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ABSTRACT OF THE DISSERTATION 

Genetic and Structural analysis oof poliovirus protein 2CATPase 

by 

Emmanuel Noble Asare 

Doctor of Philosophy 

in 

Genetics 

Stony Brook University 

2015 

 
The specificity of encapsidation of members of the genus Enterovirus of the 

Picornaviridae family depends on an interaction between capsid proteins and 

nonstructural protein 2CATPase. In particular, in the context of a chimeric virus, the N252 

residue of poliovirus (PV) 2CATPase interacts with VP3 E180 of coxsackievirus A20. PV 

2CATPase has important roles both in RNA replication and encapsidation, but in the 

context of just the poliovirus polyprotein, N252 does not function in assembly. The aim of 

my study was to search for additional residues near N252 in 2CATPase that are required for 

PV encapsidation. I predicted a three-dimensional protein structure of PV 2CATPase to 

assist in the selection of residues used for mutagenesis. Accordingly, segments adjacent 

to N252 were genetically analyzed by combining triple and single alanine mutations to 

identify individual residues required for function. From four triple alanine mutants, two 

exhibited defects in RNA replication. The remaining two mutations, located in secondary 

structures in a predicted three-dimensional model of 2CATPase, caused lethal growth 

phenotypes. Most single alanine mutants, derived from the lethal triple variants, were 
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either quasi-infectious and yielded variants with wildtype (wt) or ts growth phenotypes or 

had a lethal growth phenotype due to a defect in RNA replication. However, a virus 

harboring a K259A mutation, mapping to an alpha helix in the predicted protein structure 

of 2CATPase near N252, replicated with wt kinetics at 37oC, but resulted in a cold-sensitive 

virus at 33oC. In vivo protein synthesis and virus production were strikingly delayed at 

33oC relative to the wt suggesting a defect in uncoating. Studies with a reporter virus 

indicated that this mutant is also defective in encapsidation at 33OC. Cell imaging 

confirmed a much-reduced production of K259A mature virus at 33oC relative to the wt. In 

conclusion, we have identified a new residue in PV 2CATPase (K259A) that is involved in 

particle assembly. In addition, we have linked a cold sensitive encapsidation defect 

mapping to 2CATPase (K259A) to a subsequent delay in uncoating of the virus particle 

during the next cycle of infection at 33oC. 
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INTRODUCTION 

Poliomyelitis is a frightening infectious disease, caused by poliovirus (PV). PV 

has led to several epidemic infections during the 20th century. The main characteristic of 

poliomyelitis is flaccid paralysis caused by the destruction of motor neurons in the central 

nervous system. The natural hosts of PV are humans and monkeys. PV belongs to the 

Picornaviridae family in the Enterovirus genus (FIGURE 1). Picornaviruses are wide-

spread in nature, and include many well known viruses like hepatitis A virus (HAV), 

coxsackie viruses (CAV, CVB), human rhinoviruses (HRV), and foot and mouth disease 

virus (FMDV). It has been estimated that viruses from this family cause over 4 billion 

infections yearly. PV is the most studied Enterovirus and serves as the best model for the 

lifecycle of viruses in the genus (discussed below).  

I. Early History of Poliovirus 

Poliomyelitis dates as far back as the Egyptian 18th Dynasty (1580-1350 B.C.), 

where relics show the crippled leg of a young man at an Astarte Temple. There are no 

reports of epidemics of poliomyelitis before Stockholm, Sweden (1889), which suggests 

that the disease probably occurred in sporadic outbreaks before that time. Historical 

trends suggest that the transition from sporadic to epidemic forms of poliomyelitis was 

due to the improvement of sanitary and hygienic conditions. In the 20th Century, during 

World War I (1916), the United States faced a poliomyelitis epidemic that affected over 

twenty-seven thousand and fatally killed over six thousand people in New York City 

alone (Melnick, 1996). Furthermore, a famous and well-liked public figure, Franklin D. 

Roosevelt, contracted the disease after another poliomyelitis epidemic in 1921, which 

provided a national incentive to combat the disease.  This epidemic initiated a public 
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interest in the research into poliomyelitis, primarily through the National Foundation for 

Infantile Paralysis. However, the majority of efforts to fight poliomyelitis were directed 

toward prevention. Sponsored programs ranged from physical therapy that revitalizes 

muscles to chemical therapeutics such as antibiotics. Through these failures, a consensus 

on the development of vaccines eventually became the favorable method for defeating 

poliomyelitis.  The Noble prize discovery of the rapid isolation of poliovirus in cells by 

Enders, Weller and Robbins in 1949 (Ender et al., 1949) spurred the formulation of an 

inactivated vaccine, which was achieved by Salk’s group in 1954 (Salk et al., 1954). This 

was quickly followed by the development of attenuated viruses by Sabin’s group in 1955, 

for the propagation of live attenuated vaccines (Sabin and Boulger, 1973). 

II. Present challenges to eradication efforts 

Symptoms of poliomyelitis includes aseptic meningitis and persisting weakening 

of one or more muscle groups; in the skeletal or cranial, which accounts for about 1% of 

PV infections (Melnick, 1996). Some minor illnesses of PV infections are characterized 

by malaise, fever, nausea, and sore throat. The majority of infections are asymptomatic 

(Melnick, 1996). During the coarse of epidemic PV infections, the signs of poliomyelitis 

generated public disruption and panic, which generated enormous fear of the virus 

worldwide. The most effective tools to fight poliomyelitis came via the developments of 

the inactivated polio vaccine (IPV) and live attenuated vaccine (OPV) (Wimmer et al., 

1993). The IPV vaccines have to be injected by trained health workers (Salk, 1960; 

Wimmer et al., 1993). The OPV, on the other hand, is administered by mouth. OPVs also 

induce local mucous immunity that prevents wild type (wt) PV causation of poliomyelitis 
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and also spreads to unimmunized people and increases the impact of OPV across the 

general population (Sabin and Boulger, 1973; Wimmer et al., 1993).  

In 1988, the World Health Organization (WHO) launched a global eradication 

campaign against PV. The eradication campaign has been very successful in reducing 

global incidents of poliomyelitis. However, there are some setbacks in the eradication 

campaign, and the WHO’s end date has been pushed back twice. Some of the issues 

affecting the eradication program include conflicts in different parts of the world, such as 

Pakistan, Afghanistan, Nigeria and others (Pallansch and Sandhu, 2006). In addition, 

there are few mutations in Sabin’s OPV vaccines and the vaccines have genetic 

instabilities and can accumulate point mutations (Guillot et al., 1994; Kew et al., 2005; 

Stanway et al., 1984). Lastly, high genetic recombination between poliovirus and other 

C-cluster enteroviruses generate circulating vaccine-derived polioviruses (cVDPVs) 

(Arita et al., 2005; Minor, 2009). cVDPVs are particular problems for the overall 

eradication campaign because they  can be as neurovirulent as wt PV (Arita et al., 2005; 

Jiang et al., 2007). cVDPVs of all three serotypes have been involved in outbreaks of 

poliomyelitis in various parts of the world that use the OPV vaccinations, such as 

Hispaniola (Kew et al., 2002), Phillipines (Shimizu et al., 2004), Madagascar ((Rousset et 

al., 2003), China (Kew et al., 2005), Cambodia (Arita et al., 2005). Though the WHO’s 

vaccination effort was successful in the reduction of signs of poliomyelitis, the actual 

eradication of PV and of its recombinant variants remains a challenge (Pallansch and 

Sandhu, 2006). 

III. Physical and chemical nature of poliovirus 
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The success in large cultivation of poliovirus in tissue culture enabled the work on 

the molecular biological studies of the virus. This eventually led to the isolation of the 

virus, and also to the determination that the viral RNA was the infectious agent in tissue 

culture (Alexander et al., 1958). The viral life cycle including protein synthesis, RNA 

synthesis, encapsidation and release of mature viruses were also studied and described 

(Darnell, 1958; Levy, 1961). X-ray crystallographic studies and electron microscopic 

analyses of poliovirus-infected cells were performed in the late 1950s (Finch and Klug, 

1959; Horne and Nagington, 1959). Moreover, a genetic map of the poliovirus viral RNA 

was constructed in the late 60’s and mid 70’s. Translation of the polyprotein from the 

viral RNA in vitro was described (Kitamura et al., 1981a; Racaniello and Baltimore, 

1981; Toyoda et al., 1987), and the linkage of viral protein VPg to the 5’-terminal UMP 

of the RNA genome was discovered (Rothberg et al., 1978). VPg is the only non-capsid 

protein that is packaged with the RNA genome.  

IV. Poliovirus Genome Organization 

The PV genome consists of a small positive strand RNA of about 7500 

nucleotides (nt), which contains a 774 nt long 5’ non-translating region (NTR) and a   

short 3’NTR with a poly(A) tail, which flanks an open reading frame (ORF) that encodes 

a large polyprotein (FIGURE 2). The polyprotein, consisting of 2209 amino acids, is 

eventually cleaved to produce capsid and replication proteins, including the virus’s own 

RNA polymerase (FIGURE 2) (Kitamura et al., 1981b). 

The 5’end of the 5’ NTR contains an RNA structural element known as the 

cloverleaf that is implicated in the formation of replication complexes for both negative 

and positive RNA synthesis, and is also implicated in the switch from translation to 
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replication (Andino et al., 1990; Rivera et al., 1988). Downstream of the cloverleaf is 

another important RNA element called the internal ribosomal entry site (IRES), which 

promotes the initiation of translation in a cap-independent way (Jang et al., 1988; 

Pelletier et al., 1988). The RNA of PV does not utilize a m7G cap structure, which is 

essential for the translation initiation of host cell’s mRNAs (Nomoto et al., 1976). PV 

inhibits host cell protein synthesis via its nonstructural protein 2Apro that cleaves 

translation initiation factors eIF4G, a component of the cap recognizing complex eIF4F 

that drives cap-dependent translation (Borman et al., 1997; Kräusslich et al., 1987). Since 

the virus disrupts the host cell’s translation machinery, the 5’ NTR is critical for viral 

translation, replication, and overall proliferation of PV.  

PV’s ORF is translated into one large polyprotein, 247 kDa in size, which is 

processed into two main domains: structural and non-structural (Kitamura et al., 1981a; 

Phillips and Fennell, 1973; Summers and Maizel, 1968). The structural domain (also 

known as P1), interacts with chaperone heat-shock protein 90 (Hsp90), and is 

subsequently proteolytically processed by viral protein 3CDpro to viral capsid proteins 

VP0, VP3, and VP1 (Geller et al., 2007). Structural proteins VP0, VP3, and VP1 

immediately form a 5S protomer that complexes with four additional protomers to form a 

14S pentamer (Hellen et al., 1989; Korant, 1973; Verlinden et al., 2000). Twelve 

pentamers either assemble to for an empty capsid or condense around the newly made 

viral RNA to form a noninfectious provirion (Guttman and Baltimore, 1977; Jiang et al., 

2014). Provirions eventually undergo a maturation cleavage (VP0 à VP2 and VP4) to 

form infectious virus particles (Basavappa et al., 1994; Harber et al., 1991; Hellen and 

Wimmer, 1992; Hindiyeh et al., 1999; Hogle, 2002). Recent evidence shows that the 
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specificity of encapsidation of the viral RNA is dependent on an interaction of viral 

capsid proteins with nonstructural proteins (Liu et al., 2010). 

The non-structural region of the polyprotein is divided into P2 and P3 domains 

and contains proteins that perform different functions in viral RNA replication and 

proliferation (Wimmer et al., 1993). The P2 domain encodes viral proteins 2Apro, 

precursor 2BC, mature proteins 2B, and 2CATPase (Hanecak et al., 1982; Hellen et al., 

1989).  The P3 domain encodes precursor proteins 3AB, 3BC, 3CDpro, which are further 

cleaved into 3A, 3B (VPg), 3Cpro and 3Dpol (Toyoda et al., 1986). 2Apro is the proteinase 

responsible for the first polyprotein cleavage, which is between the structural (P1) and 

non-structural region (P2 and P3) at a tyrosine^glycine (Y^G) dipeptide (Korant, 1973). 

Subsequent processing of the structural and non-structural domains occur at 

glutamine^glycine (Q^G) dipeptides by 3Cpro and 3CDpro (Ypma-Wong et al., 1988). 

Encoded at the C-terminus of the P3 region is viral protein 3Dpol, which is an RNA 

dependent RNA polymerase.  

Due to PV’s compact genome size, the viral proteins have multiple and 

overlapping functions, such that both precursor and mature proteins have unique 

functions (Wimmer et al., 1993). This is advantageous for the virus because it allows for 

rapid replication of its viral genome and uses less energy in the production of proteins 

(because of the multi-functionality of proteins and unique activity of precursor proteins). 

V. Life cycle of poliovirus  

The life cycle of the virus will be discussed starting at the time when it has 

encountered a host cell with a proper receptor. Prior to this period, the virus is completely 
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inactive and will remain infectious unless the it is destroyed by environmental factors, 

such as ultraviolet light, heat, bleach, etc. 

 

The life cycle of PV can be summarized in six steps. 

a. Receptor binding 

The virus enters the cell via host cellular surface receptor CD-155, and is 

absorbed into the host cytoplasm (Hogle, 2002; Smyth and Martin, 2002; Zhang et al., 

2008). Absorption includes a series of events, which dramatically changes the 

conformation of the capsid caused by the virus-receptor interaction. This leads to the 

internalization of the infectious virion into the cytoplasm of the host cell by a clathrin and 

caveolin-independent mechanism (Brandenburg et al., 2007). The uncoating process 

follows immediately after endocytosis of the virus. 

b. Uncoating of the virus and release of the viral RNA 

Early studies suggested that the viral RNA was released at the perinuclear region, 

close to the ribosomes, to stimulate translation of the viral RNA. However, recent 

evidence suggests that viral RNA release takes place in vesicles close to the cell surface 

(Brandenburg et al., 2007; Hogle, 2002). Studies in the sequential dissociation of virus in 

vivo are lacking, however, we know that the delivery of the viral RNA is essential for 

replication. After internalization, the virus forms an A-particle (135S), which has a 

slower sedimentation coefficient due to the expanded state of the virion (Kohn, 1979; 

Lonberg-Holm et al., 1975; Maizel et al., 1967). A-particles are described as “leaky” 

because of an increase in permeability to stains that are not observed for mature viruses. 

In vitro studies suggest that the leakiness of the virion is primarily due to the loss of 
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capsid protein VP4, which destabilizes the capsid and allows the incorporation of small 

molecules (Katagiri et al., 1967). Interestingly, leaky A-particles still protect the viral 

RNA from RNase degradation, which indicates that the dissociation of VP4 alone does 

not lead to the release of the viral RNA. Past in vitro uncoating studies suggests that the 

additional release of VP2 is required before the release of the viral RNA (Curry et al., 

1996; Maizel et al., 1967). However, heat degradation experiments suggest that the viral 

RNAs are released from the capsid shell before the release of VP2 (Jordan and Mayor, 

1974). A recent model from the Hogle lab suggest that PV forms a pore-complex on 

internalized membranes that allows the release of RNA into the cytoplasm (Hogle, 2002). 

It can be concluded from these studies that the uncoating of PV is a multistep process that 

requires the release of capsid protein/s (VP4/VP2) before the release of infectious viral 

RNA into the host cell cytoplasm.  

c. Translation of the viral RNA and cleavage of the polyprotein 

After the release of viral RNA into the host cell cytoplasm, viral protein VPg is 

cleaved off from the 5’ end and it is translated into a polyprotein (Nomoto et al., 1977). 

As described above, the polyprotein is cleaved by viral protease 2Apro at a Y^G dipeptide 

and this is followed by subsequent cleavage to precursor and mature proteins by 

3Cpro/3CDpro at Q^G dipeptides (Lawson and Semler, 1992) (FIGURE 2). An additional 

unknown proteolytic event on capsid protein VP0 generates proteins VP4 and VP2, 

(VP0àVP4+VP2; maturation cleavage), which is the last step in the generation of the 

infectious virus particles (Basavappa et al., 1994). 

 

d. Viral RNA Replication 
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 The replication of the infectious viral RNA is one of the most important and also a 

well-studied stage of the viral life cycle. Replication takes place on membranous vesicles 

of the host cytoplasm (Aldabe and Carrasco, 1995a; Bienz et al., 1987; Cho et al., 1994; 

De Sena and Mandel, 1977; Doedens and Kirkegaard, 1995; Echeverri et al., 1998; 

Richards et al., 2014; Teterina et al., 1997). Replication of the viral RNA is performed by 

the virus’s RNA-dependent RNA polymerase protein 3Dpol, in conjunction with other 

viral and cellular host factors (Paul and Wimmer, 2015). Replication takes place on 

membranous vesicle structures that are induced by viral proteins (Bienz et al., 1994). This 

is where cis-acting RNA elements, viral proteins, and cellular host proteins function in a 

synchronized fashion (Paul and Wimmer, 2015). PV viral proteins 2CATPase, 2BC, and 3A 

are responsible for the induction of replication vesicles in the host cells (Adams et al., 

2009; Aldabe and Carrasco, 1995b; Doedens and Kirkegaard, 1995; Fenwick and Wall, 

1973; Teterina et al., 1997). Recent studies have also shown preferential recruitment and 

enrichment of phosphatidylinositol-4-Phosphate (PIP4) lipids to the membranous 

structures (Hsu et al., 2010). The compositions of membranous structures have not yet 

been identified, but they have been shown to contain proteins from both the endoplasmic 

reticulum and Golgi (Belov et al., 2007; Schlegel et al., 1996). The overall replication 

occurs in the following steps; plus strands RNA—> minus strand RNA —> replication 

form (RF) —> replicative intermediate (RI) —> plus strand RNA (Paul and Wimmer, 

2015).  

 RNA intermediates are defined as the RF and RI. The RF consists of a double 

stranded RNA structure and has higher specific infectivity than single stranded RNA 

(Bishop and G. Koch, 1967). Whether the RF is a true intermediate in the replication 
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cycle or just a byproduct of hybridization of the positive and negative viral RNA during 

purification is not yet known(Detjen et al., 1978; Kuhn and Wimmer, 1987; Paul and 

Wimmer, 2015). The following intermediate RI, is composed of full-length negative 

strand RNA and 6-8 nascent positive RNA strands (Baltimore, 1968; Bishop et al., 1969). 

Due to the partial resistance of the RI to ribonuclease digestion, it is believed that RI 

contains both single- and double- stranded RNA (Kuhn and Wimmer, 1987; Wimmer et 

al., 1993). Proteins in the non-structural P2 and P3 domains are particularly important for 

producing an environment that is conducive for RNA replication, as well as the essential 

viral proteins for replication. Initiation of the plus strand RNA requires viral and cellular 

host factors, as well as viral RNA structures, which are further described below.  

RNA structures involved in RNA replication. 

 The 5’ terminal UMP of the viral RNA is covalently linked to a hydroxyl group of a 

tyrosine in VPg (3B) (Rothberg et al., 1978). The 5’NTR has a cloverleaf RNA structure, 

as mentioned above, which is involved in RNA replication and was discovered in 1990 

(Andino et al., 1990). The cloverleaf interacts with viral proteins 3CDpro and 3AB, and 

cellular proteins (PCBP1/2) in a complex to initiate minus strand RNA synthesis (Blyn et 

al., 1996; Gamarnik and Andino, 2000; 1998; Harris et al., 1994). The 3’NTR RNA 

structure also interacts with viral proteins 3AB and 3CDpro (Harris et al., 1994). Removal 

or shortening of the poly(A) results in the reduction in infectivity (Spector and Baltimore, 

1974). There is a third RNA structure that is very important for RNA replications called a 

cis-acting replication element (cre), which is located in the coding region of 2CATPase 

(Goodfellow et al., 2000). The PV cre is about 26-29 nucleotides long and contains a 14-

nucleotide loop. The location of cre is not fixed, it can be moved to several regions of the 
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genome, including the 5’NTR (Goodfellow et al., 2000; Yin et al., 2003). Biochemical 

and genetic experiments have demonstrated that the cre serves as the template for the 

uridylylation of VPg (3B) in generating the primer (VPgpU) during RNA synthesis (Paul 

et al., 2003; 2000; Rieder et al., 2000). Recent studies using synthetic polioviruses 

identified two additional redundant RNA structural elements in the 3Dpol coding region 

that serve an unidentified role in replication (Song et al., 2012). 

Viral and cellular proteins involved in replication. 

 The viral enzyme that plays the main role in viral RNA synthesis, for both negative 

and positive strands, is the RNA dependent polymerase 3Dpol, which is the last encoded 

viral protein (Flanegan and Baltimore, 1977). 3Dpol catalyzes the synthesis of VPgpU, the 

primer for the synthesis of both positive- and minus-strand RNA (Paul et al., 2003). This 

reaction is stimulated by proteinase 3CDpro, which lacks RNA polymerase activity.In 

addition to proteins of the P3 domain, viral protein 2CATPase that maps to the P2 region 

also plays an essential role in viral replication (2CATPase protein is further described 

below). 

Cellular proteins involved in viral replication.  

 Cellular factors involved in replication includes cellular protein Poly(rC) binding 

protein 2 (PCBP2), which is an RNA binding protein that interacts with the PV IRES and 

cloverleaf (Toyoda et al., 2007; Zell et al., 2008). PCBP2 interacts with the PV IRES to 

enhance translation of viral proteins, and its interaction with the cloverleaf is important 

for negative strand RNA synthesis (Bedard and Semler, 2004; Gamarnik and Andino, 

1998; Toyoda et al., 2007). Viral proteinase 3Cpro cleaves PCBP2 during PV infection, 

which is believed to mediate the switch from viral translation to RNA replication (Perera 
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et al., 2007). Another cellular protein involved in replication is the heterogeneous nuclear 

ribonucleoprotein C (hnRNP C), which consists of three C1 and one C2 isoform (Brunner 

et al., 2010; 2005; Roehl and Semler, 1995). hnRNP C is believed to stabilize the 

interaction between the 5’ and 3’ ends of the viral genome, which facilitates the initiation 

of positive strand RNA synthesis from the negative strand (Paul and Wimmer, 2015). 

Studies have shown that depletion of hnRNP C in cells results in the reduction of positive 

strand RNA synthesis and progeny virus production (Ertel at al 2010). In addition to its 

interaction with the NTR, hnRNP C also interacts with 3CDpro, and the non-structural 

precursors P2 and P3 (Brunner et al., 2010). Host cellular protein poly(A) binding protein 

(PABP) is also involved in viral replication. PABP interacts with the poly(A) tail of the 

viral RNA (Herold and Andino, 2001) and with 3CDpro. It is suggested that PABP protein 

interaction with viral RNA is required for circularization of the viral RNA and the 

initiation of negative strand RNA synthesis.  

e. Capsid assembly and encapsidation  

The assembly of the protein capsid and proper encapsidation of the viral RNA are 

the last steps in the viral life cycle. This stage is one of the least understood stages in the 

infectious cycle. These processes are difficult to study because they are closely linked to 

the translation of the viral genome and RNA replication. Inhibition of either translation or 

replication also disrupts viral morphogenesis, since they precede assembly and 

encapsidation.  

The formation of viral particles begins shortly after the translation of the 

polyprotein. The capsid precursor P1, a 97 kDa protein, is separated from the non-

structural (P2 and P3) domains by the viral proteinase 2Apro at a Y/G site (Toyoda et al 
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1986, Jiang et al., 2014). P1 is rapidly myristoylated at the N-terminal glycine, which 

tethers the protein to cellular membranes (Chow and Moscufo, 1995; Paul et al., 1987). 

Cellular chaperone heat shock protein 90 (Hsp90) interacts with P1 and enables its 

cleavage by 3CDpro at Q/G sites. P1 processing leads to the assembly of the structural 

proteins VP0, VP3 and VP1yielding a protomer (Teterina et al., 2001). It should be noted 

that the cleaved capsid proteins stay in a complex at all times. Five protomers assemble to 

form a 14S pentamer (VP0, VP3, VP1)5 capsid intermediate (Jiang et al., 2014). Twelve 

of the pentamers condense to produce a 75S empty capsid (Jiang et al., 2014). 

Since empty capsids were observed in sucrose gradient experiments, it was 

initially proposed that the viral RNA was packaged into empty, already formed capsids. 

However, current studies suggest a model in which the pentamers condense around the 

viral RNA. Several lines of evidence support this model. First, the 14S pentamers have an 

affinity for viral RNA in vitro and undergo a conformational change after binding to 

RNA (Nugent and Kirkegaard, 1995), while the empty capsids do not. In addition, the 

14S particles interact with newly synthesized RNA to form mature virus during in vitro 

cell-free synthesis of mature PV (Verlinden et al., 2000). Moreover, 14S particles 

accumulate in the cell during temperature block assays, and rapidly form mature viruses 

after the block is removed (Rombaut et al., 1990). Also, 14S particles are associated with 

RNA replication complexes in infected cells and can be crosslinked to viral RNA (Pfister 

et al., 1995). Furthermore, studies with BSO, an inhibitor of glutathione (GSH) 

biosynthesis, also suggest that 14S pentamers are critical for the generation of mature 

viruses, and that the empty capsids are nonfunctional intermediate in morphogenesis (Ma 

et al., 2014).  
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 Morphogenesis of viral RNA is highly specific, in that only one VPg-linked RNA 

is encapsidated into virions. Studies with chimeric viruses indicated that the NTRs of the 

RNA genome do not have any major role in this process and do not contain any 

packaging signals.  (Barclay et al., 1998; Gromeier et al., 1996; Rieder et al., 2003; 

Wimmer et al., 1993, Jiang et al., 2014).  

A protein-protein mechanism for encapsidation. 

 Recovered cVDPVs are recombination products of Sabin vaccines (OPV) and the 

closely related C-cluster CAVs (FIGURE 3) (Kew et al., 2005) . Our lab has studied in 

vitro the properties of chimeric viruses where domains of the P1 (structural domain) and 

non-structural domain P2 were interchanged (FIGURE 4) (Jiang et al., 2007). A chimeric 

virus where the P1 domain of PV was exchanged with CAV A20 revealed a direct 

interaction between capsid protein VP3 and PV non-structural protein 2CATPase of 

CAV20. Direct interactions between the non-structural 2CATPase and the capsid proteins 

have been further demonstrated through an alanine scanning mutagenesis of charged 

amino acids in PV 2CATPase protein (Liu et al., 2010). In addition, past studies have shown 

that 2CATPase directly interact with 14S particles (Rombaut et al., 1983).  

VI. PV mature protein 2CATPase. 

In poliovirus, 2CATPase is 329 amino acid long and, based on amino acid sequence 

analyses, it is classified as a member of the superfamily III helicases, which form 

hexameric ring structures (Gorbalenya and Koonin, 1993). Such proteins contain three 

conserved motifs, two of which are typical NTP-binding motifs (A+B) and the third one 

(C), downstream of motif B, contains an invariant asparagine preceded by a stretch of 

hydrophobic residues, but its exact function is unknown (FIGURE 5a). Downstream of 
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motif C is residue N252, which is involved in the interaction with VP3 in a PV/CAV20 

chimera (Liu et al., 2010). Poliovirus 2CATPase possesses ATPase activity in vitro 

(Mirzayan and Wimmer, 1994; Pfister and Wimmer, 1999; Rodríguez and Carrasco, 

1993), which is inhibited by guanidine hydrochloride (GnHCl) (Pfister and Wimmer, 

1999), a specific inhibitor of enterovirus RNA replication (Pincus et al., 1986). Numerous 

attempts to discover helicase activity have failed in the past although recently an RNA 

chaperone type activity was reported to be associated with the 2CATPase protein of EoV, a 

picorna-like virus (Cheng et al., 2013). Near its N-terminus, the protein contains an 

amphipathic helix (Paul et al., 1994b), an RNA binding domain (Rodríguez and Carrasco, 

1995), a membrane binding domain (Echeverri et al., 1998) and an oligomerization 

domain (FIGURE 5a) (Adams et al., 2009). The central and C-terminal domains of the 

protein possess serpin (serine protease inhibitor) motifs and accordingly 2CATPase inhibits 

the proteinase activity of 3Cpro both in vitro and in vivo (Banerjee et al., 2004).  Near the 

C-terminus the protein contains another amphipathic helix (Teterina et al., 1997) and a 

cysteine-rich Zn++ binding domain (Pfister et al., 2000). The protein has the ability to 

oligomerize through sequences near its N-terminus (Adams et al., 2009) and to interact 

with viral proteins 2B/2BC, 3A/3AB, 3Cpro, and VP3 (Banerjee et al., 2004; Cuconati et 

al., 1998; Liu et al., 2010; Yin et al., 2007) and cellular protein reticulon 3 (Tang et al., 

2007). The 2BC precursor of 2CATPase also interacts with cellular protein VCP/p97 (Arita 

et al., 2012). A small RNA hairpin cre in the coding sequence of 2CATPase (FIGURE 5a) 

serves as template for the uridylylation of VPg during RNA synthesis (Goodfellow et al., 

2000; Paul et al., 2000). 
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A study that inserted small DNA linkers to unique restriction sites implicated 

2CATPase with uncoating. One of the recovered mutants virus had a small plaque 

phenotype and the other was defective in viral RNA synthesis (2C-31) (Li and 

Baltimore.,1988). Further passage of 2C-31 mutant resulted in an intragenic revertant 

mutant that had an uncoating defect at 32oC (Li and Baltimore.,1990). Single growth-

curve at 32oC showed the reduction in titer compared to higher temperatures. Shifting 

infection incubation temperature to 39oC for 15 minutes before terminating in the 

infection changes yielded higher virus production. Since virus absorption of the mutant 

2C-31 was higher than 90% of the total input, the authors concluded that the changes in 

nonstructural protein 2CATPase led to an uncoating defect. Interestingly, mutant virions 

were relatively stable, and showed resistance to heat and mild acid treatments similar to 

wild type. Additional passages resulted in mutations upstream and downstream of the 

linker insertion in 2CATPase, which abolished the uncoating defect (Li and 

Baltimore.,1990). 

 The initial observation that linked 2CATPase to encapsidation came from 

experiments with hydantoin, a drug that inhibits virus growth at the stage of 

encapsidation (Vance et al., 1997). Drug resistant variants were identified that mapped to 

the N-terminal and central portions of the polypeptide (FIGURE 5b), but there was no 

clear correlation between these sites and other known motifs (Vance et al., 1997; Wang et 

al., 2012). Early genetic studies also indicated the involvement of 2CATPase in 

encapsidation. A ts mutant with an insertion in 2CATPase yielded suppressor mutations that 

resulted in a cold sensitive uncoating defect (Li and Baltimore, 1990). This finding 

suggested that 2CATPase has a role in determining some aspect of virion structure. Our 
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charged to alanine scanning mutagenesis, noted above, has revealed that residues 

K279/R280 near the C-terminus of the protein in a Zn++ binding domain are also required 

for encapsidation (Wang et al., 2012). In addition, we identified a ts mutant 

(C272A/H273A), also in the Zn++ binding domain of the protein, that was defective in 

encapsidation (Wang et al., 2014). The delayed growth kinetics of this virus suggested 

the possibility of an additional uncoating defect. 
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FIGURE 1. Phylogenetic tree of Picornaviridae. Picornaviridae virus family contains 

26 genera and growing. Eight current genera (shown in bold), 4 current proposals (shown 

in quotations), and one unnamed genus proposal in preparation. PV belongs to the 

Enterovirus genus (combined with coxsackie A virus [in red]). The figure is modified 

from www.picornastudygroup.com/poster/europic_2008.pdf 
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FIGURE 2. Poliovirus genome organization and functional motifs in the PV 2CATPase 

protein.  PV RNA contains a long 5’ nontranslated region (5‘NTR), a single open 

reading frame, a short 3‘NTR, and a poly(A) tail. The single open reading frame is 

translated into a polyprotein that is processed by virally encoded proteinases 2Apro 

(diamond) and 3Cpro/3CDpro (triangle). The stars indicate the cleavage rates, where more 

stars indicate fast cleavage. The maturation cleavage (shown as “question mark”) occurs 

by unknown mechanism. The structure of the cre element, located in the coding sequence 

of protein 2CATPase, is also shown. 
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FIGURE 3. Circulating Vaccine Derived Polioviruses (cVDPVs) occurrences in 

different parts of the world. cVDPV’s of type 1, type 2, and type 3 are highlighted box 

in red, yellow, and blue respectfully. Countries of isolated viruses are on top, then 

followed by the serotype and year/s of virus isolates, and blow is the number of reported 

cases. Data was acquired from WHO headquarters in 2010. 
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FIGURE 4. C20PP chimera viruses are rescued by mutations in 2CATPase or/and in 

VP3. Growth phenotypes of the C20PP chimera and of its derivatives. The genomic 

structures of CAV20 and chimera C20PP virus and of its derivatives are illustrated on the 

left. The amino acid changes in 2CATPase and in VP3 are shown in superscript. C20PP-

(E180G + N252S) represents a chimeric mutant virus with the double mutations (VP3(E180G) 

and 2CATPase (N252S). C20PP was shown to have an encapsidation defect (Liu et al., 2010). 
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FIGURE 5. Functional motifs, encapsidation mutations and uncoating mutations in 

PV 2CATPase protein. (a) The locations of the known functional domains of the 2CATPase 

protein are noted. (b) Previously identified mutations in 2CATPase involved in 

encapsidation or uncoating are shown in detail. These include the hydantoin resistant 

mutations, N252 the capsid interacting site in the PV/CAV chimera, the residues involved 

in encapsidation derived from alanine scanning mutagenesis and the mutations leading to 

an uncoating defect in a mutant containing a nearby linker insertion.  
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SPECIFIC AIMS 

Poliovirus (PV), one of the best studied plus strand RNA viruses, belongs to the 

genus Enterovirus of the Picornavaridae family. Even though PV is considered the 

prototype of the Enterovirus genus, very little is known about the details of virion 

morphogenesis, the last step in virus replication during which the viral RNA is enclosed 

in a protective coat. Nonstructural PV protein 2CATPase is known to play an essential role 

in viral morphogenesis. This multifunctional protein is also involved in many other 

important steps of the viral life cycle, such as virus uncoating, host cell membrane 

binding and rearrangement, the induction of viral cytoplasmic replication vesicles, RNA 

binding and RNA synthesis. An in depth knowledge of the functions of 2CATPase will 

contribute to our understanding of the molecular biology of poliovirus. Recent studies 

from our laboratory have shown that in a PV/coxsackie A virus (CAV) chimera PV 

2CATPase provides the specificity of encapsidation through an interaction with capsid 

protein VP3 of CAV20, through residue N252 of 2CATPase. 

My first goal was to determine a structural model of the 2CATPase polypeptide that 

could be used to design potential encapsidation mutations near the capsid interacting site 

for our genetic studies. In addition, a structural model can be used to insert tags into the 

polypeptide that will likely not affect viral growth. Remarkably, the crystal structure of 

2CATPase has not yet been solved because the membrane bound mature protein cannot be 

isolated in a soluble form. In this study, I predicted the protein structure of 2CATPase using 

a Phyre2 protein structure predicting server. Based on the predicted structure, I 

investigated the susceptibility of 2CATPase to small tag insertions. I generated and 
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analyzed the tagged 2CATPase mutant viruses. The usefulness of the inserted tags was 

demonstrated by immunofluorescent imaging.  

My next goal was to search for additional sites in 2CATPase near N252, the capsid 

interacting site that might be involved in morphogenesis. Previous work from our 

laboratory has demonstrated an essential interaction between CAV capsid protein VP3 

(E150G) and PV 2CATPase (N252S) for encapsidation in the context of a chimeric PV and 

CAV20 virus. Interestingly, in the PV background N252 can be changed into serine or 

glycine (N252àS or G) without any effect on viral growth. Therefore I searched for other 

residues in the vicinity of N252 that might facilitate PV encapsidation.  In this study, I 

designed and constructed 5 alanine mutants on the basis of the modeled 2CATPase 

structure. Some of the mutations were lethal in tissue culture and others carried 

conditional defects. A cold sensitive mutant (K259A) was analyzed in more detail and was 

found to be defective both in encapsidation and in uncoating during the next cycle of 

infection. 
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MATERIALS AND METHODS  

I. In silico analysis of PV 2CATPase  

I used a bioinformatics server that utilizes a protein homology and fold 

recognition algorithm called Phyre2, Protein Homology/analogy Recognition Engine V 

2.0 (Phyre2), to predict the structure of poliovirus 2CATPase (Kelley and Sternberg, 2009). 

The amino acids sequence of PV 2CATPase was submitted to the Phyre2 web server 

(http://www.sbg.bio.ic.ac.uk/phyre2) to search for a suitable query sequence coverage 

and sequence identity.  

The predicted 3D model structure was analyzed with using the educational 

version of PyMOL software (The PyMOL Molecular Graphics System, Version 1.0 

Schrödinger, LLC). Generation of the 2CATPase hexamer Super-positioning model was 

performed with combination of softwares; TextEdit was used to modify the coordinate of 

various amino acid positions. Visual molecular Dynamics software was used to perform 

protein structure alignments as well as super-positioning coordination of a recA hexamer. 

Electrostatic representations were performed with pyMOL. In addition, all images were 

also acquired with pyMOL software. 

II. HeLa R19 cells cultures 

Adhesion HeLa R19 cells were maintained in Dulbecco minimal Eagle medium 

(DMEM, Life Technology) that was supplemented with 10% bovine calf serum (BCS) 

and 100 units of penicillin and 100 µg of streptomycin. Transfected and infected HeLa 

cells were incubated with 2% BCS. Cells were incubated at 37oC in 5% CO2. 

III. Plasmids 
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The pT7PVM plasmid contains the full-length infectious cDNA of 

PV1(Mahoney) that has an engineered  EcoR1 restriction site downstream of the viral 

3’NTR. pT7R-Luc-PPP is an infectious Renilla luciferase reporter virus construct in 

which the 311 amino acids long R-Luc polypeptide is expressed as an N-terminal fusion 

between the 5’NTR and the PV polyprotein (Liu et al., 2010). 

IV.	
  Site	
  directed	
  mutagenesis 

The standard site-directed mutagenesis protocol was used to obtain the desired 

mutations for both the triple alanine and single alanine mutants of PV 2CATPase. Mutated 

nucleotides and their corresponding amino acid(s) are summarized in Tables 2 and 3. In 

each case, the desired residues were replaced with alanine by changing the corresponding 

codons. An XhoI/HpaI fragment, spanning parts of the 2CATPase and 3A coding regions, 

was used as template for site-directed mutagenesis. The mutated sites and corresponding 

codon changes are summarized in Tables 1 and 2. After sequencing analysis the designed 

2CATPase mutations were independently subcloned into pT7PVM, or the Renilla luciferase 

reporter virus plasmid (R-Luc-PPP).  

V. Preparation of RNA transcripts. 

Wt and mutant constructs were linearized at a unique sites for both pT7PVM and 

R-Luc-PPP constructs, EcoRV and PvuII, respectively. Linear constructs were used as 

templates for in vitro RNA synthesis using T7 RNA polymerase. 

VI. Transfection of RNA into HeLa cells 

RNA transcripts (3-10 µg) were transfected into 35-mm-diameter HeLa R19 cell 

monolayers by the DEAE-Dextran method, and incubated at indicated temperatures. 

VII. In vitro translation using HeLa cell free extract 
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HeLa S10 cells S10 cytoplasmic were prepared as previously described (Molla, 

Paul 1991). HeLa cellular extracts were modified in this experiment. In terms of nuclease 

treatment, HeLa extracts were immediately treated with nuclease (1U/ µl)/200 µl after 

removal of the cellular nucleus and cellular debris. Nuclease treated-HeLa extracts were 

gently vortexed and incubated at room temperature for 15 minutes.  Then, 6 µl of 100 

mM EGTA was added to every 200 µl of extract and vortexed gently. 

2. Master mix: 

150 µl nuclease treated Hela extract  

50 µl translation mix  

22 KAc 2M (0.1M final)  

3 µl M µl gAc 50 mM (0.35mM final)  

16 µl MgCl2 (20 mM final)  

25 µl 35S-methionine  

266 µl –Final volume that is sufficient for over thirty translation reactions  

3.	
  Translation	
  reaction:	
  

8.8 µl master mix 

2.7 µl RNase free water  

1.0 µl of respective viral RNA in RNase free water 

Incubate at 34oC overnight 

VIII. Virus purification  

Wt PV viruses and K259A mutant viruses were propagated in HeLa R19 on nine 

60 mm plates in order to generate enough virus for cesium-chloride (CsCl) purification. 

 
IX. Plaque assays 
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Plaque assays were performed on HeLa R19 monolayers using 0.6% tragacanth 

gum. After 72 hr of incubation at 33oC or 48 hr of incubation at 37oC or 39.5oC, the viral 

plaques were developed with 1% crystal violet (Molla et al., 1991). 

 
X. RT-PCR and sequencing analysis of viral RNAs isolated from plaque-purified viruses 

RNA was extracted from 200 µl lysate with 800 µl Trizol reagent (Invitrogen) 

and reverse transcribed into cDNA using SuperScript III reverse transcriptase 

(Invitrogen). PCR products were generated using high fidelity Fusion polymerase 

(Finnzyme). PCR products were purified and further sequenced. 

XI. Luciferase assays  

Monolayer HeLa R19 cells were independently transfected with 3-5 µg of R-Luc-

PPP reporter virus transcript RNAs derived from cDNAs linearized with PvuI. The 

transfected cells were incubated at 33oC, 37oC, and 39.5oC overnight in DMEM with 2% 

(v/v) BCS in the presence and absence of 2 mM GnHCl. Luciferase activity was 

determined on the cell supernatants after three freeze-thawing steps. Cell supernatant 

(100 µl) were mixed with 20 µl renilla luciferase assay reagent (Promega luciferase assay 

system; catalog # E2810), and R-Luc activity were measured in an OPTOCOM I 

luminometer (MGM Instruments, Inc.). Two hundred fifty µl cell supernatants from 

transfections in the absence of GnHCl were passaged once in the presence and absence of 

2 mM GnHCl. Luciferase activity was determined in the supernatants after an overnight 

incubation. The R-Luc ratio was calculated as: luciferase activity without GnHCl divided 

by luciferase activity with GnHCl in transfection or infection (-GnHCl/+ GnHCl). 

XII. Immunoblot assay 
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Monolayer HeLa R19 cells were independently infected at a multiplicity of 

infection (m.o.i.) of 5 with wt and K259A viruses and incubated at 33oC, 37oC, and 

39.5oC. The growth media were aspirated at 3 hr, 5 hr, 6.5 hr, and 8 hr, respectively, and 

cells were lysed with triton X-100 detergent. Cell lysates from the various time points 

were seperated on an SDS-PAGE gel and transferred to a nitro-cellulose membrane. 

2CATPase protein and VP3 (capsid protein) were detected using primary mouse 

monoclonal and rabbit polyclonal antibodies, respectively. 

 

XIII. Immunofluorescence  

HeLa R19 cells were infected with wt or K259A virus at an m.o.i. of 5 and 

incubated at 37oC for 4 hr, 35oC for 5 hr, or 33oC for 6 hr. Cells were fixed with 4% para-

formaldehyde for 15 minutes at room temperature. Then the cells were permeabilized 

with 0.2% Saponin and probed for mature virus with A12 primary antibody, which 

exclusively recognizes PV mature virus, and secondary Alexa Fluor 488-conjugated 

antibody. The localization of 2CATPase was determined in the same cell using monoclonal 

2CATPase antibody and an Alexa Fluor 555-conjugated secondary antibody. Images were 

taken with Nikon’s super-resolution 3D-structured illumination microscopy (SIM). 

 

Preparation for imaging  

HeLa R19 cells were grown on glass slide overnight and infected at various time 

points the next day. Cell medium were removed and fix with 4% paraformaldehyde for 

20 minutes on ice. Cells were washed three times for 5 minutes each in PBS on ice. For 

longer-term storage, samples were stored in PBS + sodium azide at 4oC. PBS PBS with 
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sodium azide were aspirated from cells. Fixed cells were block for 1 hour in PBST [(PBS 

+ 0.2% triton) + 5% BSA +5% goat serum at room temperate. Then cells were incubated 

overnight in respective primary antibody in blocking solution without serum at 4oC 

overnight. Cells were washed three times in PBS for 5 minutes each. Wash numbers were 

increased to five times for VP3 primary antibodies to reduce the background. Fixed cells 

were incubated for 1 hour with secondary antibody in blocking solution without serum at 

room temperature in the dark. Cells were washed three times in PBS for 5 minutes each 

in the dark. Immuno-stained cells were incubated with DAPI for 30 seconds to 2 minutes 

at room temperature and washed two times in the dark at room temperature. Cell culture 

glass was mounted using fluoromount G mounting oil. 
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TABLE 1:  List of primers. 

 Primers 1 and 2 were used for the generation of 2CATPase tag-inserted constructs; PV1(M) 

2C-strepII tag  and PV1(M) 2C-FLAG tag, described in chapter 1. Primers 3-6 were used 

for the generation of triple alanine mutations mutant constructs in chapter 2. Primers 7-11 

were used for the generation of single alanine mutant constructs, also described in chapter 

2 experiments. Primers 12-13 were used for quantitative RT-PCR to measure RNA 

levels. Nucleotides in bold are in italic and bold and were changed from the original PV 

sequences to the corresponding mutations.  
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No. PRIMER 
NAME

SEQUENCE

1 2C-strepII F- TGGAGCCACCCGCAGTTTGAAAAGAGATGCTGTCCTTTAGTGTGTGG 
R- CTTTTCAAACTGCGGGTGGCTCCAGTTTGCTGGTTGGTGACAGTTCTT

2 2C-flag F- GACTACAAAGACGATGACGACAAGAACTGTCACCAACCAGCAAACTTTAAGAGATGC 
R- CTTGTCGTCATCGTCTTTGTAGTCACACATTTCAGTAGCCATGGCCATGTTCAATTTCC

3 QVM/AAA F- GACATGGACATTGCGGCCGCCAATGAGTATTCTAGAGATGG 
R- CTCTAGAATACTCATTCGCCGGCGGAATGTCCATGTCGAACGC

4 EYS/AAA F- CATTCAGGTCATGAATGCGGCTGCTAGAGATGGGAAATTGAACATGG 
R- CAATTTCCCATCTCTAGCAGCCGCATTCATGACCTGAATGTCC

5 GKL/AAA F- TGAGTATTCTAGAGATGCCGCAGCCAACATGGCCATGGCTACTG 
R- AGCCATGGCCATGTTGGCTGCGGCATCTCTAGAATACTCATTC

6 FMI/AAA F- GCCAGGCGCTTTGCGGCCGACGCGGACGCTCAGGTCATGAATGAGTATTC 
R- ACTCATTCATGACCTGAGCGTCCGCGTCGGCCGCAAAGCGCCTGGCTAACG

7 F244A
F- GCCAGGCGCTTTGCGGCCGACATGGACATTCAGGTCATGAATGAG 
R- CTCATTCATGACCTGAATGTCCATGTCGGCCGCAAAGCGCCTGGC

8 M246A
F- GCCAGGCGCTTTGCGTTCGACGCCGACATTCAGGTCATGAATGAG 
R- CTCATTCATGACCTGAATGTCCATGTCGGCCGCAAAGCGCCTGGC

9 I248A
F- GCCAGGCGCTTTGCGTTCGACGCCGACATTCAGGTCATGAATGAG 
R- CTCATTCATGACCTGAATGTCCATGTCGGCCGCAAAGCGCCTGGC

10 K259A
F- GAATGAGTATTCTAGAGATGGGGCATTGAACATGGCCATGGCTAC 
R- GTAGCCATGGCCATGTTCAATGCCCCATCTCTAGAATACTCATTC

11 L260A
F- GAATGAGTATTCTAGAGATGGGAAAGCAAACATGGCCATGGCTAC 
R- GTAGCCATGGCCATGTTTGCTTTCCCATCTCTAGAATACTCATTC

12 P1 F- ACCCTTCCAAGTTCACCGAG 
R- TACCCGCAAGCCTCTATGTT

GAPDH F- TGCACCACCAACTGCTTAGC 
R- GGCATGGACTGTGGTCATGAG

36
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Chapter 1: Prediction of poliovirus 2CATPase 3D structural model and 

characterization of tag-inserted viruses 

RESULTS 

I. PV 2CATPase three-dimensional structure prediction 

Studies of the role of 2CATPase in encapsidation have been hindered by the 

multifunctional nature of the protein (Wang et al., 2012) as well as by the stringent 

dependence in cis of translation>RNA replication>assembly (Paul and Wimmer, 2015; 

Wang et al., 2012). Despite considerable studies of the functions of this protein in the 

viral life cycle, little information is available about its secondary structure and none about 

the three dimensional structure. A three-dimensional structure would provide better 

insights into its function in morphogenesis. The propensity of 2CATPase to bind to 

membranes has thus far prevented the purification of the polypeptide in a soluble form 

and consequently its three dimensional structure has not yet been determined. Only the 

GST- and MBP-tagged full-length PV 2CATPase polypeptides or the protein anchored to 

small Nano disk membrane bilayers have been obtained in soluble forms (Adams et al., 

2009; Pfister and Wimmer, 1999; Springer et al., 2013). The development of 

bioinformatic tools predicting protein structure is constantly evolving. The availability of 

such in silico approaches provides cost saving and less time consuming paths to 

investigate protein functionality than that of conventional experimental methods.  

I used Phyre2 to predict a query model of PV 2CATPase structure. The server 

generated a model structure that was modeled after chain C of transport protein vcp/p97 

in a complex with ADP/ADP (protein database number 3CF1). Phyre2 predicted a 

2CATPase structure for 92% of the residues with greater than 90% confidence in the 
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modeled polypeptide (FIGURE 6). In addition, the model had 100% confidence in 92% 

of the 329 residues of 2CATPase. The N-terminal segment, highlighted in black, is highly 

unreliable while sequences highlighted in light brown can be predicted with good 

confidence (FIGURE 6a). The remainder of the sequence, shown in light green, is 

predicted with 100% confidence.   

The predicted 2CATPase model can be subdivided into three structured domains (N-

terminal, central helicase, and C-terminal) connected by flexible regions (FIGURE 1b). 

The N-terminal domain (red) contains helical regions. It should be noted that within this 

region the removal of the amphipathic helix (residues 1 to 33), which affects membrane 

binding, was found to be sufficient for the production of truncated soluble FMDV 

2CATPase protein (Sweeney et al., 2010). The central domain (blue) contains the conserved 

NTP binding boxes (yellow) A, B of all helicases and box C, specific for SF3 helicases 

(Gorbalenya and Koonin, 1993). Phyre2 predicted the structure of this domain with 100% 

confidence to contain both α helices and β sheet secondary structures. The C-terminal 

domain contains the cysteine rich Zn++ binding domain that is already known to be 

involved in encapsidation (Wang et al., 2014; 2012).  

II. Protein contact potential and super-positioning analysis 

It has been previously shown that 2CATPase oligomerizes to form a hexamer, like 

other well-known AAA+ ATPases (Adams et al., 2009). The oligomerization domain of 

the protein was identified to be near the N-terminus in an amphipathic helix.  In this 

study, I performed a protein contact potential analysis, which predicts the binding affinity 

potential of peptides of a protein structure was performed on the 2CATPase model using 

PyMOL (v 1.0) (FIGURE 7). The 2CATPase structure reveals clusters of charged residues 
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around the protein, which is a characteristic of proteins that oligomerize. We did not 

perform additional analysis on the previously identified oligomerization domain (Adams 

et al., 2009) because the phyre2 predicted structure of this domain in 2CATPase was highly 

unreliable. Interestingly, the electrostatic representation of the ATPase domain had a 

positively charged pocket and a negatively charged region protruding behind at the 

opposite side of the structure. Such protein contact analysis suggests that the two polar 

sides may potentially contact each other in a homo-oligomerization structure. In addition, 

there is a highly positively charged pocket between the ATPase region and the C-terminal 

domain that is in close vicinity of the 2CATPase’s capsid interacting site (FIGURE 7).  

To gain some structural insight into the putative 2CATPase hexamer’s functionality, 

we performed super-positioning alignment of the phyre2 model to recA hexamer 

(pdb:2rec) (Yu and Egelman, 1997) (FIGURE 8). RecA is a 38 kDa ATPase protein that 

has essential roles in DNA repair and recombination. The generated 2CATPase 

superposition model has a core pore that is 23 Angstroms (Å) in diameter, which would 

make it permissive for single stranded or double stranded RNA to pass through. 

Moreover, electrostatic representation of the 2CATPase hexamer showed two amino acids 

that directly point to the center of the hexamer core (Lysine 168 and Arginine 226) 

(FIGURE 8a). The two charged amino acids are 13 Å from each other in the structure. 

Interestingly, the front and back interfaces in the hexameric model are primarily 

composed of the N-terminal and the C-terminal amino acids of 2CATPase, respectively 

(FIGURE 7, FIGURE 8 a and b). The front and side interfaces are primarily composed of 

more positively charged peptides than the back interphase, which contains more 

negatively charged peptides (FIGURE 8 a-c). The superposition model also shows that 
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the previously identified oligomerization domain of 2CATPase (Adams et al., 2009) is not in 

direct contact in the context of our hexameric model. 

III. Structure based prediction of insertion sites in PV 2CATPase  

A previous high throughput transposon screen identified different sites in PV 

nonstructural proteins that could tolerate small peptide insertions (Teterina et al., 2011) . 

Surprisingly, the screen was able to identify sites in all nonstructural proteins with the 

exception of 2CATPase.  Since I generated a high confident protein structure, I attempted to 

use the information from the predicted structure to generate a tagged 2CATPase virus that 

would facilitate in the identification of proteins, both viral and cellular, that complexes 

with PV 2CATPase. Recent studies have used such an approach to identify viral and host 

proteins that form complexes with viral RNA (Lenarcic et al., 2013).  

Insertion of tag epitopes in viral proteins are particularly difficult for small viruses 

because the insertion can interfere with the final folding of the mature protein or the 

processing of the precursor polypeptide, which can interfere with virus viability, in terms 

of growth. I identified two susceptible peptide insertion sites in PV 2CATPase based on the 

criteria that they mapped in the flexible unstructured region of the protein and that phyre 

2 predicted the structure of this domain with the highest confidence (FIGURE 9). These 

sites were located near the C-terminus of the protein in a Zn++ binding domain outside of 

the ATPase domain or the predicted hexameric structure of the polypeptide.  

IV. Characterization of PV mutant viruses tagged in 2CATPase 

The sequence that codes for the StrepII and FLAG tags were independently 

inserted into two sites, selected by structure based prediction (FIGURE 9) in pT7PV1(M) 

cDNA. Constructs were linearized, transcribed into RNA using T7 polymerase and 
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transfected into HeLa cells. Cells were passaged up to 10 times on HeLa cells or until 

viable virus was recovered.  I was not able to recover viruses from the second site 

insertions (site II). However, viable mutant viruses were recovered from both the strepII 

and FLAG tag insertions at site I (FIGURE 9). PV 2C-tagged mutant viruses were 

recovered after the second and sixth passage for the strepII and FLAG inserted mutants, 

respectively (FIGURE 10). The PV 2C-strepII mutant virus had similar growth kinetics 

to that of the wt and also produced high virus titers after six hours infection (FIGURE 

10a). The plaque phenotype of the PV-2C-strepII was smaller than that of the wt. In 

contrast the PV-2C-FLAG mutant virus that had a wt-like plaque phenotype (FIGURE 

10b).  

Sequence analyses of the full-length genomes of the recovered tag-inserted 

mutants revealed suppressor mutations. Two independent suppressor mutations were 

recovered from the PV-2C-strepII tag mutant sequence analysis, methionine at position 

264 to lysine (M264K) and an isoleucine to leucine at position 310(I310L) (FIGURE 11) of 

2CATPase. A single nucleotide change converted the original amino acids to the suppressor 

genotype in both suppressor mutants. Surprisingly, we recovered a suppressor mutation 

that maps to mature protein 2B in the PV-2C-FLAG tagged mutant virus. This was also a 

single nucleotide change resulting in the exchange of a nearly neutral residue theronine 

with a hydrophobic residue isoleucine (T3I). In addition, the sequence analysis also 

revealed an additional suppressor mutation that mapped to the FLAG epitope (FIGURE 

11). The mutation resulted from a single nucleotide change in the last codon of the tag of 

a negatively charged aspartic acid to a hydrophobic glycine (DàG). 

V. Tagged epitope recognition of 2CATPase tagged viruses 
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Wt PV and PV-2C-tagged mutant viruses were used to infect HeLa cells for 4 hr 

and 5 hr, for wt and tagged mutants, respectively, and the cell lysates were analyzed on 

SDS-polyacrylamide gels. Western analysis with antibody to 2CATPase detected the tagged 

2CATPase proteins. Moreover, antibodies to the strepII and FLAG epitopes were also 

detected the tagged 2C proteins (FIGURE 12).  Next, cells were infected with the PV-2C-

FLAG tagged mutant virus for 4 hours of incubation. Immuno-florescence imaging was 

performed using antibodies against 2CATPase and FLAG peptide (FIGURE 12 and 13). 

Though the mutant PV 2CATPase FLAG epitope has a suppressor mutation in it the FLAG 

epitope, the antibody successfully detected the tag both in western and imaging analyses. 

To summarize, the epitopes in the PV-2C-tagged viruses are recognized by their 

respective antibodies, and will be useful tools for biochemical studies such as the 

identification of viral or host cellular factors that interact with 2CATPase during replication 

or morphogenesis. 
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DISCUSSION 

The studies in this chapter demonstrate the feasibility of using structure prediction 

models to obtain useful biological information. In my case, I predicted the structure of 

PV 2CATPase based on its homology with vcp/p97 protein and I also successfully 

generated a hexameric model of the putative helicase structure. More importantly, the 

analysis of the PV-2CATPase structure resulted in the identification of a site in the protein 

that tolerated tag epitope insertion. I recovered two independent viable mutant viruses 

that proved useful for biochemical assays of 2CATPase function. 

  The difficulties in purifying large amounts of 2CATPase in solubilized forms have 

so far hindered crystallization attempts. 2CATPase is a membrane bound protein and its 

association with membranes is through an amphipathic helix that is located near its N-

terminus (Paul et al., 1994b). Previous studies with the 2CATPase of another picornavirus, 

foot-and-mouth disease virus have found that removal of the N-terminal membrane 

binding region increased the yield of solubilized protein (Sweeney et al., 2010). Another 

study used nanodiscs to generate soluble forms of 2CATPase with increased ATPase 

activity (Springer et al., 2013); however, none of these strategies have yielded any 

structural data. I bypassed the 2CATPase solubility complication by using an algorithm that 

predicted its structure based on its homology to other protein structures, which resulted in 

a high confidence model. Not surprisingly, the server produced a highly unreliable model 

for the N-terminal membrane-binding region of the protein  (FIGURE 6). In addition, I 

also modeled the charges on the surface peptides, which suggests that the oligomerization 

of the protein can result from polar contacts of the ATPase domain (FIGURE 7). It was 

previously shown that the N-terminal membrane-binding domain was necessary for 
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oligomerization, but our model suggests that these regions do not directly contact each 

other. The possibility exists that the polar sides require monomers to be in close 

proximity to oligomerize, and membrane binding may facilitate this process. 

 One of the very interesting findings in the modeling was the putative hexamer 

with a positively charged core. The core has lysines and arginines protruding to the 

center.  The positively charged core suggests the possibility that it interacts with a 

negatively charged molecule like the RNA.  Also the diameter of the core is large enough 

to accommodate both double and single stranded RNA.  In our superposition analysis, we 

followed the recA model, however, there are rooms for tighter fitting of the hexamer that 

would reduce the core, which may allow the penetration of a single RNA strand.  

Studies of cellular localization, the composition of replication complexes, or the 

isolation of interacting partners of 2CATPase are lacking and would be easier with a small 

tag epitope inserted into a functional viral protein. Site that are tolerable for small amino 

acids have been identified for all non-structural proteins of PV using transposon screens, 

with the exception of 2CATPase (Teterina et al., 2006). Previous studies have inserted small 

DNA linker into the 2CATPase through an inserting linker screen in 2CATPase (Li and 

Baltimore, 1990; 1988). In my experiments both insertion tolerable sites were located 

between the ATPase domain and the C-terminal domain. I identified two sites that could 

potentially permit insertion of tag peptides that are larger than the previously inserted 

stretch of amino acids. I was able to recover 2CATPase tagged mutant virus from one of the 

sites (site I) that is located in the beginning of the cysteine-rich zinc-binding region. I 

took advantage of a lysine at the site and incorporated it into the tag, since both the 

strepII and FLAG tags end with a lysine. The second site, which was downstream of the 
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cysteine-rich zinc-binding region, did not yield any viable viruses even after 10 passages, 

though the second site (site II) maps to a flexible unstructured region.  Insertion sites 

always localize to flexible unstructured regions, however, not all flexible regions of 

tolerate insertions.  The failure to recover viable mutants from the Site I indicates that 

selecting an unstructured region alone cannot be used as the only determinant of an 

insertion site. Some studies suggest that the variability of the amino acids could also 

correlate with their susceptibility for insertion (Egger et al 2000). 

 It took at least two passages to yield a PV-2C-tagged mutant virus. Sequence 

analysis showed that the PV-2C-strepII tagged mutant viruses generated suppressor 

mutations. Both mutations were located in the 2CATPase protein, one with a change of a 

hydrophobic methionine (M246) to a positively charged lysine and the other an isoleucine 

(I310) to leucine. The StrepII epitope, which is neutrally charged, might affect the overall 

charge of the surrounding region in the protein, and might be in part compensated by the 

suppressor mutations. The impact of the strepII insertion on viral growth was most 

noticeable on the plaque size that is smaller than that of the wt (FIGURE 10). However, 

the PV-2C-FLAG tagged mutant virus yielded high titers, with wt-like kinetics and 

exhibited a wt-like plaque phenotype, though the epitope peptide contains negatively 

charged amino acids. Sequence analysis showed that the viable mutant had a single 

nucleotide change that changed an aspartic acid to a glycine. The mutation to the 

hydrophobic glycine residue might have been selected by the virus to reduce the overall 

charge at that position (FIGURE 11). Fortunately, the mutated FLAG tagged epitope was 

still recognized by an antibody against FLAG in both western and immuno-fluorescence 

assays (FIGURE 12 and 13). Sequence analyses also revealed a second mutation that 
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mapped to PV viral protein 2B (FIGURE 11). This mutation suggests a direct contact 

between insertion site I and the N-terminus of 2B, either at the level of precursor 2BC or 

the mature 2B. It is interesting to note that results of a previous study demonstrated that a 

2CATPase amphipathic helix chimera of PV with HRV14 yielded suppressor mutations 

near the N-terminus of 2B, again suggesting a functional interaction between 2B and 

2CATPase (Teterina et al., 2006). These protein/protein interactions were confirmed by 

mammalian cell two-hybrid analyses.  

 Our in silico analysis yielded useful insights into the structure of 2CATPase and 

generated mutant viruses that can be used to perform biochemical studies or identify host 

cellular factors that interact with PV-2CATPase.   
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FUTURE DIRECTIONS 

I generated a PV 2CATPase three-dimensional structure and a putative hexamer 

model. I have provided validation of the three-dimensional structure by positively 

identifying an insertion tag site. However, further studies of the putative oligomeric state 

of 2CATPase are required. The putative hexamer revealed two charged amino acids (K168 

and R226)  (FIGURE 8) that form the core of the hexamer. Mutating the core amino acids 

will provide insight detail into the putative function of the protein. PV 2CATPase is often 

treated and described as a monomer, however it is not clear whether its also functions in 

the oligomeric state. Recent studies have implicated 2CATPase as being a helicase or RNA 

destabilizer, and the removal of the N-terminal region resulted in the loss of ATPase 

activity (Adams et al., 2009). It would be interesting to investigate the roles of the 

hexameric core amino acid in viral replication. Interestingly, the core has two amino 

acids, K168 – facing the N-terminal and R226 – facing the C-terminal, that may perform 

different functions. I recommended a mutational analysis of the charged amino acids to 

investigate their roles in the viral life cycle.  

 I also developed mutant viruses that have tag epitopes, and are recognized by their 

respective antibodies (FIGURE 12 and 13). These PV 2CATPase tagged mutants are very 

important because they can be used to study the mechanism of viral assembly, in which 

2CATPase plays a critical role. Furthermore, PV 2CATPase is known for its multi-

functionality and has been implicated in various stages in the life cycle, which suggests 

that the protein may interact with other proteins for such functions. EV-71 2CATPase 

interacts with cellular protein reticulon 3 for viral replication (Tang et al., 2007). The 

findings in this dissertation lay the foundation for the identification of other host cellular 



	
  

 49	
  

proteins that PV 2CATPase interacts with for its many functions. I suggest using the tagged 

viruses to perform a proteomic screen for proteins that interact with 2CATPase. The 

identification of cellular host proteins contributing to the many functions of 2CATPase 

would be a major advance to the field because it would provide new insights into 2CATPase 

function with cellular proteins to target as treatment options.  
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FIGURE 6. Phyre2 predicted model of the PV 2CATPase three-dimensional structure. 

(a) The amino acid sequence of PV1(M) was submitted to the Phyre2 online server to 

generate a 3D structural model (Materials and Methods). The server predicted a 2CATPase 

model for 92% of the residues with greater than 90% confidence in the model. The 

structure of the N-terminal domain, highlighted in black, is highly unreliable. Sequences 

highlighted in gold are predicted with good confidence. The 2CATPase structure shown in 

light green is predicted with 100% confidence. (b) The predicted three domains in the 

2CATPase structure. The N-terminal domain (red) consists of helical structures, the central 

helicase domain (blue) contains the NTP binding/helicase boxes of A, B and C, and the 

C-terminal domain (green) consists mostly of helical structures. The flexible region 

between the central and C-terminal domain contains the N252 VP3 capsid interacting 

residue.  
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FIGURE 7. The electrostatic representation of PV 2CATPase model structure.  

Cartoon models of PV 2CATPase (gray) is shown in the right panel, and the left panel 

shows the electrostatic representation of PV 2CATPase. Bottom models are 180o rotations 

of the top structure on the horizontal axis.  
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FIGURE 8. The electrostatic model of the putative 2CATPase hexamer. Putative 

2CATPase hexamer was generated by super-positioning the predicted 2CATPase model to 

recA (pdb:2rec). (a) Electrostatic representation showing the charges of the putative 

2CATPase hexamer. Displayed residues are primarily composed of the N-terminal amino 

acids. The core of the hexamer is composed of positively charged amino acids (K168 and 

R226), shown on the top right panel. (b) Electrostatic representation of the putative 

2CATPase hexameric model, displaying the C-terminal view. (c) Side view of the putative 

PV 2CATPase hexameric model. Blue represents positively charged surfaces and red the 

negatively charged surfaces.    
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FIGURE 9. Identification of small tag epitope insertion sites in PV 2CATPase. 

Schematic map of 2CATPase protein noting the amphipathic helices, and the cysteine-rich 

zinc binding region. The two predicted insertion sites are highlighted in orange. 

Amino acids in the unstructured sites are in orange and the surrounding helices are in 

green. The identified potential sites that may potentially tolerate insertion of small 

peptides are shown in orange in the 2CATPase confidence model, and are labeled sites I and 

II, respectively. The lysine (K270), represented in the stick (blue), was incorporated into 

the inserted tag (strepII and FLAG) peptides.  
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FIGURE 10. Growth and plaque phenotypes of 2C-tag inserted virus mutants. (a) 

Plaque phenotypes of wt-PV1(M), 2C-strepII PV1(M), and 2C-FLAG PV1(M) viruses. 

Plaque assays were performed on HeLa cells and incubated for two days. (b) Growth 

curve of wt and 2C-strepII mutant viruses. HeLa cells were infected at an m.o.i. of 5 and 

incubated at 37oC at various time-points. Recovered viruses from the time-pointe were 

titered by plaque assay. Blues line represents wt-PV1(M) and the red line represents 2C-

strepII PV1(M). Subscript under the plaque picture indicates the virus dilution at which 

the image was taken.  
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FIGURE 11. Locations of suppressor mutations in 2CATPase tag inserted viruses.  

The mutational-map of recovered PV 2CATPase epitope tagged viruses is shown in a 

schematic map of non-structural protein 2BC. Locations of suppressors mutations in 

2CATPase or 2B are indicated by red arrow. The original amino acids are separated from 

the respective suppressor amino acids by the residue position number (in sub-scripted). 

Below the position amino acids and the corresponding codons for the respective amino 

acid are shown The bold and capitalized nucleotides represent the suppressor change in 

the recovered viruses. The right panel shows the passage number where full CPE was 

observed for the tagged viruses. 
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FIGURE 12. Recognition of tag epitopes in PV 2CATPase tagged mutants. HeLa cells 

were independently infected with wt PV1(M), 2C-strepII PV1(M), and 2C-FLAG 

PV1(M) viruses at an m.o.i of 10 for 4 hr for wt, and 6 hr for 2CATPase tag-inserted 

viruses, respectively. SDS-page/Western analysis was used to detect 2CATPase proteins in 

infected HeLa cell lysates. 2CATPase proteins were detected with antibody against 2CATPase 

and the respective tag epitope antibodies. The top panel shows detection of 2CATPase and 

its precursor proteins using mouse antibody that recognizes 2CATPase (red). Rabbit 

antibody against the strepII epitope was used to detect the strepII tag on the same lysate 

(shown in green), and a merge that shows the overlap of 2CATPase and precursors with 

strepII tag in yellow. The bottom panel shows detection of FLAG epitope of the same 

lysates but separate SDS-page/western analysis, with mouse antibody against the FLAG 

epitope. 
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FIGURE 13. Immunofluorescence imaging of PV 2C-FLAG tag mutant virus in 

HeLa cells. HeLa cells were infected at an m.o.i. of 5 and incubated for 4 hr at 37oC. 

Cells were fixed with paraformaldehyde. Fixed cells were then probed with primary 

antibodies against FLAG tag epitope and PV1, then followed by alexa fluor 488 (green) 

and 555 (red) conjugated antibodies, respectively. The cell nucleus was stained with 

DAPI, shown in blue. 
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Chapter 2: Genetics studies of residues near a presumed capsid interacting site in 

poliovirus protein 2CATPase  

RESULTS 

I. Construction of triple alanine mutants and their growth phenotypes 

Studies of the role of 2CATPase in encapsidation have been hindered by the 

multifunctional nature of the protein (Wang et al., 2012) as well as by the stringent 

dependence in cis of translation>RNA replication>assembly (Paul and Wimmer, 2015; 

Wang et al., 2012). Since 2CATPase plays an essential role in RNA replication, a step prior 

to particle assembly, mutations in 2CATPase leading to RNA replication defects will also 

prevent proper encapsidation. Our previous genetic studies with a PV/CAV20 chimera 

indicated an interaction of N252 in PV protein 2CATPase with capsid protein VP3 of CAV20 

that is required for encapsidation (Liu et al., 2010). Unexpectedly, in the context of the 

PV polyprotein, N252, which falls into a flexible domain of the polypeptide containing 

unconserved amino acids, (FIGURE 6b, FIGURE 14), is not important for encapsidation. 

That is, the replacement of N252 in PV 2CATPase with A, G, S, D, or G had no effect on 

virus growth (data not shown). We speculate that in the PV background one or more 

residues in the vicinity of N252, in or near the flexible domain, might have a similar 

function in encapsidation. In this study, I used alanine mutagenesis of selected residues to 

try to answer this question.   

Our laboratory previously performed an alanine screen of all clustered charged 

residues in 2CATPase, and we identified further evidence of the 2CATPase interaction with 

capsid protein, and in replication (Wang et al., 2012). I focused on a flexible region near 

N252 in this study. I selected triple hydrophobic amino acids or single charged residues 
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near N252 that had not been previously analyzed. First, I designed and constructed four 

triple alanine mutants, two upstream [F244A/M246A/I248A (FMI/AAA) and 

Q249A/V250A/M251A (QVM/AAA)] and two downstream [E253A/Y254A/S255A 

(EYS/AAA) and G258A/K259A/L260A (GKL/AAA)] of N252, respectively (Table 2; 

FIGURE 14). 

 To compare the growth phenotypes of the triple alanine mutants with that of the 

wt virus, I transfected RNA transcripts into HeLa R19 cells. The transfected cells were 

incubated either at 33oC, 37oC or 39.5oC for approximately 72 hr or until full cytophathic 

effect (CPE) developed. Two constructs (FMI/AAA and GKL/AAA) produced no 

progeny even after 10 passages on fresh HeLa cells at all temperatures tested (Table 2, 

FIGURE 15a). One mutant (EYS/AAA) exhibited wt-like growth at 33oC but at 37oC 

progeny was produced only after two passages on fresh HeLa cells (Table 2, FIGURE 

15a). The second viable mutant, (QVM/AAA), was defective in growth at 39.5oC but 

produced progeny at 33oC or 37oC (Table 2, FIGURE 15 a and b). Lysates of the two 

viable viruses, obtained from 33oC transfections, were titered by plaque assays at 33oC, 

37oC or 39.5oC. As shown on FIGURE 15b, virus titers at 37oC and at 39.5oC were 

significantly lower with both mutants than what was obtained with the wt virus. The 

QVM/AVA variant and the EYS/AAA virus exhibited mostly tiny plaques at all 

temperatures tested (FIGURE 15c). 

 Viral RNAs were extracted from lysates of the two viable triple alanine mutants, 

grown at different temperatures, and were subjected to RT/PCR and full length genome 

sequencing. The results indicated that QVM/AAA is quasi-infectious thus progeny 

viruses isolated from HeLa cell lysates were always found to be genetic variants of the 
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input sequence (Gmyl et al., 1993). It produced a variant with a single nucleotide 

reversion QVM/AVA while no nucleotide substitutions were observed with the 

EYS/AAA mutant (FIGURE 15a).  

II. Triple alanine ts mutants are defective in RNA replication at 39.5oC  

The two ts triple mutants, EYS/AAA and the partial revertant of QVM/AAA 

(QVM/AVA) that grew poorly at 39.5oC were further analyzed to test for any defects in 

RNA replication. Viruses grown at 33oC were used to infect HeLa cells at 39.5oC and 

aliquots were taken at various times post-infection. RNA levels in lysates of cells infected 

with these viruses were measured by qPCR. Both mutants exhibited a severe defect in 

RNA replication at 39.5oC when compared to the wt virus (FIGURE 16).  Since 

encapsidation is dependent upon normal RNA replication, these mutants were not further 

analyzed for any additional encapsidation defects.  

III. Nonviable triple alanine mutants exhibit normal protein synthesis and processing 

To rule out the possibility that the lethal growth phenotypes of the FMI/AAA and 

GKL/AAA mutants were due to a defect in protein translation or polyprotein processing, 

I translated RNA transcripts of these mutants in HeLa cell free extracts. After incubation 

for 8 hrs at 34oC, the samples were analyzed by SDS-polyacrylamide gel electrophoresis. 

As shown on FIGURE 17, both mutants exhibited normal protein synthesis and 

polyprotein processing profiles. Surprisingly, the amino acid substitutions with alanine 

did not influence the migration of the 2CATPase-related polypeptides when compared to wt 

translations patterns, as observed in the previous clustered alanine scanning study (Wang 

et al., 2012). 
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IV. Construction and growth properties of single alanine mutants 

Triple alanine mutants that displayed a lethal growth phenotype (FMI/AAA, 

GKL/AAA) were subsequently scanned by single alanine mutagenesis to identify the 

specific residues responsible for the growth defect. Of the amino acids contained within 

FMI and GKL, five (F244A, M246A, I248A, K259A, L260A) were mutated to alanine 

(FIGURE 18, Table 3). RNA transcripts of the five-alanine mutant cDNAs were 

transfected into HeLa cells at 37oC and their growth phenotypes were examined.  The 

F244A mutant was not viable and did not produce any progeny even after several passages 

on HeLa cells. The lethal growth phenotype was not due to a defect in translation or 

protein processing as shown by in vitro translation of mutant RNA transcripts in HeLa 

cell free extracts (FIGURE 19a). However, qPCR analysis of viral RNA levels in infected 

cells indicated a defect in RNA replication (FIGURE 19b) and therefore the mutant was 

not further analyzed for an encapsidation defect.   

 Two of the mutants (I248A, L260A) were quasi-infectious and produced (AàV) 

variants during transfection or first passage indicating that the original alanine residues at 

these positions were nonfunctional (FIGURE 18; Table 3).  Although the M246A virus 

was viable it quickly mutated to a V, yielding a M246V variant. Viruses derived from 

37oC transfections were plaque titered at 33oC, 37oC and 39.5oC (FIGURE 18b). The 

I248V variant was ts with a particularly strong growth defect at 39.5oC but less prominent 

at 33oC or 37oC. The M246V variant exhibited a mildly lower titer than the wt at all three 

temperatures tested while the L260V variant grew nearly as well as the wt virus. The 

plaque sizes of the single alanine mutants or the valine variants were somewhat smaller at 

37oC or 39.5oC than that of the wt (FIGURE 18c).  
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 The last of the single mutants, K259A, produced progeny during transfection, and 

my preliminary studies indicated that it was cold sensitive and retained its original 

alanine mutation genotype even after several passages at 33oC (FIGURE 18 a and b). It 

should be noted that of other cold sensitive mutants of poliovirus known thus far, one was 

shown to be defective in uncoating due to a possibly defect in virion structure (Li and 

Baltimore, 1990), and the other had a mutation in the viral protein 3A that impairs viral 

RNA synthesis (Berstein and Baltimore, 1988). The uncoating cold sensitive 2CATPase 

mutant contained a linker insertion (4 amino acids) between residues 255 and 256, just 

upstream of K259, and two secondary mutations at M293V/R295K that were obtained after 

passaging at 39.5oC (Li and Baltimore, 1990). Interestingly, a single N140S change was 

able to suppress the cold sensitive growth phenotype, suggesting an interaction between 

the C-terminal domain of the polypeptide and a domain between boxes A and B of the 

NTP binding domain (Li and Baltimore, 1990). We have similarly postulated an 

interaction between these domains from our previous alanine scanning analyses (Wang et 

al., 2014; 2012). Based on these previous studies, our K259A mutant appeared to be a 

good candidate in the search of a possible encapsidation/uncoating defect. 

V. 2CATPase K259A mutant exhibits a delay in growth and protein synthesis at 35oC and 

33oC 

To learn more about the cold sensitive phenotype of this mutant, viruses grown at 

37oC were used to infect HeLa cells (m.o.i. 5) at 37oC, 35oC or 33oC. When compared to 

the wt virus, the cold sensitive mutant exhibited increasingly longer delays in growth 

when the temperature of the infection was reduced from 37oC to 35oC and then to 33oC, 

respectively (FIGURE 20a). The replication of K259A mutant virus reached wt levels at 
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10 and 6 hr post-infection, respectively, in comprising to wt virus at 33oCand 37oC 

(FIGURE 20a). These results suggested a defect at an early step of infection with the 

K259A virus, possibly in uncoating. 

 Protein synthesis immediately follows uncoating in the viral life cycle, I reasoned 

that the K259A mutant might also exhibit a delay in protein synthesis at 33oC and at 35oC 

when compared to the wt virus. Virus stocks generated at 37oC was used to infect HeLa 

cells at different temperatures at an m.o.i. of 5 (FIGURE 20b). At various times post 

infection lysates were analyzed on SDS-polyacrylamide gels and the 2CATPase-related 

proteins were identified by Western analysis using an antibody to 2CATPase. Relative to 

the wt virus, there was a small delay in protein synthesis by the mutant at 37oC and 

increasingly longer delays when the temperature was reduced from 37oC to 35oC and 

33oC, respectively (FIGURE 20b). The results parallel the growth kinetics of the mutant 

virus at 33oC, 35oC and 37oC when compared to the wt virus and provide further 

evidence that the cold sensitive mutant is defective in uncoating at the restrictive 

temperatures. 

V. The 2CATPase K259A mutant is defective in encapsidation at 33oC and 35oC    

The delayed growth and protein synthesis by the K259A mutant at 33oC suggested 

the possibility of a defect at some stage of uncoating. However, since 2CATPase is not a 

part of the virus particle and is synthesized after viral entry and uncoating, a direct role 

for this protein in this process can be ruled out. To decipher the mechanism by which a 

mutation in 2CATPase might affect uncoating, I tested for defects in RNA replication and 

encapsidation using an R-Luc reporter virus (FIGURE 21). In this construct, R-Luc is 

fused to the N-terminus of the PV polyprotein (Liu et al., 2010). After infection, the 
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chimera synthesizes the polyprotein from which the N-terminus of the R-Luc reporter 

protein is cleaved by 3CDpro after which it signals the extent of protein translation and 

RNA replication (Liu et al., 2010). I used T7 RNA transcripts of the chimeric virus 

constructs (wt and K259A mutant) and transfected these into HeLa R19 cells at different 

temperatures in the absence and presence of guanidine hydrochloride (GnHCl), a potent 

inhibitor of PV RNA replication (Pincus et al., 1986). Luciferase activity was measured 

16 hr post-transfection. In the presence of GnHCl the R-Luc activity measures translation 

of the input RNA while in the absence of the drug the R-Luc signal represents both 

translation and RNA replication. To measure encapsidation, cell lysates from 

transfections made in the absence of GnHCl, were then passaged to fresh HeLa cells and 

R-Luc activity was measured 8 hr post-infection. The results indicate that at 37oC, both 

RNA replication and encapsidation of the K259A mutant nearly matched the level 

observed with the wt construct (FIGURE 21). At 35oC, passaging to new HeLa cells 

reduced the R-Luc signal for both the wt and mutant constructs although the decrease was 

more pronounced with the mutant, an observation suggesting a small encapsidation defect 

relative to the wt. However, at 33oC the mutant exhibited a small (~ 2 fold) reduction in 

RNA replication, but a striking 25-fold decrease in R-Luc signal that measures 

encapsidation. It is unlikely that such a small decrease in RNA replication would result in 

a very large defect in encapsidation. I infer that the K259A mutant is severely defective in 

encapsidation at 33oC. In view of these results it would be to also test the effect of the 

encapsidation defect on uncoating with virus grown at 33oC. Unfortunately, we were not 

able test this because of the very low titer of the mutant virus in cells grown under these 

conditions (FIGURE 18b). 
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VI. Immunofluorescence imaging shows inhibition of mature virus production with the 

K259A mutant at 33oC  

The inhibition of encapsidation, resulting in decreased amounts of infectious virus 

at 33oC (FIGURE 22), was confirmed by immunofluorescence imaging. K259A virus, 

grown at 37oC, was used to infect HeLa cells at 37oC, 35oC and 33oC at an m.o.i. of 5 and 

incubation continued for 4 hrs, 5 hrs and 6 hrs, respectively, at the same temperatures. 

Infected lysates were probed with monoclonal antibodies to 2CATPase and A12 antibodies, 

the latter recognizing mature virus (Chen et al., 2013). As shown in Fig.7, both the 

localization and quantity of mature virus is comparable with the two viruses at 37oC and 

35oC. However, at 33oC there is a strong reduction in the amount of mature virus present 

in K259A-infected cells when compared to the wt virus. In addition, there are differences 

in the localization of 2CATPase in the wt and mutant virus-infected cells. In wt virus-

infected cells, 2CATPase localizes in the perinuclear region of the cell while this protein is 

primarily in the cytoplasm of all infected with the mutant. Taken together our results 

clearly indicate a relationship between the encapsidation defect of the K259A mutant at 

33oC, the production of mature virus, and a delay in uncoating and protein synthesis 

during the next cycle of virus growth. 
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DISCUSSION 

 The aim of these genetic studies was to search for and identify one or more sites 

in protein 2CATPase near N252, a residue identified to be essential in the assembly of a 

PV/CAV20 chimera (Liu et al., 2010). N252 maps to a variable flexible region within 

2CATPase (FIGURE 6b, FIGURE 15 a and b), a site presumed suitable for an interaction 

between the viral ATPase and a capsid polypeptide. It should be noted, however, that the 

asparagine at position 252 of PV 2CATPase is not conserved amongst enteroviruses, not 

even among the three poliovirus serotypes or CAV20, and is the direct capsid interacting 

site of the PV/CAV20 chimera. Thus, I speculated, that there are residues in the variable 

flexible region other than N252, or in addition to N252, which play a role as the presumed 

capsid interacting site involved in particle assembly.  

 Encapsidation is the last step in the viral replicative cycle providing to newly 

synthesized genomes a protective protein coat that, in turn, is required for a virion’s 

attachment to and penetration into a new host cell. Attachment and penetration leads to 

uncoating of the genome, a complex process involving structural alterations to the viral 

capsid and release of the infectious genomic RNA into the cytoplasm. Uncoating and 

encapsidation are linked since the normal release of the genome depends upon correctly 

assembled virion particles (Hogle, 2002). With poliovirus, uncoating begins with the loss 

of VP4 from the capsid, followed by the loss of VP2, and finally the dissociation of 

VP1/VP3 and the viral RNA (De Sena and Torian, 1980; Fenwick and Wall, 1973; F. 

Koch and G. Koch, 1985; Lonberg-Holm et al., 1975).  

Drug inhibition (Vance et al., 1997) and genetic experiments (Liu et al., 2010; 

Wang et al., 2014; 2012) have led to the surprising observation that 2CATPase was not only 
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essential in genome replication, but also in virion assembly (Jiang et al., 2014). More 

surprising was that an RNA packaging signal is not involved in poliovirus assembly 

(Jiang et al., 2014) rather 2CATPase interacts with capsid proteins thereby providing 

assembly specificity. Moreover, mutations influencing PV assembly seemed to map over 

a wide range of the 2CATPase polypeptide. Apart from studies with hydantoin (Vance et 

al., 1997) or with the enterovirus chimera (Liu et al., 2010), alanine scanning mutagenesis 

of 2CATPase indicated that residues K279/R280 and C272/H273 within the C-terminal Zn++ 

binding domain (Wang et al., 2012) (residues 269-286) are involved in encapsidation 

and/or uncoating (Pfister et al., 2000; Wang et al., 2014; 2012). A report of the 

involvement of 2CATPAse in uncoating, deduced from suppressor mutations (M293V/K295R) 

near a linker insertion (Li and Baltimore, 1990) was particularly interesting. Suppressor 

variants of the K279A/R280A mutant indicated that this site interacts both with capsid 

proteins VP1 and VP3, possibly in the context of one or more capsid precursors or the 

fully assembled capsid (Wang et al., 2012). On the other hand, suppressor variants of the 

C272A/H273A revealed an interaction with an upstream segment of the 2CATPase 

polypeptide located between boxes A and B of the NTP binding domain (Wang et al., 

2014; 2012). 

 In the current studies I have first introduced triple alanine mutations into PV 

protein 2CATPase, near N252 (Figs. 2b-d), with the aim of searching for additional sites near 

the C-terminus of the polypeptide that are required for encapsidation. We selected 

mutants for analysis that fell either into highly structured or flexible domains. We 

identified two triple alanine mutants (FMI/AAA and GKL/AAA) that possessed lethal 

growth phenotypes at all temperatures tested (33oC, 37oC, 39.5oC). These mutations are 
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predicted to be located in a β sheet and an α helical domain, respectively of the 2CATPase 

structural model. In addition, we observed two mutants that were ts and/or quasi-

infectious, exhibited normal protein translation and processing profiles, but were 

defective in RNA replication (EYS/AAA and QVM/AAA). These mutations fell into a 

partly or fully flexible stretch of residues in the predicted 2CATPase structure. Since the 

processes of encapsidation and RNA replication are linked we cannot exclude the 

possibility that these mutants also had encapsidation defects, independent of RNA 

replication. It should be noted that an E253G change in PV 2CATPase was previously shown 

to yield a small plaque virus, to prevent secretion inhibition in tissue culture cells 

(Burgon et al., 2009) and to produce a VCP-knockdown resistant PV mutant (Arita et al., 

2012). Whether the E253A substitution, within the context of the EYS mutation, would 

cause similar defects is not known. 

 To identify the specific residues responsible for the lethal growth phenotypes of 

the triple alanine mutants we scanned them by single alanine mutagenesis. The mutants 

included F244A, I248A, K259A, and L260A, residues that are highly conserved in 

picornavirus 2CATPase proteins and M246, which is less conserved (FIGURE 14c). Mutant 

F244A was nonviable and had a severe defect in RNA replication (FIGURE 19). 

Interestingly, our previous alanine mutagenesis of positively charged residues R240/R241 

and D245/D247, in close vicinity of F244, also resulted in lethal growth phenotypes and 

severe replication defects (Wang et al., 2012).  Three of the single alanine mutants 

(M246A, I248A and L260A) were quasi-infectious and produced variants that had either wt 

or ts growth phenotypes. In all cases (M246A, I246A, L260A), the variants contained an 

exchange of a moderately hydrophobic residue, alanine, with a more hydrophobic and 
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larger amino acid, valine. The original residues, M246, I246 and L260 are also strongly 

hydrophobic and larger than the alanines that replaced them. It should also be noted that 

reversion to the original genotypes would have required two simultaneous nucleotide 

substitutions while the AàV changes occurred with the replacement of a single 

nucleotide.  

 The last single alanine mutant K259A was cold sensitive and exhibited a delay in 

growth and in protein synthesis at the restrictive temperatures, 35oC, and particularly at 

33oC. Our experiment with a reporter virus indicated a specific defect in encapsidation at 

these temperatures. Interestingly, although this defect was not detectable at 37oC with this 

assay, an abnormality in virion structure, presumably resulting from imperfect 

encapsidation at this temperature, could be inferred from the following observations. 

Mutant viruses grown at 37oC were strongly delayed both in growth and in protein 

synthesis when used for infections and growth at 35oC or 33oC (FIGURE 20 a and b). 

Immunofluorescence imaging of cells infected with the wt and mutant viruses confirmed 

the nearly total lack of mature virus production by the mutant at 33oC, 6 hr post infection 

(FIGURE 22). In addition, the imaging experiments revealed differences in the 

localization of 2CATPase with the wt and the mutant viruses at 33oC. While the wt virus 

exhibited 2CATPase localization in the perinuclear region of the cell the mutant protein was 

primarily in the cytoplasm.  

 The K259 residue in poliovirus 2CATPase adds to the previously discovered locations 

near the C-terminus of the polypeptide that are involved in encapsidation/uncoating. This 

domain extends from residue N252, to the M293/K295 suppressor mutations of a linker 

insertion at residues 255/256 of the cold sensitive mutant of Li and Baltimore (Li and 
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Baltimore, 1990). Within this segment of the polypeptide 4 residues are known to be 

involved in encapsidation/uncoating (C272/H273 and K279/R280) (Wang et al., 2014; 2012). 

Charged residues in proteins are frequently involved in important protein/protein 

interactions (Diamond and Kirkegaard, 1994) such as the 2CATPase/capsid interactions we 

have previously discovered with the isolation of suppressor mutants to charged to alanine 

substitutions of residues required for encapsidation (Wang et al., 2012). Although no 

suppressor variants were identified with the K259A mutant, since the substitution affects 

encapsidation/uncoating one might speculate that this residue is also involved in some 

form of interaction with capsid proteins and/or capsid precursors. 

 As mentioned above, the asparagine at position 252 is not conserved in an 

alignment of picornavirus 2CATPase proteins and even in different poliovirus serotypes  

(Fig. 2e). Not surprisingly, the N252 in PV1(M) can be replaced with S, G, A or D without 

any deleterious effect on viral growth (Liu et al., 2010) (unpublished data). Some 

residues in the immediate vicinity of N252, which were included in our mutational 

analyses (M246, Q249, M251, E253, S255), are also poorly conserved (FIGURE 14c). 

However, we suggest that the growth phenotypes of the mutants correlated with the 

extent of conservation of amino acids within this domain of the protein. Accordingly, the 

two mutants with the highest conservation (FMI/AAA, GKL/AAA) exhibited lethal 

phenotypes while mutants (EYS/AAA and QVM/AAA) that were either ts or quasi-

infectious, respectively, contained substitutions in the variable region.  

 2CATPase is one of the most conserved proteins of enteroviruses. However, the 

residues surrounding N252 in 2CATPase are not conserved at all (FIGURE 14c) (Jiang et al., 

2007). We speculate that this variable region in picornavirus 2CATPase polypeptides 
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(FIGURE 14c) plays a crucial role in assembly through the interaction with capsid 

proteins. Whereas the capsid proteins may have retained a freedom of variation dictated 

by the formation of receptor and antibody binding sites, 2CATPase, a crucial enzyme in 

genome replication and a player in the rearrangement of the cytoplasmic environment, 

was restricted to a small segment in a crucial protein-protein binding event. Interestingly, 

we did not identify any encapsidation mutants in the variable flexible region and our 

current and previous data (Liu et al., 2010) indicate that this region is important for RNA 

replication. However, we cannot rule out the possibility of an additional encapsidation 

defect with any of the mutants analyzed or a role of this domain in interaction with the 

capsid.  Although K259 is located in an adjacent a helix, it is feasible that it has some 

influence on the variable region in a way to alter its interaction with the capsid (FIGURE 

14 a and b). 

 As was postulated before (Hogle, 2002; Li and Baltimore, 1990; Wang et al., 

2014), my data are consistent with a link between assembly and uncoating. My genetic 

studies reported here identify K259 as a residue critical for virion assembly and the 

subsequent step of uncoating during the next cycle of infection. Although many 

unanswered questions still exist about the roles of 2CATPase in morphogenesis and 

uncoating these results together with previous alanine scanning experiments demonstrate 

the usefulness of genetic analyses with ts and quasi-infectious variants for the 

identification of residues important for these processes.  
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FUTURE DIRECTIONS 

The K259A c.s. mutant virus is an interesting candidate for further investigation of  

virus morphogenesis. I characterized a mutant that is defective in encapsidation and 

uncoating. However, I did not show evidence for a specific defect at 33oC or a 

mechanism. Crystal structure analyses of capsid surface peptides of the mutant would 

provide useful information on the structure that causes the encapsidation defect, 

particularly in canyons that are believed to have receptor binding. It seems that 2CATPase 

functions as a “key” that locks the capsid. There is no evolutionary pressure for the virus 

to revert to the mutated alanine at 2CATPase position 259. Unfortunately, I did not observe 

suppressor mutations in any structural protein, which would have provided some insight 

into the physical interactions of 2CATPase with capsid proteins. The 14S pentamer made by 

the mutant would also be an interesting target for further investigation. For example does 

the pentamer exhibit a structural defect? Though 2CATPase is not packaged with the virus, 

it associates with the 14S particle in vitro (Rombaut et al., 1990). In addition, a study of 

the c.s. mutant’s ability to form A-particles (135S) would be interesting, which might 

provide useful insight  into the uncoating defect. 

Another interesting experiment would be to change K259 to negatively charged 

amino acids (D or E) rather than to A. This could exacerbate the defect and potentially 

force the development of suppressor mutations if the c.s. defect is charge dependent.  

Electrostatic representation shows that the K259 amino acid localizes to a pocket that is 

highly positively charged. The K259A c.s. defect can be attributed to either a size 

constraint or the removal  of  the positively change amino acid. A more severe mutation 

might apply more pressure on the virus, which may force the mutant virus to genetically 
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compensate and might even develop a suppressor mutation in the capsid, which would 

indicate a direct protein-protein interaction at the 2CATPase 259 position with the capsid. 

 Lastly, the Sabin viruses that are used for OPV vaccines are also temperature 

sensitive, they are sensitive to higher temperatures. The attenuation of the Sabin strains is 

attributed primarily to few mutations that map to the 5’NTR and capsid regions. The 

attenuation of Sabin strains’ are associated with capsid stability (Macadam et al., 1991). 

My c.s. 2C-K259A mutant virus also has a capsid abnormality that should be further 

investigated in vivo both in tissue culture and in mice. It would be very interesting to 

examine the effect of abnormal encapsidation and uncoating defects on virus attenuation. 
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FIGURE 14. The N252 residue is located in a flexible region between the ATPase 

domain and the C-terminal domain. (a) Locations of the triple alanine mutations on the 

predicted 2CATPase structure are illustrated. The QVM residues are in a flexible domain 

while the EYS residues are partly in a a helical structure. (b) The FMI residues are 

predicted to be located in a β sheet and the GKL residues are in an α helix structure. (c) 

Alignment of Picornavirus 2CATPase proteins surrounding residues N252. The amino acid 

sequence of Picornavirus 2CATPase proteins, surrounding N252, is shown. Stars indicate the 

highly conserved residues over a black background and the less conserved residues are 

shown with a gray background. Dashes indicate the absence of certain residues in the 

sequences alignment. The size and location of the flexible region are also indicated. The 

Enterovirus 2CATPase protein are boxed to separate them from the more distantly related 

picornaviruses (FMDV:Aphtovirus genus, EMCV:Cardiovirus genus). 
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RR FA FDMDIQVMN EYSR-D-G-K-LNMAMAT EM CK
RR FA FDMDIQIMS EYSR-D-G-K-LNMAMAT EM CK
RR FA FDMDIQVMG EYSR-D-G-K-LNMAMAT EM CK
RR FA FDMDIQVMG EYSK-D-G-K-LNMAMAT EM CK
RR FHFDMNI EVISMYSQ-N-G-K-INM PMSVKT CD
RR FYMD CDI EVTDSYKT-DLG-R-LDAGRAAKL CS
RR FFLDLDIIV HDN FKD PQ-G-K-LNVAAA FR PCD
RR FG FDLDI CL HTTYTK-N-G-K-LNAGMSTKT CK
RR FHFDIDVSAKDGYKI-N-S-K-LDIIKAL EDT
RRIT FDYSVSAG PV CSKT EAGYKVLDV ERA FR PTG
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FIGURE 15. Characterization of PV 2CATPase triple alanine mutants. (a) Growth 

properties of mutants at different temperatures. The location of N252 and of the triple 

alanine mutants on the 2CATPase sequence is illustrated on top. RNA transcripts of wt and 

mutant constructs were transfected into HeLa R19 monolayers and incubated at 33oC, 

37oC, and 39.5oC for 48 hours or until CPE (Materials and Methods). Freeze-thawed 

supernatants were used to passage on fresh HeLa R19 monolayers. The genotypes of 

recovered progeny viruses from 33oC passages are indicated. (b, c) Virus titers and 

plaque phenotypes of viable mutants: QVM/AVA and EYS/AAA. Viruses derived from 

33oC transfections were plaqued at 33oC, 37oC and 39.5oC and the titers were determined 

(Materials and Methods). The plaque phenotypes of the viruses at different temperatures 

are shown at the indicated dilutions.  
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FIGURE 16. Temperature sensitive triple alanine mutants are defective in RNA 

replication at 39oC.  RNA levels in HeLa cells infected with viable mutants, EYS/AAA 

and variant QVM/AVA. HeLa cells were infected at an m.o.i. of 5 with wt and mutant 

viruses obtained from 33oC transfections. The infected cells were harvested at various 

time points after infection and total RNA was isolated from the lysates. RNA levels were 

determined by qPCR, as described in Materials and Methods.  
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FIGURE 17. In vitro translation of wt and non-viable mutant (FMI/AAA and 

GKL/AAA) transcript RNAs. Transcript RNAs of the wt and of the lethal mutants were 

translated in HeLa cell-free extracts at 34oC for 8 hrs as described in (Materials and 

Methods). None of the mutants exhibited abnormal translation or processing.  
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FIGURE 18. Growth phenotypes of single alanine mutants. (a) Virus viability and the 

genotype of progeny at 37oC. Single alanine mutants, derived from the two nonviable 

triple amino acid mutants FMI/AAA and GKL/AAA, were generated. They were tested 

for viability at 37oC and the genotypes of the progeny were determined. (b) Virus titers 

and plaque phenotypes of single alanine mutants. Viruses grown at 37oC were titered at 

33oC, 37oC and 39.5oC by plaque assay (Materials and Methods). (c) The plaque 

phenotypes are shown on the right panel. Subscripts indicate the virus dilution at which 

the image was taken. It should be noted that the mixed plaque sizes seen with the M246A 

lysate (39.5oC) presumably contains a mixture of the original alanine mutant (small) and 

of the V variant (large).  

  



	
  

 94	
  

  
  

Virus Viability 
(37oC)

+
-

+
+

+
+

(a)

M246A ⇒
I248A ⇒

F244A ⇒

K259A ⇒
L260A ⇒

WT ⇒ FDMDIQVMNEYSRDGKL
244 260

A
A

A
A

A

Genotype of 
progeny (37oC)

A246V

A260V
A259

A248V

WT
-

93



	
  

 95	
  

  

V
ir

us
 ti

te
r 

(P
FU

/m
l)

1E+05

1E+06

1E+07

1E+08

1E+09

1E+10

Wt
2C-V246
2C-V248
2C-A259
2C-V260

Plaque Assay Temperature 

(c)

33oC 37oC 39.5oC

Plaque phenotypes
33oC 37oC 39.5oC

WT

V246

V248

A259

V260

-5 -6 -6

-6

-5-4 -4

-6

-6-5

-5

-4-4 -3

-3

(b)

94



	
  

 96	
  

FIGURE 19. The F244A single mutation in PV 2CATPase is lethal. Non-viable single 

alanine mutation (F244A) were used were further characterized. (a) In vitro translation of 

wt and F244A RNA transcripts. Transcripts RNAs of wt and lethal mutant were translated 

in HeLa cell-free extracts for 8 hrs at 34oC. (b) Nonviable mutant is defective in a RNA 

replication. Infected cells were harvested at various time points after transfection. Cells 

were washed twice, and the total RNAs were isolated from cell lysates. RNA levels were 

determined by qPCR as described in Material and Methods.  
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FIGURE 20. The 2CATPase K259A mutant is delayed in virus production and protein 

synthesis at the restrictive temperatures (35oC and 33oC). (a) Growth curves of wt and 

K259A mutant polioviruses at the permissive (37oC) and restrictive (35oC and 33oC) 

temperatures. HeLa cells were infected at an m.o.i. of 5 with viruses derived from 37oC 

transfections. The viral progeny was titered by plaque assay at different times post-

infection by plaque assay (Materials and Methods). Black lines: growth curves at 37oC; 

grey lines: growth curves at 33oC. (b) Protein synthesis by the wt and K259A mutant 

measured by Western analysis. HeLa cells were infected either at 33oC, 35oC or 37oC at 

an m.o.i. of 5 with purified viruses derived from 37oC infections. The infected cells were 

isolated at various times post-infection and lysed. The level of 2CATPase-related proteins 

and of capsid protein VP3 were measured by SDS-page/Western analysis using a 

monoclonal antibody to 2CATPase and a polyclonal antibody to VP3, respectively, as 

described in Materials and Methods.  
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FIGURE 21. The K259A 2CATPase mutant possesses an encapsidation defect at 33oC. 

Genome structure of a Renilla luciferase (R-Luc) Reporter virus (R-Luc-PPP). The R-Luc 

gene was fused between the 5‘NTR and P1 structural proteins, flanked by a 3CDpro 

cleavage site. Wt and mutant K259A 2CATPase reporter virus RNA transcripts were 

transfected into HeLa cells at 33oC or 37oC, both in the absence and presence of GnHCl 

(Materials and Methods). R-Luc assays were performed at 8 hr post-transfection. 

Aliquots of the lysates from the transfections were used to infect fresh HeLa cells, both in 

the absence and presence of GnHCl. R-Luc assays were performed at 8 hr post infection. 

R-Luc ratios were calculated by dividing the raw R-Luc values in the absence over the R-

Luc values in the presence of GnHCl.  
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FIGURE 22. Immunofluorescence imaging of and K259A mutant virus-infected 

HeLa cells. HeLa cells were infected with wt or 2C-K259A virus at an m.o.i. of 5. Cells 

were incubated for 4 hr (37oC), 5 hr (35oC), or 6 hr (33oC) and were fixed with 

paraformaldehyde. Infected cells were probed with primary antibody against 2CATPase and 

mature virus (McAb A12), followed by alexa fluor 555 (red) and 488 (green) conjugated 

antibodies, respectively. The cell nucleus was stained with DAPI, shown in blue. 
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