 

localization, with a short hydrophobic leader sequence directing import into the 

ER and an adjacent basic sequence mediating mitochondrial trafficking 

(Mavinakere et al., 2004). Although capsid's SP is at the C-terminus, it may utilize 

a similar pathway as vMIA to traffic to the OMM. The mechanisms by which 

membrane proteins traffic from the ER to the mitochondria are not known, but a 

recent study of the mitochondrial protein apoptosis inducing factor (AIF) 

suggests that a vesicular trafficking system may be involved (Chiang et al., 
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2012)(Chiang 2011). Both AIF and vMIA are present on the MAM (Bozidis et al., 

2008, Bozidis et al., 2010, Chiang et al., 2012), which may indicate that targeting 

to the MAM precedes their transport to mitochondria. Similarly, it is possible 

that capsid transits through the MAM en route to the mitochondria. Under this 

scenario, high levels of expression of the RARA mutant, which is almost 

exclusively associated with the mitochondria, may saturate the ER to 

mitochondria trafficking machinery resulting in buildup on the MAM and 

formation of the large, reticular, mitochondria-apposed structures observed in 

transfected cells. This could be further investigated by determining whether 

there is any overlap between wild type/RARA capsid and MAM markers.  

 

Since the RARA mutation does not change the overall charge of capsid or 

significantly alter the hydrophobicity or length of the transmembrane region 

(SP), it is unlikely that it affects a canonical mitochondrial targeting signal. 

Whether the altered localization of the RARA mutant is due to loss of PP1 

binding or a signal sequence that acts independently of PP1 is not clear. 

Interestingly, expression of the CapCT protein, which also does not bind PP1, 

results in its accumulation near mitochondria similar to the RARA capsid mutant 

(Ilkow et al., 2011). It is unlikely that binding to a PP1 holoenzyme complex 

anchors capsid to the ER because the interaction between capsid and PP1 is 

either not very stable and/or only involves a small proportion of capsid. Instead, 
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PP1 may alter the interaction between capsid and ER anchoring factors by 

dephosphorylating capsid.  Unlike the S46A mutant, whose electrophoretic 

mobility on SDS-PAGE is significantly different than wild type capsid, the RARA 

mutant’s apparent molecular mass is not different from wild type. This suggests 

that the RARA mutation does not affect the phosphorylation of multiple amino 

acid residues in capsid.  

 

Like the RARA mutant, CapCT expression causes extensive mitochondrial 

clustering and collapse (Ilkow et al., 2011). Moreover, since CapCT does not bind 

PP1, this suggests that binding to PP1 prevents capsid-induced collapse of the 

mitochondrial network. Although PP1 has not been shown to directly 

dephosphorylate any components of the mitochondrial motility or fission/fusion 

machinery, it has been implicated in these processes. In one study, PP1 was 

reported to compete with RNA for binding to the A-kinase-anchoring protein 

(AKAP) 149 (Rogne et al., 2009), and expression of a phosphomutant of AKAP149 

that binds PP1 (but not RNA) collapsed the mitochondria in a manner similar to 

the capsid RARA mutant. Another study found that targeting the PP1 inhibitor 

inhibitor-2 to the OMM resulted in increased mitochondrial fusion and/or 

decreased mitochondrial fission (Merrill et al., 2011). It is tempting to speculate 

that capsid-induced clustering of mitochondria involves disruption of the 

mitochondrial motility machinery, which is known to result in collapse of the 
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mitochondrial network and apoptosis induction (Fransson et al., 2003, Fransson 

et al., 2006, Cho et al., 2007). The interaction between capsid and PP1 may 

therefore be necessary to limit collapse and fragmentation of the mitochondrial 

network that would otherwise occur from inhibiting components of the 

mitochondrial motility machinery. This hypothesis could be tested by 

determining whether co-expression of the RARA mutant and an OMM-targeted 

PP1 inhibitor can prevent capsid RARA-induced collapse of the mitochondrial 

network. 

 

5.1.2.2 Effect of the RARA mutation on non-structural functions of capsid 

The RARA mutation was found to affect two non-structural functions of capsid: 

protection from apoptosis and inhibition of innate immune signaling. The best 

characterized pathway in which PP1 affects apoptosis is through 

dephosphorylation of the BH3-only protein Bad (Ayllon et al., 2000, Danial et al., 

2003). However, I did not find any evidence that capsid expression affects Bad 

dephosphorylation (data not shown). Instead, capsid may affect one of the other 

apoptotic pathways in which PP1 has been implicated. One such pathway is 

dephosphorylation of AKT, a serine/threonine kinase that acts in a pro-

survival/anti-apoptotic manner. PP1 dephosphorylates this kinase in response to 

sphingosine treatment and growth factor receptor antagonism/depletion, 

resulting in the onset of apoptosis (Xu et al., 2003, Thayyullathil et al., 2011). In 
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this regard, capsid may inhibit or sequester PP1 to prevent dephosphorylation 

and inactivation of AKT, thereby promoting cell survival. PP1 also interacts with 

the Inhibitory Member of the Apoptosis-stimulating Proteins of the p53 Family 

(iASPP) protein (Llanos et al., 2011). This protein inhibits apoptosis induced by 

the pro-apoptotic transcription factor p53 in a PP1-dependent manner. When 

the PP1 binding site in iASPP is ablated, the protein can no longer block 

apoptosis induced by p53 overexpression. PP1 dephosphorylates and inhibits 

p53 activity (Takenaka et al., 1995, Haneda et al., 2004) and iASPP2 likely 

functions by apposing p53 and PP1, resulting in dephosphorylation of the 

transcription factor. In theory, the RV capsid protein could act in an analogous 

manner to stabilize or bridge the interaction between PP1 and p53. Finally, it is 

also possible that the effects of PP1 on capsid phosphorylation and/or 

localization may affect its Bax-associated activity in blocking apoptosis. Although 

I have not tested it directly, it is unlikely that the RARA mutation affects Bax 

binding, because previously our lab showed that another capsid mutant, CR5A 

(in which the RIRF motif is ablated) still binds to, oligomerizes with, and activates 

Bax (Ilkow et al., 2011). Similar to the S46A mutant, binding of the RARA mutant 

to Bax may not impair its function in apoptosis. Alternatively, targeting of capsid 

to ER may be important for Bax-dependent inhibition of apoptosis, possibly by 

sequestering Bax away from the mitochondria. Future studies will be necessary 

to discern the host pathways affected by the RARA mutation.  
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For the first time, I have shown that RV capsid inhibits activation of the innate 

immune response by poly(I:C) and interferon-α treatment. Inhibition of this 

response is a strategy used by many viruses with nearly every component in this 

system being inhibited by at least one or more viral proteins (Devasthanam, 

2014). Though PP1 plays an important role in anti-viral defense through 

activation of RIG-I like receptors, data from this thesis research show that capsid 

acts downstream of this step. Specifically, capsid expression inhibits ISRE 

induction not only in response to poly(I:C), which directly activates RIG-I family 

members, but also when interferon-α is added to cells to activate interferon 

receptors. One possibility is that capsid inhibits JAK kinases and STAT 

transcription factors, both of which are common viral targets. While it is clear 

that the activity of these proteins is affected by phosphorylation (Yokota et al., 

2003, Lin et al., 2006), the role of capsid's interaction with PP1 in this pathway, if 

any, remains to be determined. PP1 is not known to function in the JAK/STAT 

pathway, and in any case most phospho-amino acid residues involved in 

activating this pathway are tyrosines, which are not normally  substrates of PP1.  

The capsid RARA mutant does not reduce ISRE activation, and instead seems to 

exacerbate activation of the ISRE by interferon-α, suggesting a possible role for 

PP1 in this process. Future studies should be aimed at determining the other 

host factors involved by examining the effect of capsid expression on individual 



174 
 
 

events in the interferon pathway; including phosphorylation of JAK, 

phosphorylation and/or nuclear localization of STAT, and expression of 

endogenous interferon stimulated genes. 

 

The effects of the RARA mutation on the non-structural functions of capsid may 

be caused in part (or wholly) by mis-localization (Figure 5.2). Since the RARA 

mutant is almost entirely localized to and around mitochondria, it may not be 

able to access key host proteins at other membranes where wild type capsid is 

present. Furthermore, the tight packing of the reticular structures seen in RARA 

mutant expressing cells may hinder access of capsid to target proteins in the 

cytoplasm. The ability of CapCT to protect from apoptosis despite not binding 

PP1 further supports this hypothesis. Even though CapCT localizes to the 

mitochondria in a manner similar to the RARA mutant, a substantial fraction of 

CapCT also resides at the ER and other areas of the cytoplasm (data not shown, 

Ilkow et al., 2011). The pro-apoptotic activity of the capsid RARA mutant could 

also be explained by its altered localization. In vitro, addition of capsid to 

mitochondria was found to induce cytochrome c release, but only above a 

certain threshold. Capsid may act pro-apoptotically in vivo when it is present in 

very high concentrations near the mitochondria. As such, the pro-apoptotic 

effect of the RARA and CR5A mutants may  be due to their extensive buildup in 

the vicinity of the mitochondria. Capsid's inhibition of mitochondrial import, 



175 
 
 

 

Figure 5.2 Effect of the RARA mutation on the localization and function of 
capsid. Wild type capsid (green ovals, top panel) localizes primarily to the ER 

and Golgi with only a small pool on the OMM. The RARA mutant (purple 
ovals, bottom panel) localizes primarily on and around mitochondria. As a 

result, the RARA mutant may not be able to access host factors necessary to 
block apoptosis and ISRE activation by interferon (IFN). The RARA mutant 

also cannot traffic to the Golgi, where virion assembly occurs. The buildup of 
RARA on the mitochondria also leads to mitochondrial collapse and 

apoptosis. 
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which is likely a concentration dependent effect, provides a possible mechanism 

for this, as inhibition of mitochondrial import leads to loss of cristae (Perkins et 

al., 2001), a change in mitochondrial morphology that is associated with 

apoptosis (Cipolat et al., 2006). This is further supported by the observation that 

the CapCT truncation mutant, which is missing a cluster of N-terminal arginines 

required for inhibition of mitochondrial import (Ilkow et al., 2010a), localizes 

mainly to the mitochondria but does not induce apoptosis like CR5A or RARA 

(Ilkow et al., 2011). In this respect, it would be of interest to investigate whether 

expression of Capsid-RARA or CapCT affects import of abundant matrix proteins 

such as p32. Specifically, using electron microscopy, this laboratory was able to 

show that RV infection significantly reduced import of p32 (Ilkow et al., 2010a). It 

would also be of interest to determine if/how expression of RARA and CapCT 

mutants correlated with the appearance of apoptotic features, such as 

mitochondrial fragmentation and loss of cristae.  

 

5.1.2.3 Effect of the RARA mutation on RV replication 

Mutation of the PP1-binding site in capsid had a considerable effect on viral 

replication, as both viral protein levels and titers were significantly reduced in a 

RV strain with the RARA mutation. Since viral genome levels in wild type and 

RARA RV infected cells were comparable 24 hours after transfection, it is unlikely 

that this mutation perturbs genome replication per se. Rather, there is evidence 
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to suggest that this mutant is unable to assemble infectious virions. In cells 

transfected with infectious RV genomic RNA containing the RARA mutation only 

a small portion of cells exhibited signs of apoptosis, suggesting that loss of 

infected cells to apoptosis does not significantly alter viral titers. Conversely, 

expression of a 24S cDNA with the RARA mutation resulted in production of very 

few virus-like particles. Extrapolating the data from this surrogate virion 

assembly assay suggest that the low viral titers from cells expressing RARA 

genomic RNA are due to a defect in virus assembly. Although capsid-RARA does 

not support virion assembly very well, cells transfected with RV-RARA infectious 

RNA did produce a small number of infectious virions that could be detected in 

plaque assays. This may be due to the high rate of reversion in R-region mutants 

(Carolina Ilkow, unpublished data). 

 

 Since capsid is dephosphorylated by PP1 in vitro (Law et al., 2003), and 

dephosphorylation occurs before virion release (Law et al., 2006), it is tempting 

to speculate that the RARA mutation disrupts the ability of capsid to be 

dephosphorylated before virion assembly. If true, this would imply that 

dephosphorylation of capsid is an essential step in virion formation. 

Alternatively, since the RARA mutant has a severe effect on capsid localization, it 

may prevent capsid from trafficking to the Golgi where virion assembly takes 

place. Future studies could differentiate these possibilities in two ways. First, 
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indirect immunofluorescence could be used to determine the relative 

localizations of capsid mutants and glycoproteins E1/E2 in infected cells. If capsid 

does not co-localize with the envelope proteins in the Golgi region, the inability 

to form virions is likely due to a localization defect. Second, the S46A mutation, 

which results in capsid being hypophosphorylated, and the RARA mutation could 

be combined and if the resulting mutant was still able to form virions, it would 

suggest that dephosphorylation is necessary for virion formation and that a lack 

of dephosphorylation underlies the inability of the RARA mutant to form virions.  

It is important to note that the CR5A mutant does form virions when co-

transfected with the envelope proteins in Vero cells (Ilkow et al., 2011). Given 

that the amino acid residues altered in the RARA mutant are thought to be more 

critical for PP1 binding than those altered in CR5A, it is possible that the CR5A 

mutant may retain sufficient PP1 binding activity for virion assembly.  

 

5.2 Concluding remarks 

During the course of infection, it is critical for viruses to alter host pathways to 

enhance viral replication and cell survival. Of particular importance are evasion 

of the host immune response and inhibition of apoptosis, both of which are used 

to clear the host of viral infection. RNA viruses, because of their limited genome 

size, must make use of multifunctional proteins to accomplish these functions.  

Recently, work in our lab and others has characterized the interactions between 
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RV capsid and several host proteins and investigated the non-structural functions 

of the capsid protein. The work in this thesis furthers our understanding of how 

RV capsid inhibits apoptosis and reveals another activity of this protein: 

inhibition of the innate immune response.  Additionally, the effects of the SP 

truncation and RARA mutants illustrate the importance of localization for both 

structural and non-structural functions of this protein. Ultimately, future studies 

will be needed to fully elucidate the mechanisms by which the RV capsid protein 

modulates host functions to facilitate viral replication. Given that viral 

persistence is thought to play an important role in CRS and RV-associated 

arthropathy, further study of capsid's anti-apoptotic activity could be the key to 

understanding the underlying pathophysiology of these diseases.  Further study 

of the non-structural roles of the capsid protein is essential not only for 

understanding the biology of RV, but may also provide important clues as to how 

other RNA viruses manipulate host cell pathways.  
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