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ABSTRACT 

 Respiratory syncytial virus (RSV) is a pathogen associated with lower respiratory 

tract infection, and is a common cause of infant hospitalization worldwide. Despite 

efforts to create safe and cost-effective RSV therapeutics, there remains no vaccine, 

and antiviral drugs have been developed with limited success. Among the 11 proteins 

coded by the negative-sense single-stranded RNA genome of RSV, the phosphoprotein 

(P) and nucleoprotein (N) aid in the formation of an RNA-dependent RNA polymerase 

(RdRp) complex, which is essential for RSV virulence. The specificities of the N-P 

binding interaction have been researched extensively, which has provided researchers 

with a novel target for an RSV therapeutic. In this study, a recombinant peptide mimetic 

(P220-241) containing the final 21 C-terminal amino acids of RSV P fused to Maltose-

Binding Protein (MBP), and a cell-penetrating peptide (CPP), was purified for the 

purpose of targeting this interaction. In addition to successfully entering cells, the 

peptide was shown to inhibit both RSV subtype A and subtype B infection in vitro, with a 

percent inhibition (PI) of infection as high as 95% at 20 µM. Additionally, P220-241 did not 

inhibit infection of parainfluenza virus type 2 (PIV-2), indicating this inhibition was not an 

artifact of the peptide acting as a pathogen-associated molecular pattern (PAMP). A 

series of three different assays demonstrated that P220-241 does not appear to have any 

cytotoxic effects in vitro. Finally, using both glutathione S-transferase (GST) pull-downs 

and in vitro immunoprecipitations, we demonstrated that P220-241 is able to bind the N 

protein, while also preventing binding of full-length P protein. Taken together, this study 

provides the framework for a novel method of targeting RSV protein-protein interactions 

using chimeric cell-penetrating peptide mimetics. 
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INTRODUCTION 

1.1 Overview and history of RSV   

 Human respiratory syncytial virus (RSV) is a common pathogen 

associated with acute lower respiratory tract infection (ALRI) (Nair et al, 2011). 

Originally isolated in 1966 from a colony of chimpanzees showing symptoms of 

coryza, and labeled as “chimpanzee coryza agent”, RSV frequently manifests 

itself as bronchiolitis or pneumonia, and in severe cases can lead to death 

(Blount et al, 1956; Hall, 2001). The term “syncytium” is of Greek origin, and 

refers to the unique ability of RSV to cause the cell membranes of nearby cells to 

fuse, thus forming multiple syncytia (see Figure 1.1) (Pastey et al, 1999). RSV is 

negative-sense single-stranded RNA virus, and a member of the 

Paramyxoviridae family (Collins et al, 1996). There are two main genera of RSV, 

RSV A and RSV B, which are further divided into additional subtypes 

(McConnochie et al, 1990). To date, no animal reservoir has been discovered for 

RSV (Martinez et al, 2009). Persistence of the virus in humans is thought to help 

maintain RSV strains in between epidemics (Martinez et al, 1990). These 

outbreaks seem to display a seasonal trend in certain regions. For example, 

there is a noticeable winter peak of RSV-associated hospitalizations in the United 

States, while in many tropical regions RSV remains prevalent year-round 

(Panozzo et al, 2007; Stenballe et al, 2012). 

RSV most commonly infects children at a very young age, with the 

majority being affected prior to the age of two (Paes et al, 2011). In fact, RSV is 
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the most common cause of infant hospitalization worldwide, with children less 

than a year of age having a hospitalization rate of approximately 2.35% (Zhou et 

al, 2012). Of those children hospitalized for RSV-related infections, 50% to 90% 

will develop bronchiolitis (Paes et al, 2011). In adults, RSV infection is typically 

mild, manifesting itself as a common cold, while in infants the symptoms are 

frequently much more severe (La Via et al, 1992). Clinically, infants typically 

present with coryza, throat congestion, and a fever (La Via et al, 1992).  After a 

short incubation period of 2 to 5 days, more severe symptoms may develop, 

including wheezing and shortness of breath (La Via et al, 1992). While the 

majority of cases are treated successfully, up to 199,000 deaths in children below 

the age of five can be attributed to RSV infection (Nair et al, 2010). RSV thus 

presents a substantial global economic burden. For example, the total annual 

medical costs for RSV-related hospitalizations of children were estimated at $652 

million in the United States alone (Paramore et al, 2004). 
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1.2 Taxonomy and nomenclature 

RSV is a member of the Paramyxoviridae family of viruses (also known as 

paramyxoviruses), which is from the Mononegavirales order (Chang et al, 2012; 

Collins et al, 2011). This family includes several lipid-encapsulated negative-

sense single-stranded RNA viruses, such as mumps virus (MuV), measles virus 

(MeV), parainfluenza virus (PIV), and nipah virus (NiV) (Chang et al, 2012). 

Certain paramyxoviruses are also capable of infecting other species, such as 

Newcastle disease virus (NDV) and bovine respiratory syncytial virus (BRSV) 

(Chang et al, 2012). While these viruses contain similar features to those within 

the Orthomyxoviridae family, their RNA genome is monopartite (non-segmented) 

in nature (Mayo, 1995). Additionally, while the genomes of paramyxoviruses code 
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for one or more nucleocapsid, phosphoprotein, matrix, fusion, glycoprotein, non-

structural, and polymerase proteins, there remain unique aspects in each of their 

respective life cycles  (Chang et al, 2012; Samal, 2011). The paramyxovirus 

family consists of two subfamilies, Paramyxovirinae, which includes 5 genera, 

and Pneumovirinae, which includes two genera (Chang et al, 2012). RSV is 

member of the Pneumovirus genus, from the Pneumovirinae subfamily (Chang et 

al, 2012; Yu et al, 1991). The paramyxoviruses are divided into these seven 

genera based on several criteria, including distinguishing features in their viral 

attachment proteins, relative gene orders, morphologic criteria, and sequence 

homology (Chang et al, 2012; Enders, 1991). For example, while the 

parainfluenza virus attachment proteins contain both neuraminidase and 

hemagglutinating activity, RSV lacks both these features (Enders, 1991).  

         The development of monoclonal antibody (MAb) technologies initially 

helped uncover that RSV naturally occurs as one of two distinct antigenic 

subtypes, A or B (Mufson et al, 1985; Sullender, 2010; Walsh and Hruska, 1983). 

Cloning of RSV cDNA and nucleotide sequencing confirmed that the outer 

glycoprotein (G) contains the greatest amount of antigenic variation, with a 47% 

difference in amino acid sequences (Sullender, 2010). The major antigenic 

subtypes can be further divided into different strains. However, the amino acid 

differences between these strains are rather negligible compared to the major 

subtypes. For example, there is only a 6% difference in amino acid sequences 

between the Long and A2 strains from the group A subtype (Sullender, 2010). 
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There remains a significant gap in knowledge concerning the contribution of 

these two subtypes towards both disease severity, and yearly outbreaks. Early 

epidemiological studies were suggestive of a dominance of group A RSV strains 

during outbreaks (approximately 60% RSV A versus 40% RSV B) (Hendry et al, 

1989). However, both subtypes have been shown to circulate concurrently, or 

alternate in dominance during outbreaks (Coates et al, 1966; Hendry et al, 1989; 

Wright and Piedimonte, 2011). Lastly, several published studies suggest RSV A-

induced infection appears to be much more severe than that of the related RSV B 

subtype; however this topic remains controversial (McConnochie et al, 1990; 

Papadopoulos et al, 2004). RSV A isolates have been shown to replicate faster, 

thereby producing higher titers in both cell culture and animal models (Sullender, 

2010). 

 

 

1.3 Clinical presentation and epidemiology   

 As previously described, RSV is most well known for its ability to infect 

infants during their first few years of life, however the elderly, as well as 

individuals with compromised immune, pulmonary, or cardiac function are also 

susceptible to RSV infection (Hall et al, 2013; La Via et al, 1992). The 

seroprevalence of RSV is approximately 71% in individuals between the ages of 

2 and 9, and 95% between the ages of 10 and 69 (Sastre et al, 2012). RSV has 

several common modes of transmission. These include contact with the nose or 
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eyes in the form of large particle aerosols, and also by direct contact with large 

droplets or fomites from the hands or nose (Hall et al, 2001). The ability of RSV to 

survive for prolonged periods of time on ones skin and other surfaces helps 

enhance transmission, especially nosocomial spread (Hall et al, 2001).    

 There is a wide range of symptoms associated with RSV infection, which 

depend primarily on the patient’s age, health status, and also if the patient was 

previously infected with the virus (Borchers et al, 2013; Hall et al, 2013). Primary 

infection with RSV is almost always symptomatic (Borchers et al, 2013). 

Typically, RSV infection begins in the epithelial cells of the nasopharynx, with 

individuals presenting common symptoms such as a mild fever, coryza, and 

congestion (Borchers et al, 2013; La Via et al, 1992). While in many patients 

symptoms will begin to subside after 2 to 3 days, in more severe cases, infectious 

RSV virions often enter the lower respiratory tract (Borchers et al, 2013; La Via et 

al, 1992). This typically occurs after an incubation period of 2 to 5 days, and 

includes symptoms such dyspnea and wheezing (La Via et al, 1992). In 

individuals suffering from these severe cases of lower respiratory tract infection 

(15% to 20% of infants), the illness most frequently presents itself as 

bronchiolitis, however pneumonia is also common (Borchers et al, 2013; La Via 

et al, 1992). Infection of the bronchiolar epithelium is characterized by epithelial 

cell necrosis, mucus hypersecretion, as well as infiltrates of macrophages, 

plasma cells, and lymphocytes into the peribronchiolar space (La Via et al, 1992). 

The result is a dense buildup of mucus and cellular debris, thus predisposing 
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patients to airway obstruction (La Via et al, 1992). Re-infections with RSV are not 

uncommon. In fact, infants who become infected with RSV within their first 12 

months of life have a re-infection rate of approximately 30% to 75% (Borchers et 

al, 2013). Alternatively, re-infections that occur in older children or adolescents 

are typically mild to moderate in severity, and rarely migrate to the lower 

respiratory tract (Borchers et al, 2013; Walsh and Falsey, 2012). Additionally, 

while deaths from RSV infection are rare, mortality rates are substantially higher 

in under developed countries (Nair et al, 2010).  

 While a major focus of RSV research resides around preventing infection 

in infants, several other important groups are beginning to garner increased 

attention. Previous research estimates that RSV infection is responsible for 

approximately 10,000 deaths annually of persons over the age of 65 in the United 

States alone (Falsey et al, 2005; Thomson et al, 2003). Even though RSV was 

initially discovered in the 1950s, it was not until several nursing home outbreaks 

in the 1980s that RSV was declared a serious pathogen in the elderly population 

(Falsey and Walsh, 2000). RSV research involving this age group remains 

relatively scarce, however previous reports suggest rates of RSV-induced 

pneumonia could be as high as 55%, and most of these studies involved elderly 

individuals in long-term care facilities (LTCF) (Falsey and Walsh, 2000). While 

the main symptoms that present in elderly patients are similar to those seen 

infants, treating these individuals is often more difficult due to other complicating 

health issues (Falsey and Walsh, 2000). Several other groups of individuals are 
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also known to be predisposed for RSV infection due to certain health 

complications. These include prematurely born infants, individuals with chronic 

lung disease of prematurity, immune deficiencies, and congenital heart disease 

(Welliver, 2003). When suffering from RSV infections, these patients often 

present with more severe symptoms and consequently have higher death rates 

(Welliver, 2003). Prematurely born infants, as well as those born with chronic 

lung disease often have underdeveloped airways of below average diameter, 

making them much more susceptible to inflammatory reactions caused by RSV-

induced bronchiolitis and pneumonia (Welliver, 2003). Individuals with congenital 

heart disease on average have longer hospital stays and an increased 

occurrence of respiratory failure (Welliver, 2003). Lastly, immunocompromised 

patients by virtue of steroids, cancer chemotherapy, or congenital defects, among 

other factors, are likely the most predisposed to severe health complications (Hall 

et al, 1986). In fact, for immunodeficient patients who develop pneumonia, death 

rates have been estimated as high as 80% (Englund et al, 1988; Welliver 2003).   

 Interestingly, RSV infection is frequently found in tandem with other types 

of infections, and has also been suggested as a risk factor for certain illnesses 

(Chappell et al, 2013; Thorburn et al, 2006). Perhaps most notably, RSV is often 

associated with increased respiratory tract bacterial loads, such as Streptococcus 

pneumoniae and Staphylococcus aureus (Chappell et al, 2013). For infants 

admitted to pediatric intensive care units (PICU) because of RSV-induced 

bronchiolitis, previous studies have found that the incidence of bacterial co-
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infections is as high as 44% (Duttweiler et al, 2004; Randolph et al, 2004). 

Nonetheless, while several studies have reported these findings, it remains 

somewhat unclear whether there is a correlation between the degree of RSV 

severity and the presence of bacterial co-infections (Chappell et al, 2013). 

Numerous studies have also proposed an association between RSV infection and 

acute otitis media (middle ear infection) (Arola et al, 1990; Chonmaitree et al, 

1990). While otitis media is most often referenced as a bacterial condition, RSV is 

present in up to 40% of these cases, and some have suggested that the 

presence of both bacterial and viral pathogens leads to worse outcomes 

(Chonmaitree, 1990). Finally, it has been widely debated whether RSV-induced 

bronchiolitis is a risk factor for developing asthma (Bacharier et al, 2012; Pullan 

and Hey, 1982; Sigurs et al, 1995; Sigurs et al, 2000). While some studies have 

proposed a direct connection between RSV infection and the onset of asthma, 

others suggest patients suffering from asthma have a predisposition for bronchial 

obstructive disease, thus making them more susceptible to severe RSV infections 

early on in life (Pullan and Hey, 1982; Sigurs et al, 1995; Sigurs et al, 2000).  

  

1.4 Respiratory syncytial virus genome  

 RSV contains a negative-sense, 15.2 kilobase non-segmented RNA 

genome composed of 10 genes, which code for 11 proteins (see Figure 1.2) 

(Bawage et al, 2013; Gonzalez et al, 2012). Located ahead of each gene is a 

gene-start (GS) motif, which provides the signal for transcription initiation (Kuo et 
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al, 1996). Additionally, following each gene is a gene-end (GE) motif, which 

triggers transcription termination and transcript polyadenylation (Kuo et al, 1996). 

The precise mechanisms of RSV RNA transcription and replication are discussed 

in greater detail in Section 1.5.  One can generally classify these genes into 

three main groups based on the function(s) of their protein products. There are 

three outer glycoproteins located on the viral surface: the small hydrophobic 

protein (SH), glycoprotein (G), and fusion protein (F) (Borchers et al, 2013). 

Generally, these outer proteins help form the viral coat, thus helping with RSV 

attachment and entry at the apical surface of airway epithelial cells (Bawage et al, 

2013). While the role of the SH protein is not yet fully understood, studies 

suggest it may act as an immune-modulator through inhibition of tumor necrosis 

factor alpha (TNF-α) (Fuentes et al, 2007). The G protein is heavily glycosylated 

and helps to mediate cellular attachment, while the F protein (also a glycoprotein) 

promotes virus penetration, and formation of host cell syncytia [Ogra, 2004; Kuo 

et al, 1996). Recent studies suggest the F protein is necessary and sufficient for 

virus cell-entry, and this may be due to its interaction with a unique cellular 

receptor, possibly nucleolin (Mastrangelo and Hegele, 2013; Tayyari et al, 2011).  

An additional five proteins are generally involved in RSV RNA replication 

and transcription (Borchers et al, 2013). These include the nucleoprotein (N), 

phosphoprotein (P), large polymerase (L), as well as two matrix proteins, named 

M2-1 and M2-2. Viral RNA associates with the helical nucleoprotein (N), forming 

the nucleocapsid complex (Tewar et al, 2009). The major polymerase subunit of 
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RSV is the L protein, which along with the P protein, associates with the 

nucleocapsid to help efficiently transcribe and replicate viral RNA (Borchers et al, 

2013; Tewar et al, 2009). The M2-1 and M2-2 matrix proteins (produced from two 

overlapping reading frames of M2 mRNA) function as regulatory co-factors for 

this complex. While the M2-1 protein is an anti-termination factor promoting 

transcription, the M2-2 protein is thought to function as a regulatory “switch” from 

transcription to RNA replication (Bermingham and Collins, 1999). The 

nucleocapsid complex, in association with the L and P proteins, as well as the 

M2-1 and M2-2 cofactors, is generally referred to as the RSV RNA-dependent 

RNA polymerase complex (RdRp) (Mason et al, 2004; Tewar et al, 2009). 

The last group of RSV proteins includes the matrix protein (M), along with 

two non-structural proteins, NS1 and NS2 (Borchers et al, 2013). The M protein is 

targeted to the nucleus early in the RSV life cycle, and later plays a critical role in 

virus assembly and budding of progeny RSV virions (Ghildyal et al, 2002; 

Ghildyal et al, 2003). Finally, the two nonstructural proteins of RSV, NS1 and 

NS2, function to evade the host immune response directed against RSV (Spann 

et al, 2004; Span et al, 2005). 
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1.5 Respiratory syncytial virus life cycle 

 While many aspects of the RSV life cycle have been clearly defined, there 

remain some significant gaps in knowledge. Preliminary attachment to the 

surface of airway epithelial cells is largely mediated by the G glycoprotein 

(Feldman et al, 1999; Feldman et al, 2000). This electrostatic interaction is 

controlled by a cluster of positively charged amino acids, known generally as the 

G protein’s heparin binding domain (HBD), in both RSV subtype A (184AèT198), 

and subtype B (183AèT197) (Feldman et al, 1999; Feldman et al, 2000). These 

positively charged residues subsequently interact with negatively charged amino 
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acids located on highly sulfated heparin-like glycosaminoglycans (GAGs) on the 

cell surface (Feldman et al, 1999; Feldman et al, 2000). Fusion and subsequent 

penetration of the virus through the target cell membrane is initiated when the F 

protein binds its receptor (Feldman et al, 1999; Feldman et al, 2000). Previous 

studies indicate that the F protein is necessary and sufficient for virus cell entry, 

as deletions to both the outer G and SH glycoproteins have still resulted in RSV 

mutants (RSV ΔG ΔSH) capable of replicating both in vitro and in vivo (Crowe et 

al, 1996; Karron et al, 1997). The F protein is initially synthesized as an innactive 

69 kDa precursor, F0, which is cleaved by an intracellular furin-like protease at 

two amino acids, producing physiologically active disulphide-linked F1 (49 kDa) 

and F2 (20 kDa) proteins, which are then transported to the cell surface (Collins 

and Mottet, 1991; Gonzalez-Reyes et al, 2001).  The identity of the cellular 

receptor(s) for the F protein, which presumably function to promote RSV 

penetration through the host cell membrane, has been widely debated for many 

years. Although some studies have shown that the F protein is also able to bind 

extracellular heparin-like GAGs, more recently it was claimed that nucleolin was 

the main receptor (Feldman et al, 2000; Mastrangelo and Hegele, 2013; Tayyari 

et al, 2011). Nucleolin is a multifunctional and ubiquitous protein located both 

within, and on the surface of eukaryotic cells, and is already known to be the 

extracellular receptor for other molecules such as laminin-1 and apoB/E-

containing lipoproteins, among others (Mastrangelo and Hegele, 2013). However, 

it remains very plausible that the F protein may interact with multiple extracellular 
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receptor and co-receptor molecules (Tayyari et al, 2011). This is supported by the 

fact that RSV has a restricted tropism to the respiratory tract, yet nucleolin is a 

protein found in all cells (Collins et al, 2013). While the F protein is necessary to 

promote entry into the cell, the exact mechanism by which it does this is still up 

for debate. While some have suggested direct fusion and entry, there is also 

evidence for clathrin-mediated endocytosis (Collins et al, 2013; Cowton et al, 

2006; Kolokolsov et al, 2007; Mastrangelo and Hegele, 2013). Despite this 

mechanistic debate, there is a consensual agreement that this process is pH-

independent (Collins et al, 2013).  

 Fusion and entry into host cells triggers release of the RdRp complex, 

along with other internal proteins from the viral particle (Cowton et al, 2006). 

Cytoplasmic inclusion bodies (IBs) composed primarily of the L polymerase and 

associated transcription and replication proteins can be detected as early as 12 

hours post-infection (Collins et al, 2013; Cowton et al, 2006). These IBs are 

generally regarded as RNA synthesis “factories” (Cowton et al, 2006). At this 

point, P protein, acting as a transcriptional cofactor, guides the L polymerase to 

the RNA-N nucleocapsid complex (Collins et al, 2013). L protein initiates the 

transcriptional process at the promoter region located at the 3’ leader (Le) 

sequence (see Figure 1.3A) and transcribes viral RNA towards the 5’ trailer (Tr) 

sequence in a start-stop fashion (Collins et al, 2013). At each GE signal, 

polyadenylation of the mRNA fragment is triggered, and the polymerase also 

receives a concurrent signal making it responsive to the next GS region (Kuo et 
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al, 1996; Fearns and Collins, 1999). While the N, P, and L proteins are the 

minimum components required for transcription, efficient transcription is largely 

dependent on the presence of the M2-1 transcriptional cofactor (Collins et al, 

2013). Despite the anti-termination activity of the M2-1 protein, there remains a 

slight tendency for the polymerase to dissociate in between gene segments, thus 

genes at the 5’ end are typically transcribed to a slightly lesser degree (Cowton et 

al, 2006). Interestingly, the M2-1 and M2-2 reading frames overlap slightly in the 

RSV genome (Collins et al, 2013; Fearns and Collins, 1999). It has been 

demonstrated that the polymerase is able to backtrack during transcription in a 

process known as retrograde scanning (Fearns and Collins, 1999). The random 

overlap in gene sequences is thought to confer no disadvantage to the virus 

because of the intrinsic backtracking capabilities of the polymerase (Collins et al, 

2013).  

Following transcription, translation of RSV genes occurs using the host cell 

machinery (Collins et al, 2013). The molecular switch from transcription to RNA 

replication is thought to occur when a threshold level of N protein is produced that 

will allow encapsulation of newly synthesized viral RNA (Bermingham and 

Collins, 1999). In contrast to transcription, the L polymerase reads through the 

entire genome, producing a full-length antigenome, which is then replicated prior 

to association with newly synthesized N proteins (Collins et al, 2013). The exact 

signal(s) directing the switch to replication are not fully known, however there has 

been some progress in delineating this process. Firstly, the first 34 nucleotides at 
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the 3’ end of the genome (upstream of the first GS signal) are needed to produce 

full-length encapsulated RNA (Cowton and Fearns, 2005; McGivern et al, 2005). 

Secondly, the M2-2 protein appears to also play an essential role (Bermingham 

and Collins, 1999). Mutant RSV strains lacking the M2-2 gene (ΔM2-2) fail to 

switch from transcription to replication, thus implicating the M2-2 protein as a key 

component in this process (Bermingham and Collins, 1999).  

 During both the transcription and replication processes, several other RSV 

proteins concurrently play key roles in the viral life cycle. As previously stated, the 

exact role of the SH protein is still largely unknown. While reported to be a 

possible viroporin, modifying membrane permeability, the SH protein may also 

help promote RSV survival by inhibiting antiviral cytokines, such as TNF-α 

(Fuentes et al, 2007). Early in infection, the M protein is localized to the nucleus 

where it is thought to play a role in inhibiting host-cell transcription (Ghildyal et al, 

2003). The M protein has also been shown to enhance RSV pathogenesis by 

inducing epithelial cell cycle arrest via a p53-dependent pathway (Bian et al, 

2012). Furthermore, the two non-structural proteins, NS1 and NS2, are both 

involved in interfering with innate immune responses directed towards RSV 

infection (Bitko et al, 2007). For example, both proteins have been shown to 

impair interferon signaling, and also impair cellular apoptosis (Bitko et al, 2007; 

Spann et al, 2005). Their important roles in defending against the immune system 

help explain why they are the most abundantly produced proteins in the RSV 

genome (Collins et al, 2013).  
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 Following both transcription and RNA replication, RSV proteins are 

targeted to the apical surface of the cellular membrane in preparation for virus 

budding. The release of progeny virions peaks at approximately 24 hours post-

infection (Collins et al, 2013). The RSV budding process is intricate and not fully 

understood, as components of the RdRp complex and the outer glycoproteins are 

separately targeted to the same membrane region. These areas are described as 

lipid-raft structures with certain calveolae-like properties (Brown et al, 2004). The 

F protein is targeted to the cell membrane with its transmembrane domain 

through the secretory pathway, and is also thought to play a key role in targeting 

other viral components to this region (Batonick and Wertz, 2011). For example, 

deletion of the F protein was previously shown to result in decreased levels of G 

and SH proteins being incorporated into progeny virions (Batonick and Wertz, 

2011). Lower levels of the G and SH proteins also result in decreased levels of 

RdRp proteins being targeted to the membrane (Batonick and Wertz, 2011). This 

assembly feature of the F protein is controlled through its cytoplasmic tail, as viral 

filaments fail to form in mutant RSV strains lacking this domain (Baviskar et al, 

2013). Interestingly, while the M protein is targeted to the nucleus during early 

infection, it appears to also play an essential role in both RSV assembly and 

budding. Deletion of the M protein results in poor localization of RdRp proteins to 

the cell membrane, thus hinting that the M protein is involved in targeting these 

complexes from cytoplasmic IBs to budding sites (Mitra et al, 2012). It has 

previously been suggested that localization of M with these proteins also silences 
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RSV RNA synthesis, which is further supported by the fact that M proteins are 

sequestered in the nucleus during early infection (Ghildyal et al, 2006).  

Upon successful localization of all these components to lipid rafts, the 

exact mechanism of RSV budding remains somewhat elusive (Utley et al, 2008). 

However, recent work has provided evidence that this process is primarily guided 

by both the F and M proteins (Baviskar et al, 2013). In this model, the F protein 

acts a catalyst, initiating the budding process by releasing previously assembled 

RSV protein complexes from its cytoplasmic tail, which are then to be 

incorporated into filamentous protrusions (Baviskar et al, 2013). M proteins form 

a layer under the plasma membrane, and interact with F proteins just prior to 

budding  (Baviskar et al, 2013). Morphological changes induced by these M 

proteins are critical for elongation of filamentous protrusions and virus budding 

(Baviskar et al, 2013; Mitra et al, 2012). For example, it was recently 

demonstrated that M proteins must oligomerize into dimers to help RSV virions 

elongate and bud off the membrane (Forster et al, 2015). Mutations at this 

dimerization interface prevent the formation of filaments; as such this process is 

thought to be an essential final step in RSV virion production (Forster et al, 2015). 

A general schematic representing the complete RSV life cycle, including all the 

essential viral proteins, is depicted below in Figure 1.3. 
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1.6 Phosphoprotein overview 

 The RSV P protein has a predicted molecular weight of 27 kDa, and is 

composed of 241 amino acids (Llorente et al, 2006). However, it should be noted 

that when run alone on SDS-PAGE gels, it typically displays a greater molecular 

weight in the range of 33 kDa to 35 kDa (Bangham et al, 1986; Castagne et al, 

2004). Previous research showed that deletions spanning amino acids 200-220 

of P completely altered its apparent molecular weight on SDS-PAGE gels, which 

suggests this domain may be responsible for the abnormal gel migration pattern 

(Tran et al, 2007). In comparison to P proteins from other members of the 

paramyxovirus family, the RSV P protein is much smaller (Lu et al, 2002). As will 

be later described in Section 1.8, the P protein represents an intriguing target for 

RSV therapeutics, and is one of the main focuses of this thesis. P proteins are a 

necessary component of the RSV RdRp complex, and are known to interact with 

itself, the N protein, L protein, and the M2-1 cofactor (Galloux et al, 2012). Similar 

to relatives such as the Sendai virus, the RSV P protein has been shown to form 

homotetrameric complexes, with an α-helical oligomerization domain mapped 

between centrally-located residues 120 to 150 (Ajenso and Villanueva, 2000; 

Castagne et al, 2004; Llorente et al, 2006).  

Within the virus core, as well as within infected cells, P protein remains 

constitutively phosphorylated (Lu et al, 2012). The bulk of P protein 

phosphorylation in mediated by casein kinase II on centrally located serines 116, 

117, and 119, as well as serines 232 and 237 in the C-terminal region (Fuentes 
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et al, 2000; Lu et al, 2012; Mazumder and Barik, 1994; Villanueva et al, 2000). 

Other less prominent sites of phosphorylation have also been suggested at 

additional serine and threonine residues (Ajenso et al, 2006; Navarro et al, 1991). 

Over the years, there has been much debate on the exact role and necessity, if 

any, of RSV P protein phosphorylation. While it was initially suggested that 

phosphorylation of the P protein is necessary to carry out RSV transcription in 

vivo, it was later demonstrated that impaired phosphorylation in Hep-2 cells did 

not abrogate transcription or RNA replication (Barik et al, 1995; Villanueva et al, 

1991). Later research using an RSV minigenome assay reported that while 

phosphorylation of P protein is not necessary to carry out virus replication, it is 

required for efficient replication both in vitro and in vivo (Lu et al, 2002). The 

molecular switch between RSV transcription and replication may also be guided 

through the aid of P protein phosphorylation and dephosphorylation cycles. 

Phosphorylation of threonine 108 has been shown to prevent binding between P 

and M2-1, which subsequently would affect the ability of M2-1 protein to interact 

with the L polymerase and influence the transcription process (Ajenso et al, 

2006).  

The precise intracellular function of the P protein in RSV pathogenesis is 

fairly well characterized, as are its binding domains with other RSV proteins. The 

P protein is thought to function as an essential cofactor by helping to position the 

L polymerase on the helical nucleocapsid, thereby contributing to the initiation 

and maintainance of RNA transcription and replication (Esperante et al, 2012; 
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Tran et al, 2007). This is a mechanism common to many members of the 

paramyxovirus family (Esperante et al, 2012). Through the use of recombinant 

proteins containing specific mutations, the L protein binding site on the P protein 

was recently mapped to amino acids 212 to 239 of the C-terminal domain 

(Sourimant et al, 2015). When bringing the L polymerase into contact with the N-

RNA nucleocapsid complex, the P protein also makes essential contact with N 

protein (Murray et al, 2001; Tran et al, 2007). This N-P protein association is one 

of the most well characterized protein-protein interactions involved in RSV 

pathogenesis. Mutant N and P glutathione S-transferase (GST) fusion proteins 

(ΔN, ΔP) have been used in pull-down studies to map their binding domain (Tran 

et al, 2007). Initial research suggested that the C-terminus of the P protein 

interacted with the C-terminal arm of the N protein (Murray et al, 2001). A more 

recent study has demonstrated that the last 9 C-terminal acids of the P protein 

are both necessary and sufficient for binding to the N protein (Tran et al, 2007). 

Other findings using monoclonal antibodies specific to the C-terminus of the P 

protein suggest that an additional 12 C-terminal amino acids on the P protein 

may contribute to this interaction (Garcia-Barreno et al, 1996). Interestingly, the P 

protein is also thought to function as a molecular chaperone for newly 

synthesized N protein, referred to as N°, which helps to maintain it in a soluble 

state (Esperante et al, 2012; Galloux et al, 2015). This role is supported by the 

fact the crystal structure of the RSV N protein could only be determined when N 

protein was purified in complex with the P protein (Tawar et al, 2009). New light 
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has been shed on this N°-P association through the use of a mutant form of 

monomeric N protein that is unable to bind viral RNA (Galloux et al, 2015). This 

work demonstrated that N-terminal amino acids 1 through 29 of P are sufficient 

for binding to N° (Galloux et al, 2015; Karlin and Belshaw, 2012). Thus, it appears 

that while the C-terminus of the P protein is essential for binding N protein in 

complex with RNA, the chaperone function of the P protein is likely controlled 

through its N-terminal domain (Galloux et al, 2015).  Taken together, the N-P 

protein interaction in RSV represents an intriguing target for therapeutic 

discovery, which will be discussed further in Section 1.8.  

RSV P protein binding with other intracellular viral and non-viral proteins 

has also been well documented. A centrally-located region in M2-1 (M2-158-177) 

was previously shown to interact with the N-terminus of the P protein in a 1:1 

stoichiometry (Blondot et al, 2012; Esperante et al, 2012). While the exact 

mechanism(s) in which M2-1 protein is thought to prevent transcription 

termination has yet to be clarified, its interaction with P proteins is thought to play 

an essential role (Blondot et al, 2012; Esperante et al, 2012). Lastly, the P protein 

has been shown to bind to other intracellular non-RSV proteins, such as Heat-

shock protein 70 (Hsp70). The function of this interaction is also somewhat 

unknown, although it has been suggested that Hsp70 may help maintain the N-P 

interaction, thus helping the L polymerase to efficiently transcribe and replicate 

viral RNA (Oliveira et al, 2013).  
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1.7 Current treatments  

 Over the years, there has been relatively little success in the world of RSV 

therapeutics. There is currently no vaccine to prevent RSV infection. Early 

excitement surrounding a formalin-inactivated (FI) RSV vaccine in the 1960’s 

quickly turned to disappointment. As a result of this vaccine, several patients 

died, and greater than 80% of immunized children required hospitalization 

(Murphy and Walsh, 1988). While still not fully understood, follow-up research 

suggests epitopes of RSV surface glycoproteins were most likely modified by the 

formalin treatment, thus patient serum antibodies were significantly reduced in 

their ability to effectively neutralize viral particles (Murphy and Walsh, 1988). 

Autopsy results confirmed these poorly neutralizing antibodies resulted in the 

deposition of immune complexes in certain tissues (Polack et al, 2002). There 

was also a severe infiltration of both monocytes and neutrophils to the 

bronchiolar epithelium (Prince et al, 2001). Furthermore, it appears as though the 

FI RSV vaccine induced a strongly polarizing type 2 helper T cell (Th2) response 

(Jorquera et al, 2013). In addition to having elevated Th2 cytokines such as IL-4 

and IL-13, patients also displayed clinical features characteristic of Th2 

responses, including wheezing, mucus hypersecretion, and airway obstruction 

(Graham, 2011; Jorquera et al, 2013; Tang and Graham, 1994). The 

aforementioned cytokines have also previously been linked to poor virus-specific 

CD8+ cytotoxic T lymphocyte (CTL) function and ineffective viral clearance 

(Graham, 2011; Jorquera et al, 2013; Tang and Graham, 1994). While some 
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progress has been made in developing a viable vaccine candidate since this 

time, there remain significant hurdles. Firstly, because RSV commonly infects 

children at a young age, they have underdeveloped cellular and humoral immune 

responses (Borchers et al, 2013; Murata, 2009; Schickli et al, 2009). The 

presence of maternally-derived antibodies at birth can also lead to poor mucosal 

and serum antibody responses, possibly due to antigen sequestration (Borchers 

et al, 2013; Murata, 2009; Schickli et al, 2009). Additionally, any potentially useful 

RSV vaccine must avoid cross-reactions with the numerous other vaccines 

typically received during infancy, which could decrease their overall effectiveness 

(Borchers et al, 2013; Murata, 2009; Schickli et al, 2009). Finally, testing potential 

vaccines in humans is also an issue. Older subjects have typically already 

developed an immunologic memory to RSV and thus will respond differently than 

infants (Borchers et al, 2013; Murata, 2009; Schickli et al, 2009). There is some 

hesitancy in testing RSV vaccine candidates in young infants following the failure 

of the FI RSV vaccine (Rudraraju et al, 2013).  

 Current treatment for RSV infection is determined on a case-by-case 

basis, primarily due to the potential presence of other illnesses, for example, 

bacterial co-infections. Management of RSV-induced bronchiolitis or pneumonia 

is mainly supportive in nature, and often includes oxygen therapy, intravenous 

fluids, and bronchodilators (Borchers et al, 2013). Ribavirin is currently the only 

antiviral drug approved to treat RSV infection (Bawage et al, 2013; Borchers et al, 

2013; Turner et al, 2014). The latter is a broad-spectrum antiviral drug, which has 
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several proposed direct and indirect mechanisms of action (Bawage et al, 2013; 

Borchers et al, 2013; Turner et al, 2014). As a guanosine analog, ribavirin can be 

directly incorporated into the RSV genome, interfering with polymerase activity 

and causing direct mutagenesis, thereby decreasing RSV replication efficiency 

(Bawage et al, 2013; Borchers et al, 2013; Turner et al, 2014). Indirectly, ribavirin 

competitively inhibits inosine monophosphate dehydrogenase (IMPDH), causing 

depletion of intracellular guanosine-5’-triphosphate (GTP) and mRNA guanylyl 

transferase (Bawage et al, 2013; Turner et al, 2014). Interestingly, ribavirin is also 

thought to have indirect immunomodulatory effects, such as upregulation of 

interferon-stimulated response element (Bawage et al, 2013; Beaucourt and 

Vignuzzi, 2014; Turner et al, 2014). Unfortunately, because of high costs, 

coupled with prolonged aerosol administration, as well as controversy regarding 

its overall effectiveness, use of ribavirin in clinical settings is still fairly limited 

(Barry et al, 1986; Borchers et al, 2013; Turner et al, 2014). Current research 

suggests ribavirin is most effective in treating young infants or 

immunocompromised lung transplant patients at risk of mortality from acute RSV 

infection (Turner et al, 2014).  

Other than ribavirin, the only other Federal Drug Administration (FDA)-

approved drug for RSV infection is palivizumab (also known as Synagis), a 

monoclonal antibody targeting the RSV F glycoprotein (Bawage et al, 2013; 

Borchers et al, 2013; Rodriguez and Ramilo, 2014). Palivizumab is currently used 

specifically for prophylaxis in high-risk infants, such as those with congenital 
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heart disease, chronic lung disease, or premature birth prior to 32 weeks 

(Bawage et al, 2013; Borchers et al, 2013; Rodriguez and Ramilo, 2014). 

Previous clinical trials have demonstrated that such prophylaxis decreases RSV 

hospitalization rates for prematurely born infants by 78%, and 39% for those with 

chronic lung disease (Impact-RSV Study Group, 1998). Motavizumab, a 

monoclonal antibody derived from affinity maturation of palivizumab, showed 

greater RSV-neutralization capabilities in early pre-clinical trials (Rodriguez and 

Ramilo, 2014). However, due to an increased rate of subcutaneous reactions, 

coupled with Palivizumab having an excellent safety record, Motavizumab was 

not FDA-approved (Rodriguez and Ramilo, 2014). 

 Several new avenues are currently being explored as novel treatments for 

RSV infection. Clinical trials are ongoing for antiviral agents and vaccine 

candidates. The most notable antivirals include the Gilead fusion inhibitor, GS-

5806, and Alios’  

ALS-008176 compound (Mejias and Ramilo, 2015; Murray et al, 2014). GS-5806, 

a small molecule inhibitor which targets the RSV F protein to block viral fusion to 

the host cell membrane, is currently in phase-II clinical trials (Mejias and Ramilo, 

2015; Murray et al, 2014). ALS-008176 is a small molecule nucleoside analog 

which targets the RSV polymerase, and is currently in phase-I clinical trials 

(Mejias and Ramilo, 2015; Murray et al, 2014). Another interesting avenue in 

RSV antiviral research involves small interfering RNA (siRNA). ALN-RSV01, an 

RSV N protein-specific siRNA, was shown to have antiviral activity and preserve 
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lung function in lung transplant patients (Mejias and Ramilo, 2015; Murray et al, 

2014). Not only are some of these antiviral compounds being researched for use 

in the high-risk infant population, but in adults as well (Mejias and Ramilo, 2015). 

Some new vaccines are also in their early stages of testing, however there has 

been a relative lack of success in developing viable candidates. While many of 

these potential vaccines have shown protective abilities in mice or cotton rats, 

this success has not translated well to clinical trials (Borchers et al, 2013). The 

most traditional approach in developing RSV vaccines has been to produce live 

attenuated temperature-sensitive or cold-passaged mutants (Borchers et al, 

2013; Murata et al, 2009; Schickli et al, 2009). Two notable candidates in this 

field are ΔNS2 Δ1313 I1314L and ΔM2-2, which are both currently in clinical trials 

(Murray et al, 2014). There is also a considerable amount of research focused on 

developing adjuvants capable of preventing Th2-response skewing and 

enhancing the overall immunogenicity of candidate vaccine preparations 

(Kamphuis et al, 2012; Zeng et al, 2012). 

  

1.8 N-P interaction: plausible drug target  

 As was previously described, the RSV RdRp complex is absolutely 

necessary for full virulence. The main components of this complex are the N, P, 

and L proteins, as well as the M2-1 and M2-2 cofactors (Yu et al, 1995; Liuzzi et 

al, 2005). Among these various components, the N-P interaction is arguably the 

most well-characterized, and deletion of either of these proteins leads to a loss of 
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RSV replication and transcription abilities (Yu et al, 1995). While many RSV 

therapeutics have focused on targeting the outer surface-exposed glycoproteins, 

relatively less work has focused on intracellular targets. Compared to the outer 

glycoproteins, there is also less variability in the amino acid sequences of N and 

P between RSV subtype A and B, as well between different strains (Sullender et 

al, 2000). Taken together, this information suggests the RSV N-P interaction 

could be a novel, and potentially useful target for a putative RSV therapeutic. 

Disrupting this essential protein-protein interaction will the main focus of this 

thesis, as will be described in Section 1.10.  

 

1.9 Peptide mimetic therapeutics  

Peptide mimetics are small dominant negative molecules used to mimic 

and disrupt essential protein-protein interactions (Giuliani and Rinaldi, 2011; 

Olsen et al, 1993; Stone et al, 2011). Such interactions may be involved, for 

example, in biochemical molecular processes or intracellular signaling cascades. 

Generally, peptides are described as small proteins with 50 amino acids or less 

(McGregor, 2008). Since peptide mimetics are designed to bind a specific protein 

of interest, they can effectively be used to outcompete their full-length wild-type 

protein counterpart.  While peptides present themselves as useful therapeutics 

due to their specificity towards their targets and small size, there are several 

barriers that can hamper their overall effectiveness. For example, if their target is 

located within cells, there needs to be a built-in mechanism targeting the peptide 
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to this region, and secondly, peptides are often rapidly degraded in the presence 

of host proteases (Giuliani and Rinaldi, 2011; Mason, 2010; Olsen et al, 1993; 

Stone et al, 2011). In order to help avoid proteolytic degradation, peptide 

mimetics can be designed such that the peptide is conjugated to a carrier 

molecule, thereby increasing their overall half-life (Werle and Bernkop-Schurch, 

2005). Furthermore, intracellular targeting of peptide mimetics can be achieved 

through conjugation to a cell-penetrating peptide (CPP) sequence (Mason, 2010). 

Numerous other studies have previously employed peptide mimetics in 

their research with considerable success (Ahren and Schmitz, 2004; Kwong et al, 

2011; Sonne et al, 2008). For example, a peptide that mimics human CD4 and 

CCR5 receptors, thus targeting the HIV-1 gp120 glycoprotein, effectively 

prevented entry of HIV-1 into cells expressing these receptors (Kwong et al, 

2011). Other peptide mimetic therapeutics have already been approved for 

clinical use by the FDA. Glucagon-like peptide 1, also known as Byetta or 

Exenatide, is a peptide mimetic approved for treatment of diabetes mellitus type 

2, and functions by increasing glucose-dependent insulin secretion (Ahren and 

Schmitz, 2004; Sonne et al, 2008). The Mahony laboratory has previously used 

peptide mimetics to target intracellular protein-protein interactions in both 

bacterial and viral (unpublished) pathogens (Stone et al, 2011). These studies 

involved targeting both the Chlamydia pneumonia Type III Secretion System 

(T3SS), and the Influenza Polymerase Basic Protein 1 (PB1) (Stone et al, 2011). 
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1.10 Thesis objectives: targeting RSV using a phosphoprotein mimetic 

 Taking from success in using peptide mimetics to target pathogens such 

as Chlamydia pneumonia and Influenza, coupled with the fact that several 

peptide mimetic therapeutics have been FDA-approved, this therapeutic model 

presented itself as a unique candidate for targeting other viruses like RSV. The 

purpose of this Master’s thesis was to extend the success achieved with these 

mimetics towards RSV. Based on previously published research mentioned in 

Section 1.9, which outlined the necessity of N-P binding for RSV pathogenesis, 

this interaction presented itself as an ideal candidate for a novel chimeric peptide 

mimetic inhibitor. It was thus hypothesized that a peptide mimetic containing the 

C-terminal N protein binding domain of the RSV P protein would prevent binding 

of the full-length P protein to the N protein, thereby disrupting assembly of the 

core polymerase complex, and inhibit RSV propagation in vitro. In this thesis, we 

cloned and successfully purified this phosphoprotein mimetic, named P220-241, 

which contained the final 21 C-terminal amino acids of the RSV P protein linked 

to a CPP, E. coli Maltose-Binding Protein (MBP), and a polyhistidine tag; thus 

forming a novel HisMBP-CPP-P220-241 chimeric construct of approximately 47 kDa 

(see Supplementary Figure S1). Please note that for simplicity this construct will 

simply be referred to as P220-241 for the remainder of this thesis.  

 Using in vitro RSV inhibition assays, we showed that purified P220-241 is 

able to successfully enter cells and subsequently inhibit both replication and 

release of progeny RSV virions. Using a series of toxicity assays, we 
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demonstrated that P220-241 did not have any cytotoxic effects towards multiple cell 

lines. It was also shown that viral inhibition was not a secondary effect caused by 

the mimetic acting as a pathogen-associated molecular pattern (PAMP). The 

mechanism of the mimetic was then investigated. We were able to show using 

both GST pull-down assays and a series of in vitro co-immunoprecipitations 

experiments that P220-241 was able to bind RSV N protein and prevent binding of 

full-length P protein, as was originally hypothesized.  
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MATERIALS AND METHODS 
 
2.1 Construction of expression plasmids  

For the RSV P220-241 construct, an overlapping Polymerase Chain Reaction 

(PCR) was employed as previously described to create chimeric amplicons 

containing the nucleotide sequence for the CPP sequence (YGRKKRRQRRR), 

and the final 21 C-terminal amino acids of RSV P protein 

(EKLNNLLEGNDSDNDLSLEDF) (Heckman and Pease, 2007). The PCR primers 

contained attB recombination sites in order to allow compatibility with the 

Gateway® Cloning System. Presence of amplicons of the correct size was 

confirmed by DNA gel electrophoresis on a 0.6% agarose gel (see Section 

2.5.1). The purified amplicon was cloned into the pDONR201 vector via the 

Gateway® BP reaction to produce the pENT vector. For all other expression 

plasmids, gBlock gene fragments (Integrated DNA Technologies, Coralville IA) 

were designed to contain nucleotide sequences of the desired protein product, 

flanked by attB recombination sites. These gene fragments were then added to 

the Gateway® BP reaction, according to the manufacturers protocol. To do this, 

Gateway® BP clonase was incubated with both the pDONR201vector and either 

the purified P220-241 DNA, or the gBlock gene fragments, for 1 hour in the 

presence of TE buffer (1 mM EDTA and 10 mM Tris pH 8.0). The BP reaction 

was terminated with the addition of 0.2 µg/µL Proteinase K (Invitrogen) for 10 

minutes at 37°C. The resultant pENT vector was transformed into chemically 

competent E. coli Turbo cells (New England Biolabs, Ipswich MA) and plated on 
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Luria Bertani (LB) (1% w/v tryptone, 0.5% w/v yeast extract, 1% w/v NaCl) plates 

containing 100 µg/mL of ampicillin. The plasmid was purified from successful 

transformants to be used in a Gateway® LR reaction. Gateway® LR clonase was 

incubated with both the pENT vector and the desired pDEST vector (e.g. pDEST 

HisMBP) for 1 hour in the presence of TE (Tris-EDTA) buffer. Proteinase K (0.2 

µg/µL) was once again used to terminate the reaction. The expression plasmids 

were subsequently transformed into either chemically competent E. coli BL21 

(DE3) cells or Rosetta (DE3) (for enhanced expression of rare codons), which 

were stored at -80°C in 15% sterile glycerol. All constructs were verified by 

sequencing from MOBIX laboratory at McMaster University. 

 

2.2 Chemically competent E. coli cell preparation   

 E. coli BL21 (DE3), Rosetta (DE3) (Life Technologies, Burlington ON), or 

Turbo cells were grown overnight in LB broth while shaking at 37°C. These cells 

were then re-inoculated into fresh LB broth at a dilution of 1:100, and allowed to 

grow under the same conditions. Once the cells reached an optical density at 600 

nm (OD600) of approximately 0.5, they were cooled on ice for 15 minutes, and 

then centrifuged for 10 minutes at 3000 RPM and 4°C. The cells were 

resuspended in ice cold 10mM MgSO4, allowed to incubate on ice for 30 minutes, 

and then centrifuged as previously described. Harvested cells were then 

resuspended in ice cold 50 mM CaCl2, allowed to incubate on ice for an 

additional 30 minutes, and centrifuged for a final time as previously described. 
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The cells were then resuspended in 50 mM CaCl2 containing 15% (v/v) sterile 

glycerol before being aliquoted and stored at -80°C for future use.  

 

2.2.1 E. coli transformation  

 Chemically competent E. coli cells were thawed on ice and approximately 

150 ng purified DNA (in sterile distilled H2O) was added to incubate for 30 

minutes. The cells were then subjected to heat shock at 42°C for 45 seconds, 

incubated on ice for 2 minutes, and resuspended in 700 µL of SOC media (2% 

w/v tryptone, 0.05% w/v NaCl, 0.5% w/v yeast extract, 4 mM glucose, 10 mM 

MgCl2). Following a 1 hour incubation at 37°C, the cells were plated on LB plates 

containing 1.5% (w/v) agar and either 100 µg/mL ampicillin or 30 µg/mL 

kanamycin. The plates were allowed to incubate overnight at 37°C before 

selecting individual bacterial colonies.  

 

2.2.2 Recombinant protein expression and FPLC purification 

All constructs were expressed in either E. coli BL21 cells (DE3) or Rosetta 

(DE3) cells. LB broth (6 L) containing 100 µg/mL of ampicillin was inoculated with 

100 mL of overnight culture, and incubated at 37°C and 250 RPM until the 

cultures reached an optical density OD600 of approximately 0.6. Expression of 

recombinant proteins was then induced with the addition of 0.5 mM isopropyl β-

D-thiogalactopyranoside (IPTG). The exact time, and temperature for protein 

expression (at 250 RPM) was optimized for each of the expression plasmids. The 
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cells were harvested at 8000 x g for 4 minutes at 4°C. Cells used to express 

polyhistidine-tagged proteins were resuspended in 15 mL of ice cold Nickel A 

buffer (20 mM Tris-HCl pH 7.0, 0.03% LDAO, 0.02% β-mercaptoethanol, 500 mM 

KCl, 10% glycerol, 10 mM imidazole) with one EDTA-free protease inhibitor tablet 

(Roche, Laval QC), while cells used to express GST-tagged proteins were 

resuspended in ice cold sterile 1X phosphate buffered saline (PBS). At this point, 

GST-tagged recombinant protein lysates were stored at -80°C. For polyhistidine-

tagged proteins, the cells were subsequently lysed (on ice) via sonication with the 

Fischer Scientific Sonic Dismembrator (Model 100) 6 times at 25 watts (W) for 20 

seconds. Soluble protein was separated from the insoluble pellet of lysed cells by 

centrifugation at 42,000 x g for 45 minutes at 4°C. The supernatant was vacuum 

filtered through a 0.22 µM bottle filter (Fisher Scientific, Whitby ON) and stored on 

ice prior to purification.  

 Recombinant polyhistidine-tagged proteins were purified with Fast Protein 

Liquid Chromatography (FPLC) using the AKTA FPLC (GE Healthcare, 

Mississauga ON). The filtered lysates were run through a His-TrapTM column 

charged with 100 mM of NiCl2. The proteins were eluted in Nickel B buffer (same 

contents as Nickel A, except it contains 300 mM of imidazole) and stored on ice 

before being buffer exchanged into 1X sterile PBS using the HiPrep 26/10 

Desalting Column (GE Healthcare, Mississauga ON). Purified protein solutions 

were vacuum filtered through a 0.22 µM filter and concentrated at 3000 RPM and 

4°C using an Amicon Ultra-15 Centrifuge Filter (Millipore, Billerica MA). Proteins 
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were stored at 4°C for immediate use, or -80°C for future experiments.  

 

2.2.3 Quantifying protein concentration   

To assess the presence and overall purity of the recombinant proteins, a 

fraction of the final protein sample was collected and resuspended in 2X Laemmli 

buffer (4% (v/v) SDS, 100 mM Tris pH 7.0, 2 mM EDTA, 10% (v/v) glycerol, 

0.002% (w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol) before being 

electrophoresed on a 12% SDS-PAGE gel. The gel was then treated with 

Coomassie stain to visualize protein purity. To evaluate protein concentration, a 

modified version of the Lowry assay was used (Lowry et al, 1951). A small aliquot 

of purified protein was incubated with 127.5 µL of Reagent A (containing copper 

sulfate) followed by 1 mL of reagent B (dilute Folin reagent) according to the 

manufacturers protocol (Bio-Rad, Mississauga ON). This assay was then 

repeated with varying concentrations of Bovine Serum Albumin (BSA) in 1X PBS. 

Absorbance measurements were taken at 750 nm and protein concentration was 

determined in reference to a BSA standard curve.  

 

2.3 Cell culture  

LLC-MK2 (Rhesus monkey kidney cells) and BEAS-2B (human lung 

bronchiolar epithelial cells) (ATCC, Manassas VA) were used in this study. Both 

of these cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM) 
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(Invitrogen, Mississauga ON) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) (Invitrogen) at 37°C and 5% CO2. Every 2 to 10 days, the cell 

medium was removed, and the monolayer was washed with 1 mL of Trypsin-

EDTA (Invitrogen). The cells were then treated with an additional 5 mL of 

Trypsin-EDTA for 5 minutes at 37°C and 5% CO2. Depending on the experiment, 

the trypsinized cells were then resuspended in fresh DMEM+10% FBS and 

added to an appropriate culture flask (i.e. T25, T75, or T175).  

To count cells prior to seeding, trypsinized cells were centrifuged at 500 x 

g for 5 minutes and resuspended in 5 mL of DMEM+10% FBS. An aliquot of 10 

µL containing a 1:1 dilution of cells and Trypan blue reagent was plated on a 

Bright-Line Hemacytometer (Hausser Scientific, Horsham PA). The number of 

cells per mL was determined by averaging the number of viable cells within each 

of the quadrants of the hemacytometer. The number of cells per mL of medium 

was calculated using the following equation: #cells/mL=[average number of cells 

per quadrant x 2 (dilution factor) x 10,000 cells/mL] 

 

2.4 Virus culturing 

 The following virus strains (stock cultures at unknown titers) were obtained 

from the St. Joseph’s Hospital virology laboratory: RSV A Long strain, RSV B 

CH-18537 strain, and PIV-2. To propagate each of the virus isolates, 1 mL 

aliquots of frozen stocks were thawed and added to 9 mL of R-Mix Refeed 

Medium (Diagnostic Hybrids, Athens OH). The virus and cell medium solutions 
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were then added to a confluent monolayer of LLC-MK2 cells in a T75 flask. The 

flasks were incubated at 37°C and 5% CO2 for 7 to 8 days for RSV strains and 4 

to 5 days for PIV-2. Cell monolayers were monitored on a daily basis for 

cytopathic effects by comparing infected cells to those in a control T75 flask 

containing no virus. To harvest virus, the monolayers were scraped off using a 

cell scraper or the end of a sterile pipette. The infected cell and medium solution 

was then transferred to a falcon tube and vortexed with sterile glass beads 2 

times for 30 seconds. The solution was then decanted and subsequently passed 

through a 0.22 µM filter. Aliquots ranging from 100 µL- 1 mL were stored at -80°C 

for future use.  

To determine an ideal virus concentration to use in inhibition experiments 

(see Sections 2.7.1 and 2.7.2), serial dilutions of frozen virus stocks were made 

in DMEM, with final volumes of 400 µL. These solutions were added to shell vials 

containing confluent LLC-MK2 cell monolayers, and were centrifuged for 30 

minutes at 1,500 x g (centrifugation-assisted inoculation), followed by a 30 minute 

incubation period at 37°C and 5% CO2. The viral medium was then removed, and 

the cells were treated with DMEM alone. The cells were allowed to incubate for 

48 hours at 37°C and 5% CO2 for those treated with RSV, and 24 hours for those 

treated with PIV-2. After these time periods, the medium was removed, and the 

cells were fixed with 1 mL of ice-cold acetone for 30 minutes at room 

temperature. After aspirating the acetone, the cells were washed twice with 

sterile 1X PBS and treated in the dark with D-Ultra Respiratory Virus Screening 
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DFA Reagent (Diagostic Hybrids) for 30 minutes at 37°C and 5% CO2. After being 

washed three times with sterile 1X PBS, the cover slips were mounted face down 

on glass slides with 10 µL of mounting media (50% glycerol and sterile 1X PBS). 

The cover slips were visualized with fluorescent microscopy at 10X magnification 

using the EVOS Fluorescent Microscope (Invitrogen). A virus:DMEM dilution that 

produced approximately 20 infected cells per 10X FOV was used for 

experiments.    

 

2.5 Gel electrophoresis of DNA and proteins  

 DNA samples were incubated with an equal volume of 5X loading dye. 

Agarose gels were cast at concentrations ranging from 0.5% to 2% agarose in 1X 

TAE buffer (40 mM Tris, 20 mM Acetate, 1 mM EDTA) containing ethidium 

bromide. The DNA samples were then electrophoresed for 45 minutes at 160 

volts (V) using the PowerPac Basic Power Supply (Bio-Rad) and visualized under 

UV light.  

 Protein samples were added to an equal volume of 2X Laemmli buffer and 

subsequently boiled for 15 to 20 minutes at 100°C. Polyacrylamide resolving gels 

were cast at percentages ranging from 10% to 12%. The recipe for a 12% 

resolving gel is as follows: 375 mM Tris-HCl pH 6.8, 0.1% (v/v) SDS, 0.4% (v/v) 

Tetramethylethylenediamine (TEMED), 12% (v/v) Acryl/Bis-Acryl, and 0.1% (v/v) 

APS. A stacking gel (5% (v/v) Acryl/Bis-Acryl, 100 mM Tris-HCl pH 8.7, 0.1% 

(v/v) SDS, 0.1%(v/v) APS, and 0.4% (v/v) TEMED. The solidified gels were 
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added to the mini-PROTEAN Tetra Cell (Bio-Rad) and SDS-PAGE running buffer 

(0.1% SDS, 192 mM glycine, 25 mM Tris pH 9.5) was added. The protein 

samples were loaded into the wells and were electrophoretically separated for 20 

minutes at 80 V (protein stacking) followed by 80 minutes at 120 V (protein 

separation).  

  

2.5.1 Western blotting  

 Proteins separated by gel electrophoresis (Section 2.5.1) were transferred 

to a nitrocellulose membrane using the iBlot gel transfer device (Invitrogen) 

according to the manufacturers protocol. Membranes were then blocked with 20 

mL PBST buffer (1X PBS and 0.1% Tween-20) containing 5% (w/v) skim milk 

powder while rocking for 1 hour at room temperature. The membranes were then 

incubated with one of the following primary antibodies diluted in 10 mL of PBST 

buffer containing 5% skim milk powder: anti-6XHis (1:10000) (Sigma, St. Louis 

MO), anti-GST (1:5000) (Sigma), anti-β-actin (1:5000) (Sigma), anti-NusA 

(1:1000) (Sigma), anti-RSV N (1:1000) (Abcam, Cambridge UK), or anti-RSV P 

(1:1000) (Abcam). Following an overnight incubation at 4°C, the membranes were 

washed 3 times with PBST, and then treated with goat anti-mouse HRP 

secondary antibody (1:5000) in PBST+5% skim milk powder for 45 minutes while 

rocking at room temperature. The membranes were washed an additional 3 times 

with PBST and finally treated with enhanced chemiluminescence solution (ECL) 

(Pierce, Rockford IL) for detection using X-ray film.  
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2.6 P220-241 stability assay 

LLC-MK2 cells were seeded in separate 24-well plates at a concentration 

of 1.5x105 cells/well in 1 mL of DMEM. The cells were allowed to incubate for 24 

hours at 37°C and 5% CO2 to adhere to the culture wells. The media was 

aspirated and the cells were washed twice with sterile 1X PBS before being 

treated with the purified recombinant P220-241  (20 µM) in DMEM  or DMEM alone 

for 0, 1, 4, 8, 24, 48 and 72 hours. At each time point, the respective solutions 

were aspirated from the culture wells and washed twice with 1 mL of Trypsin-

EDTA (to wash off membrane-bound proteins) and then with 1X sterile PBS. The 

cells were subsequently trypsinized with 400 µL of 0.5 mg/mL Trypsin-EDTA at 

37°C and 5% CO2 for 10 minutes. Trypsinized cells were resuspended in 100 µL 

of  2X Laemmli buffer and analyzed by SDS-PAGE and Western blot with anti-

6XHis primary antibody as previously described in Sections 2.5.1 and 2.5.2.  

 

2.7 Phosphoprotein mimetic inhibition assay: RSV A and B 

LLC-MK2 cells were seeded at a concentration of 1.5x105 cells (in 1 mL of 

DMEM+10% FBS) per shell vial containing microscope cover slips, and were 

allowed to incubate for 24 hours at 37°C and 5% CO2 to allow the cells to adhere. 

The medium was aspirated, and the cells were washed twice with 1X sterile PBS. 

The cells were then pre-treated with either the purified recombinant P220-241 (at 

concentrations of 20 µM, 10 µM,  5 µM and 2.5 µM ) in DMEM, 20 µM of PB1 
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(negative control peptide) in DMEM , 20 µM of Pscram (negative control peptide), or 

DMEM alone (positive control) for 1 hour at 37°C and 5% CO2. Medium was then 

aspirated from all shell vials (excluding the no virus control), the cells were 

washed two times with sterile 1X PBS, and were infected with pre-titered RSV A 

or RSV B  in DMEM at a final volume of 400 µL. All shell vials were centrifuged 

for 30 minutes at 1,500 x g, followed by a 30 minute incubation period at 37°C 

and 5% CO2. The viral medium was removed, and the cells were treated with a 

second round of the purified recombinant proteins or DMEM alone. The final 

volume of all pre and post-incubation solutions was 400 µL. Cell cultures were 

allowed to incubate for another 48 hours, and were then stained using DFA 

reagent as previously described in Section 2.4.1. Overall percent inhibition (PI) 

was calculated by comparing the average number of viruses per 10X field of view 

(FOV) in the virus only control (V) with the average number of viruses per FOV in 

each of the peptide treatments (P); (PI=[(V-P)/(V)]x100%).  

 

2.7.1 Phosphoprotein mimetic inhibition assay: PIV-2  

LLC-MK2 cells were seeded at a concentration of 1.5x105 cells (in 1 mL of 

DMEM+10% FBS) per shell vial containing microscope cover slips, and were 

allowed to incubate for 24 hours at 37°C and 5% CO2 to allow the cells to adhere. 

The medium was aspirated, and the cells were washed twice with 1X sterile PBS. 

The cells were then pre-treated with either 20 µM of P220-241 in DMEM, 20 µM of 

Pscram (positive control peptide), or DMEM alone (negative control) for 1 hour at 
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37°C and 5% CO2. Medium was then aspirated from all shell vials (excluding the 

no virus control), the cells were washed two times with sterile 1X PBS, and were 

treated with pre-titered PIV-2 at a final volume of 400 µL. All shell vials were 

centrifuged for 30 minutes at 1,500 x g, followed by a 30 minute incubation period 

at 37°C and 5% CO2. The viral medium was removed, and the cells were treated 

with a second round of the purified recombinant proteins or DMEM alone. The 

final volume of all pre and post-incubation solutions was 400 µL. The cells were 

allowed to incubate for an additional 24 hours, and were then visualized by 

fluorescence microscopy as previously described in Section 2.4.1. Overall PI 

was calculated as was described in Section 2.7.1. 

 

2.8 Inhibition of progeny virus release assay 

LLC-MK2 cells were seeded at a concentration of 1.5x105 cells (in 1 mL of 

DMEM+10% FBS) per shell vial containing microscope cover slips, and were 

allowed to incubate for 24 hours at 37°C and 5% CO2 to allow cells to adhere. 

The medium was aspirated, and the cells were washed twice with 1X sterile PBS. 

The cells were then pre-treated with either the purified recombinant P220-241 (20 

µM),  Pscram (20 µM), or DMEM alone for 1 hour at 37°C and 5% CO2. Medium 

was then aspirated from all shell vials (excluding the no virus control), the cells 

were washed two times with sterile 1X PBS, and were treated with pre-titered 

RSV A at a final volume of 400 µL. All shell vials were centrifuged for 30 minutes 

at 1,500 x g, followed by a 30 minute incubation period at 37°C and 5% CO2. The 
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viral medium was removed, and the cells were treated with a second round of the 

purified recombinant proteins, or DMEM alone. The final volume of all pre and 

post-incubation solutions was 400 µL. The cells were allowed to incubate for 48 

hours at 37°C and 5% CO2. To measure inhibition of progeny virion release, 200 

µL of each of the cell supernatants were collected and added to 200 µL of fresh 

DMEM media. The respective solutions were added to new shell vials containing 

confluent monolayers of LLC-MK2 cells, allowed to incubate for 48 hours, and the 

amount of virus was quantified by fluorescence microscopy as was previously 

described in Section 2.4.1.  

 

2.9 Toxicity: cell replication assays  

LLC-MK2 and BEAS-2B cells (in separate experiments) were seeded in 

24-well plates at a concentration of 1.5x105 cells/well in 1 mL of DMEM+10% 

FBS. The cells were allowed to incubate for 24 hours at 37°C and 5% CO2 to 

adhere to the culture wells. The medium was aspirated and the cells were 

washed twice with 1X sterile PBS before being treated with either 20 µM of 

purified P220-241 in DMEM+10% FBS, 20 µM PB1 in DMEM+10% FBS, 

DMEM+10% FBS alone, or 2 mg/mL cycloheximide (CH) in DMEM+10% FBS for 

0, 8, 24, 48 and 72 hours. A second experiment was conducted where the cells 

were allowed to incubate for 1 to 7 days. In this case, the cells were treated with 

a new batch of purified protein every 48 hours. At each of these time points, the 

respective solutions were aspirated from the culture wells and washed twice with 
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1X sterile PBS. The cells were subsequently trypsinized with 750 µL of 0.5 

mg/mL Trypsin-EDTA at 37°C and 5% CO2 for 10 minutes. Cell density was 

assessed as previously described by Mohler et al (1996). Briefly, each sample 

was thoroughly re-suspended before being aliquoted into individual 1 cm 

spectrophotometer cuvettes, and immediately quantitated by taking absorbance 

readings (in triplicates) at 800 nm. As a blank, 750 µL of 0.5 mg/ml Trypsin-EDTA 

was used.  

 

2.9.1 Toxicity: adenylate kinase assay  

LLC-MK2 or BEAS-2B cells (in separate experiments) were seeded in 

wells of a 24-well plate at a concentration of 1.5x105 cells/well in DMEM+10% 

FBS. The cells were allowed to incubate overnight at 37°C and 5% CO2. The 

wells were washed with sterile 1X PBS before being treated with either 20 µM of 

purified P220-241 in DMEM+10% FBS, 20 µM of PB1 in DMEM+10% FBS, or 

DMEM+10% FBS alone for 0, 8, 24, 48, or 72 hours. At each of these time points, 

a control well was treated with 750 µL of lysis buffer (0.1% SDS, 1% Triton X-

100). An adenylate kinase release assay was then performed as per the 

manufacturers protocol (Lonza, Mississauga ON). Aliquots (20 µL) of each cell 

supernatant were incubated with 100 µL of adenylate kinase detection reagent 

(Lonza) for 5 minutes. This reaction is a two-step process, which first involves the 

conversion of ADP to ATP by adenylate kinase. The ATP is then used as an 

energy source to convert luciferin to oxyluciferin, which in turn releases light.  
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Relative light units (RLUs) were then measured with 1 second integrated 

readings (in triplicates) using a 20/20-n Single Tube Luminometer (Promega, 

Madison WI). 

 

2.9.2 Toxicity: RBC lysis assay  

Blood was obtained from healthy donors and the samples were subject to 

a complete blood count (St. Joseph’s Hospital, Hamilton, Ontario). Purified RBCs 

were diluted to 5.0x108 cells/mL in sterile PBS. P220-241 (20 µM) in 1X PBS, PB1 

(20 µM) in 1X PBS, 1X PBS alone, or lysis buffer (0.1% SDS, 1% Triton X-100) 

were incubated with the RBCs for 1 to 24 hours at 37°C and 5% CO2. At each of 

these time points, the cells were centrifuged at 5,000 x g for 5 minutes, and the 

supernatants were added to separate wells of a 96-well clear-bottom plate. RBC 

lysis was measured as previously described (Bleumink-Pluym et al, 2013). 

Absorbance readings (in triplicates) were measured at 420 nm (maximum 

absorbance of hemoglobin) using a BioTek MicroQuant Plate Reader. Percent 

lysis was calculated as follows: [(Absorbance – PBS Absorbance)/(Lysis 

Absorbance – PBS Absorbance)] x100%.  

 

 

2.10 Glutathione S-Transferase (GST) pull-down assays 

GST expression plasmids were transformed into E. coli BL21 (DE3) or 

Rosetta (DE3) cells, and cell lysates were obtained as previously described in 
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Section 2.2.3. Magnetic glutathione-agarose beads (Sigma) were washed in 1 

mL of PBST buffer and then incubated with E. coli cell lysates containing GST-N 

or GST constructs for 2 hours, while nutating at 4°C. The beads were then 

washed briefly with PBST before being blocked with 25 mL of PBST+ 5% BSA 

overnight, while nutating at 4°C. After blocking, the beads were centrifuged at 

3000 x g to remove the supernatant. Aliquots of 50 µL of GST-bound beads were 

mixed with 1 mL of E. coli cell lysates containing over-expressed His-tagged 

proteins and left nutating for 2 hours. The beads were then centrifuged at 16,000 

x g for 1 minute, and the supernatant was removed. The remaining pellets were 

washed 7 times in a high salt wash buffer (20 mM TRIS-HCl pH 7.0, 500 mM KCl, 

0.1% Triton X-100). The last wash sample was collected, while the beads were 

subsequently resuspended in 50 µL of 2X Laemmli buffer and boiled for 15 to 20 

minutes. Samples were run on a 12% SDS-PAGE gel and analyzed by Western 

blot as previously described in Sections 2.5.1 and 2.5.2. 

 

2.11 In vitro immunoprecipitations 

LLC-MK2 cells were seeded in T25 flasks and grown until confluent. RSV 

was then added to the cells in R-Mix Refeed medium and allowed to incubate for 

4 days. For the control N and P antibody immunoprecipitations, the cells were 

immediately scraped off the monolayer and centrifuged at 14,000 x g for 3 

minutes. When performing the anti-His immunoprecipitations, purified P220-241 was 

added to cells at a concentration of 20 µM and allowed to incubate for 24 hours 
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prior to scraping the cells. Following centrifugation, the cells were resuspended in 

500 µL of ice cold lysis buffer (50 mM Tris-HCl pH 7.2, 100 mM KCl, 0.1% SDS, 

1% Triton X-100, 1 EDTA-free protease inhibitor) and allowed to nutate for 3 

hours at 4°C. The lysed cells were then centrifuged at 14,000 x g for 3 minutes 

and the supernatant was added to 30 µL of protein A/G agarose beads (Sigma) 

to pre-clear the lysate. The beads were allowed to nutate at 4°C for 1 hour, were 

centrifuged at 14,000 x g for 3 minutes, and the supernatant was collected. 

Primary anti-His, anti-RSV N, or anti-RSV P primary antibodies were then added 

to make a final dilution of 1:500, and left to nutate overnight at 4°C. To bind the 

primary antibodies, 30 µL of protein A/G beads was added and left to nutate for 

an additional hour at 4°C. The bound beads were then washed 2 times with 500 

µL of high salt wash buffer (500 mM KCl, 20 mM Tris-HCl pH 7.0, 0.1% Triton X-

100) before being centrifuged at 14,000 x g for 3 minutes. The beads were 

resuspended in 30 µL of 2X Laemmli buffer and boiled for 20 minutes. The 

samples were then analyzed by SDS-PAGE and Western blot as previously 

described in Sections 2.5.1 and 2.5.2. 

 

2.12 Statistical analyses  

Results were interpreted using a Student’s t-test and a P-value <0.05 was 

considered statistically significant.  
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RESULTS 
 

3.1 – Inhibition of RSV A and B infection in vitro using P220-241 

 

3.1.1 Stability of P220-241 within cells   

 We first investigated whether purified recombinant P220-241 was capable of 

entering LLC-MK2 cells in vitro. Peptide therapeutics are often limited by their 

small size and inability to be taken up by host cells, as such this was a crucial 

step before testing for RSV inhibition activity. LLC-MK2 cells were seeded in 24-

well plates, and then incubated with purified P220-241 at a concentration of 20 µM 

for one of the following time points: 10 minutes, 1 hour, 4 hours, 8 hours, 24 

hours, or 72 hours. At each time point, the cells were washed with trypsin to 

remove any membrane-bound protein, thus ensuring any detected P220-241 was 

intracellular, and the presence of the peptide was determined via anti-His 

Western blot (Figure 3.1.1). P220-241 was present in cells from approximately 10 

minutes to 48 hours after adding the peptide to the wells. An anti-β-actin antibody 

was used as a loading control for this experiment. It should also be noted that we 

have tested for persistent presence of the peptide in between the 48 hour and 72 

hour time points, and have yet to detect the presence of the P220-241 within LLC-

MK2 after this 48 hour period. These data suggests that P220-241 is successfully 

taken up by cells, presumably through its CPP domain. 
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3.1.2 Effects of P220-241  on cell replication and growth of RSV A and B 

 As the central tenant of this project, we hypothesized that purified 

recombinant P220-241 would be capable of inhibiting RSV growth and replication in 

vitro. This was based off previous studies that revealed the C-terminus of the 

RSV P protein is necessary and sufficient for binding to the RSV N protein, an 

interaction that is needed to both transcribe and replicate the viral RNA (Garcia-

Barreno et, 1996; Tran et al, 2007). Considering that both RSV subtype A and 

subtype B have been shown to dominate during yearly worldwide epidemics, we 

thought it was also imperative to test this construct’s ability to inhibit replication of 

both these subtypes. LLC-MK2 cells were seeded in shell vials containing 

microscope coverslips and pre-incubated with purified P220-241 before being 

treated with RSV (for more details refer to Section 2.7). As a positive control, no 

virus was added to one of the shell vials. As negative controls, an Influenza-
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specific PB1 peptide and a scrambled RSV P peptide (Pscram) were used. Pscram is 

identical to the P220-241 construct, however the 21 amino acids of the RSV P 

domain were randomly scrambled (please refer to Supplementary Table 5.1 for 

a description of all protein constructs used in this study). Inhibition of viral 

infection was calculated following immunofluorescent staining, where RSV-

infected cells were stained green by a fluorescein (FITC) –tagged secondary 

antibody. P220-241 (at a concentration of 20 µM) was able to inhibit RSV A 

replication by an average of 94.8% compared to the virus only control (Figure 

3.1.2A). The construct also showed inhibition over a range of lower 

concentrations, including 59.3% at 10 µM, 27.9% at 5 µM, and 10.4% at 2.5 µM. 

Both negative control peptides (PB1 and Pscram) did not show any statistically 

significant reduction in RSV A inhibition (Figure 3.1.2C). Very similar results were 

also obtained when examining cells infected with RSV B (Figure 3.1.2B). In a 

similar pattern to the RSV A data, P220-241 displayed inhibition against RSV B over 

a range of concentrations, with a maximum inhibition of approximately 84% at a 

concentration of 20 µM. Taken together, these results imply that P220-241 is able to 

successfully reduce RSV replication within infected cells.  

 

 

 



MSc Thesis – J. Nelson; McMaster University – Department of Medical Science 

 56 

 

 

 

 



MSc Thesis – J. Nelson; McMaster University – Department of Medical Science 

 57 

3.1.3 Effect of P220-241 on cell replication and growth of PIV-2 

 Despite the ability of P220-241 to inhibit RSV infection in vitro, it was still 

necessary to confirm that P220-241 was not acting as a pathogen-associated 

molecular pattern (PAMP), which could have triggered a host-cell antiviral 

response towards RSV. To investigate this possibility, we obtained a strain of 

human parainfluenza virus type 2 (PIV-2), which is also a member of the 

Paramyxoviridae family of viruses. LLC-MK2 cells were seeded in shell vials and 

treated with purified P220-241 at a concentration of 20 µM. The cells were then 

infected with PIV-2 and later stained in an identical fashion to the LLC-MK2 cells 

used in the RSV inhibition experiments (for details please refer to Section 2.7.1). 

As displayed in Figure 3.1.3 below, compared to the virus-only control, P220-241 

did not show any statistically significant reduction of PIV-2 infection. The percent 

inhibition of PIV-2 infection is also displayed next to the inhibition of RSV subtype 

A infection for ease of comparison. This result suggests that previous RSV 

inhibition by P220-241 displayed in Figure 3.1.2 was not an artifact of a host-cell 

antiviral response triggered by a PAMP. 
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3.1.4 Effect of P220-241 on progeny RSV virus production  

Our previous RSV inhibition data demonstrated that purified P220-241 could 

inhibit RSV replication within cells. However, this data did not confirm that the 

peptide could inhibit release of progeny RSV virions into the surrounding 

medium. To investigate this question, shell vials were infected with RSV and then 

treated with either P220-241 (20 µM), control peptide Pscram (20 µM), RSV alone, or 

media alone, using the same infection protocol. However, following the 48-hour 

infection, samples of the cell supernatant were taken to infect new shell vials. The 

cells were visualized by fluorescent microscopy, and the average number of 
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infected cells per 10X FOV was quantified (Figure 3.1.4). Compared to an 

average of just less than 1 infected cell per 10X FOV in P220-241 treated cells, 

there was an average of 9.4 infected cells per 10X FOV for those treated with 

RSV alone (approximately 92% inhibition). This reduction in viral load signifies 

that not only does P220-241 prevent efficient intracellular replication of RSV, but it 

also helps to disrupt efficient release of new progeny virus.  

 

 

 



MSc Thesis – J. Nelson; McMaster University – Department of Medical Science 

 60 

3.2 – Cytotoxic effects of P220-241 in vitro  

 

3.2.1 Effect of P220-241 on cell replication 

 To confirm that the previously aforementioned RSV inhibition data was not 

an indirect bi-product of cellular toxicity, we used a series of different assays. 

Firstly, direct visual analysis of cells exposed to 20 µM of purified P220-241 did not 

show any apparent morphological changes in cell structure (data not shown). To 

further substantiate this claim, a cell replication assay was performed using two 

different cell lines: LLC-MK2 and BEAS-2B cells. LLC-MK2 or BEAS-2B cells 

were seeded in shell vials, and were then treated with one of the following 

conditions: 20 µM of P220-241, 20 µM of PB1 negative control peptide, 2 mg/mL 

cycloheximide (CH), or medium alone. CH is a potent inhibitor of protein 

synthesis and cell growth in eukaryotic cells, and thus was used as a positive 

control in this experiment. Over a series of time intervals (0 hours to 72 hours), 

the cells were washed, and their absorbance was measured at 800 nm, providing 

a reading directly proportional to cell density (Mohler et al, 1996). There was no 

statistically significant difference in absorbance readings between P220-241, control 

PB1 peptide, or medium-only treated cells. Cells treated with CH showed a 

relatively constant absorbance reading over the entire experiment. Results for 

this cell replication assay are represented graphically in Figure 3.2.1A. To further 

substantiate this data, we have also achieved similar results using a Prestoblue 

cell replication assay, which measures cell density as a function of relative 
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fluorescence (Supplementary Figure S2).  
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 We also wanted to investigate whether P220-241 displayed any toxic effects 

on cells when multiple doses were given over a prolonged period of time. This 

scenario may be more indicative of a true clinical scenario, where cells would 

constantly be exposed to the peptide for a longer duration of time. LLC-MK2 cells 

were seeded in shell vials, and where then treated with one of the following 

conditions: 20 µM of P220-241, 20 µM of PB1 negative control peptide, 2 mg/mL 

CH, or medium alone. Since our previous half-life data (Figure 3.1.1) indicated 

that P220-241 was stable in cells for approximately 48 hours, we took this into 

account and replaced the peptide and medium solutions every 2 days. At 24-hour 

intervals over a period of 7 days, the cells were washed, and the absorbance was 

measured at 800 nm.  Similar to previous results, there was no statistically 

significant difference in absorbance readings between P220-241, control peptide, or 

medium-only treated cells (Figure 3.2.1B). In combination with previous data 

outlined in Figure 3.2.1A, these results suggest that P220-241 does not negatively 

affect cell replication in vitro.  
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3.2.2 Effect of P220-241 on adenylate kinase release from cells  

 We next investigated toxicity of P220-241 using a well-known commercial 

assay (Lonza), which measures release of adenylate kinase into the extracellular 

medium. Adenylate kinase is a prominent phosphotransferase enzyme present in 

all eukaryotic cells, and it is released into the extracellular medium upon cell 

death. LLC-MK2 or BEAS-2B cells were seeded in shell vials, and then treated 

with one of the following conditions: 20 µM of P220-241, 20 µM of PB1 negative 
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control peptide, lysis buffer (positive control), or medium alone. At the appropriate 

time point (0 hours, 8 hours, 24 hours, 48 hours, or 72 hours), a sample from the 

cell supernatant was taken and incubated with adenylate kinase detection 

reagent. Incubation with this reagent produces a bioluminescent signal, which 

can be quantified in relative light units (RLUs). Lysis buffer was used as a 

positive control as the cells were fully lysed, resulting in comparatively high RLU 

values. Relative bioluminescence produced by the presence of P220-241 was 

comparable to that of control conditions, and was significantly different from when 

the cells were treated with lysis buffer alone (Figure 3.2.2). This signifies that 

exposure of cells to P220-241 likely does not alter membrane integrity in vitro.  
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3.2.3 Effect of P220-241 on red blood cell lysis  

 In order to provide a final measure of toxicity, the effect of P220-241 on the 

cell membrane was further assessed using a RBC lysis assay.  RBCs from 

healthy donors were harvested, purified and incubated with one of the following 

treatments: 20 µM P220-241 in 1X PBS, 20 µM PB1 negative control peptide in 1X 

PBS (20 µM), 1X PBS alone, or lysis buffer (positive control). After either 1 hour 
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or 24 hours, an aliquot of the cell supernatant was collected and an absorbance 

measurement at 420 nm was taken (420 nm corresponds to the maximum 

absorbance of hemoglobin). Percent lysis was calculated (see Section 2.9.2 for 

details) and graphed below in Figure 3.2.3. Compared to PBS buffer alone and 

control PB1 peptide, P220-241 displayed negligible absorbance readings, thereby 

suggesting that P220-241 does not lyse RBCs in vitro.  
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3.3 – Mimetic mechanism of action: GST pull-down experiments  

 

3.3.1 – Interaction between P220-241 and GST-N in vitro  

 As previously mentioned, several studies have reported that the C-

terminus of RSV P protein binds to the RSV N protein (Garcia-Barreno et al, 

1996; Tran et al, 2007). Therefore, we hypothesized that the P220-241 mimetic 

should bind in a similar fashion to the N protein. To investigate this potential 

interaction, we designed a series of recombinant proteins to use in GST pull-

down experiments (refer to Supplementary Table 5.1 for a list of these 

constructs). The bait proteins (bound to glutathione-agarose beads) for these 

experiments were GST-N and GST alone, while the prey proteins were HisNusA-

P, HisNusA, Pscram, and P220-241 (Figure 3.3.1C). Like MBP, NusA is an E. coli 

protein often used as a carrier molecule to enhance protein half-life and solubility 

(Nallamsetty and Waugh, 2006). The His-tagged prey proteins were loaded on a 

gel and analyzed by Western blot as a control to compare their respective sizes, 

as is seen in the left panel of Figure 3.3.1A. After the bait constructs were bound 

to glutathione-agarose beads, the beads were incubated with one of the four prey 

constructs. Following washing with high salt buffer, the samples were 

electrophoretically separated and analyzed by Western blot. GST-N was able to 

pull-down both P220-241 and HisNusA-P, as is displayed in the middle panel of 

Figure 3.3.1A.  However, GST-N did not interact with either of the control 
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constructs (HisNusA and Pscram). GST alone did not interact with any of the 

constructs, as is seen in the right panel of Figure 3.3.1A. Collectively, this data 

suggests that not only do HisNusA-P and P220-241 copurify with GST-N, but that 

this interaction is guided by the P protein domain found in each of these protein 

constructs.  
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3.3.2 – P220-241 blocks binding of full-length P protein to GST-N in vitro  

 Considering we originally hypothesized that P220-241 would likely function 

by blocking the binding of full-length P protein to N protein, a second GST pull-

down assay was used to evaluate this possibility (full-length P protein 

represented by HisNusA-P; N protein represented by GST-N). The glutathione 

beads were bound by GST-N and then pre-incubated for 2 hours with P220-241 

lysate. Following this incubation period, the P220-241 lysate was removed and 

replaced with an equal volume of HisNusA-P lysate. The samples were then once 

again washed and analyzed by SDS-PAGE and Western blot. Half of the sample 

was probed with anti-NusA antibody to detect the presence of HisNusA-P, while 

half the sample was probed with anti-His antibody to detect P220-241. While there 

was a clear detection of His-tagged P220-241 (right panel of Figure 3.3.2), 

HisNusA-P was not detected by Western Blot (left panel of Figure 3.3.2). This 

result suggests that P220-241 is capable of preventing the association between full-

length RSV P and N proteins in vitro.   
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3.4 – Mimetic mechanism of action: Immunoprecipitation experiments 

 

3.4.1 – Immunoprecipitation of N, P, and P220-241 

 While we were able to show that P220-241 is capable of binding GST-N and 

subsequently disrupt the N-P protein interaction in vitro using GST pull-down 

experiments (see above), we next explored this interaction using more robust in 

vitro immunoprecipitation assays involving N and P proteins synthesized by RSV-

infected cells. LLC-MK2 cells were infected with RSV and later lysed at 4 days 

post-infection. The RSV P protein, N protein, and His-tagged P220-241 were then 

immunoprecipitated using anti-P, anti-N, and anti-His primary antibodies, 
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respectively. The antibodies (now interacting with their targets) were then bound 

to protein A/G beads and washed with high salt buffer before being loaded onto a 

protein gel for analysis. Based off the presence of bands corresponding to the N 

protein, P protein, and His-tagged P220-241 proteins, it is clear that each of these 

respective targets were successfully precipitated from RSV-infected cell lysates. 

Immunoprecipitation of the each target protein is displayed below in Figure 3.4.1 

following SDS-PAGE and Western blot analysis. A sample of the LLC-MK2 cell 

lysate was run to show that the target proteins were successfully precipitated 

from this solution, and a sample of the protein A/G beads was loaded as a control 

for non-specific binding.  
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3.4.2 – Co-immunoprecipitation of P220-241 with N alone 

 Following successful immunoprecipitation of target proteins, we wanted to 

further our understanding of the mechanism of action of P220-241. To confirm the 

interaction between the N and P proteins in vitro, we immunoprecipitated the 

RSV N and P proteins individually, and then probed for both N and P proteins 

following SDS-PAGE and Western blot (Figure 3.4.2A). In each case, both the N 

and P proteins were detected by Western blot, thereby indicating they had co-

immunoprecipitated from infected cells. This result implies the N and P proteins 

were interacting together within RSV-infected cells, as is supported by numerous 

previous studies (Garcia-Barreno et al, 1996; Tran et al, 2007). Lastly, we 

investigated whether purified P220-241 could once again disrupt this N-P protein 

interaction. Following pre-treatment with P220-241, the RSV-infected cells were 

lysed, and the lysate was then subjected to an anti-His immunoprecipitation. 

When this sample was later separately probed for either RSV N protein, P 

protein, or His-tagged P220-241 proteins by Western blot, only full-length RSV P 

protein was not detected (Figure 3.4.2B). Not only does this data support 

previous results obtained from GST pull-down experiments, but it also suggests 

that P220-241 is able to successfully interact with RSV N protein within infected 

cells. Furthermore, the fact that full-length P protein was not detected by Western 

blot suggests that P220-241 may successfully disrupt proper formation of the RSV 

RdRp complex in vitro.  
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CHAPTER FOUR 
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DISCUSSION 

 

4.1 P220-241 is stable within cells in vitro 

While translocation through the plasma membrane has continuously been 

deemed as a major limiting step in the delivery of therapeutic macromolecules, 

we have overcome this dilemma through the use of a CPP domain. Results 

displayed in Section 3.1 demonstrate that by fusing a CPP to a chimeric protein, 

the final protein construct, P220-241, is successfully targeted for uptake within cells 

in vitro. We have shown that P220-241 is quickly taken up by cells within 

approximately 10 minutes, and can still be detected by anti-His Western blot 

following 48 hours of incubation time. These results support previous data from 

the Mahony laboratory, which showed the efficient targeting of chimeric proteins 

into HeLa cells to inhibit C. pneumonia infection (Stone et al, 2011).  There has 

been a significant amount of debate surrounding the exact mechanism employed 

by the CPP domain to facilitate entry into cells. While some research supports 

direct interaction and translocation across the cell membrane, there is also 

sufficient evidence to support internalization via endocytosis (Bechara and 

Sagan, 2013; Drin et al, 2003; Richard et al, 2003). In support of the later, Drin et 

al previously demonstrated that several different cationic CPPs can be taken up 

by cells, and subsequently accumulate in vesicular structures (Drin et al, 2003). 

Both clathrin-mediated endocytosis along with calveolae-facilitated uptake have 

also been described as possible endosomal uptake pathways (Saalik et al, 2004; 
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Ferrari et al, 2003). Unfortunately, there have been several studies which also 

seem to contradict these results (Kaplan et al, 2005, Ter-Avetisyan et al, 2009). 

To support direct translocation across the membrane, the most common theory is 

such that primarily positively charged cationic CPPs, like the one used in this 

study, directly translocate across the membrane through interaction with 

negatively charged residues on the lipid bilayer (also known as “adaptive 

translocation”) (Bechara and Sagan, 2013; Herce and Garcia, 2007). In this 

model, positively charged residues interact with negatively charged phosphate 

groups on the extracellular surface of the cell (Bechara and Sagan, 2013; Herce 

and Garcia, 2007). The CPP becomes attracted to additional positive residues on 

the opposite side of the lipid bilayer (the intracellular side), which facilitates the 

translocation process (Herce and Garcia, 2007). As the protein passes through 

the bilayer, it becomes saturated with water molecules (Herce and Garcia, 2007). 

This process helps saturate the proteins’ charged groups as it passes through the 

bilayer (Herce and Garcia, 2007).  It should also be noted that while this is the 

most common theory used to explain direct translocation across the membrane, 

several others have been suggested. A schematic diagram displaying this direct 

translocation mechanism, along with other possible translocation routes, is 

displayed below in Figure 4.1. While it is difficult to discern the mechanism of 

cellular entry, it is plausible that there may be more than one possible uptake 

pathway depending on the nature of the CPP, the type of cells being used, as 

well as other external factors.  
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4.2 Inhibition of RSV replication using purified P220-241 

 Following confirmation of entry within cells, we assessed the antiviral 

activity of purified P220-241. As a negative control for this experiment, we 

successfully cloned a chimeric protein construct identical to P220-241, but with the 

final 21 C-terminal amino acids of the RSV P protein randomly scrambled (Pscram).  

We showed that treating LLC-MK2 cells with low micromolar concentrations (20 

µM to 2.5 µM) of P220-241 was able to inhibit RSV infection by as much as 95%.  

On the contrary, the Pscram negative control peptide showed no statistically 

significant inhibition of RSV infection (p>0.05) at a concentration of 20 µM. Taken 
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together, this result confirms that the critical anti-RSV activity of the P220-241 

mimetic is dependent on the primary amino acid sequence of the P protein 

domain, rather its total charge. Such a result also confirms the specificity of the 

C-terminus of the P protein for the N protein, as has been previously described in 

several studies (Garcia-Barreno et al, 1996; Tran et al, 2007). We confirmed this 

finding by demonstrating that purified P220-241 reduced the amount of progeny 

virus being released into the cellular supernatant by approximately 92%, 

compared to cells treated with RSV alone. This implies that the mimetic is also 

able to prevent the release of progeny virions from RSV-infected cells. Despite 

these promising results, we wanted to rule out the possibility that P220-241 was 

acting as a PAMP and triggering a host-cell antiviral response. To investigate this 

possibility, we showed that 20 µM of P220-241 did not inhibit the replication of PIV-2 

within LLC-MK2 cells. While PIV-2 originates from the same Paramyxoviridae 

family of viruses as RSV, P220-241 treatment failed to result in any statistically 

significant reduction in RSV infection. This result implies that the reduction of 

RSV viral load in vitro was not a secondary response to intracellular PAMP-

associated antiviral signalling pathways. 

When comparing the inhibitory activity of P220-241 towards both RSV 

subtype A and B, the percent inhibition of RSV infection was slightly lower for 

RSV B strains. The fact that P220-241 seems to inhibit RSV A slightly more 

efficiently than RSV B may be attributed to minor amino acid differences in the C-

termini of P in these different subtypes. Supplementary Table 5.2 shows the 
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primary amino acid sequences of the final 21 amino acids of RSV P from several 

different strains of RSV A and B. When comparing between strains within each of 

the subtypes, there is a 100% similarity in amino acid sequences. However, when 

comparing between the two subtypes, there is minor differences in their 

respective amino acid sequences (76% identity). Considering the P220-241 peptide 

mimetic was originally designed using the P protein sequence from a RSV 

subtype A, it is not a surprise that P220-241 was slightly less effective at inhibiting 

RSV subtype B.  

 

4.3 P220-241 is non-toxic towards multiple cell lines in vitro 

 By visually observing cells exposed to purified P220-241 in vitro, there were 

no noticeable morphological changes to cell structure, compared to control 

treated cells. Nevertheless, it was imperative to rule out the possibility that the 

antiviral effects of P220-241 were not resultant from cellular toxicity and the 

subsequent inability of RSV to replicate. To rule this out, we used a series of 

different cellular toxicity assays. Firstly, cellular replication in the presence of P220-

241 was unaffected for up to 7 days, assessed by taking absorbance readings at 

800 nm. Absorbance readings at this specific wavelength correspond directly to 

the number of intact cells in suspension, and these readings are also unaffected 

by both the composition and colour of the surrounding cellular medium (Mohler et 

al, 1996). These results were replicated in two different cell lines (LLC-MK2 and 
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BEAS-2B), and were further confirmed by similar results obtained using a 

Prestoblue cell replication assay (refer to Supplementary Figure S2).  

We next employed a well-known commercial toxicity assay, the Lonza 

ToxiLight Kit, to assess cellular toxicity by measuring the levels of adenylate 

kinase being released into the extracellular media. Adenylate kinase is an 

abundant eukaryotic phosphotransferase enzyme, and upon cell death it is 

released into the extracellular space (Jacobs et al, 2013). Because the samples 

used for analysis were taken from the cellular supernantant, the cells could 

remain undisrupted, and cell lysis could be monitored as a function of time. The 

adenylate kinase detection reagent triggers a bioluminescent reaction, producing 

light, which could then be measured with a luminometer. P220-241-treated cells 

produced the same level of bioluminescence compared to control conditions, and 

was markedly different from cells treated with lysis buffer, which displayed 

significantly more bioluminescence. Lastly, as a final measure of toxicity, a RBC 

lysis assay was used. Compared to the lysis buffer control, purified P220-241 did 

not cause spontaneous hemolysis of RBCs. Taken together, these three assays 

suggest that P220-241 is non-toxic in vitro when used at a concentration of 20 µM. 

The fact that P220-241 is non-toxic at this micromolar concentration is unlike some 

other mimetics previously designed in the Mahony laboratory, such as the 

TRIM25 CCD mimetic produced for targeting the Influenza NS1 protein (data not 

shown). In contrast to the C-terminal domain of the RSV P protein, the TRIM25 

CCD domain is also present in numerous other important intracellular proteins 
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(Choudhury et al, 2014; Pauli et al, 2014). Thus, when designing these chimeric 

therapeutic inhibitors, it seems important to avoid using protein domains that are 

already highly abundant within cells. 

 

4.4 Mechanism of action 

 Following entry into cells, presumably by means of the CPP domain, we 

hypothesized that P220-241 would bind to the nascent N protein and prevent its 

association with nascent full-length P protein. We first assessed this potential 

interaction using several GST pull-down assays. By using glutathione-agarose 

beads, we were able to bind GST-tagged proteins to these beads as bait to 

assess their interaction with various different prey proteins. We found that GST-

tagged full-length N protein (GST-N) interacted with both P220-241 and full-length P 

protein (HisNusA-P), but did not interact with either control peptides, namely 

HisMBP-CPP-Pscrambled or HisNusA. Because GST-N was unable to bind to Pscram, 

this suggests the specificity of the N-P protein-binding interaction lies within the 

C-terminal 21 amino acid domain of the P protein. Furthermore, pre-incubation of 

GST-N with P220-241 was able to inhibit binding of full-length P protein to GST-N, 

as was shown by Western blot. While informative, these pull-down results do not 

demonstrate unequivocally that treatment with P220-241 is able to prevent 

assembly of the core polymerase complex within RSV-infected cells.  

To investigate this mechanism of interaction further, we performed several 

co-immunoprecipitation experiments. First we demonstrated that both the N and 
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P proteins could co-immunoprecipitate from RSV-infected cells when using either 

N or P primary antibodies for the precipitation. We then showed that pre-

incubation of RSV-infected LLC-MK2 cells with P220-241 was able to disrupt the N-

P interaction. Only N protein was observed to co-purify with P220-241, while P 

protein was absent when probed by Western blot, as was originally expected. To 

the best of our knowledge, this is the first demonstration of a disruption of the 

essential RSV N-P interaction in vitro using a peptide mimetic inhibitor. 

Collectively, these results allow us to propose a mechanism by which P220-241 

inhibits RSV infection: the P220-241 chimeric peptide mimetic is targeted to the 

cytoplasm of cells by action of the CPP, where it prevents the interaction between 

the nascent RSV P and N proteins, thereby preventing the formation of the 

essential RSV RdRp complex.  

 

4.5 The continuing burden of RSV infection worldwide 

 Despite worldwide efforts to combat RSV infections, it continues to present 

a substantial global economic burden, with the costs of infections in both infants 

and other high-risk patients reaching into the millions of dollars (Nair et al, 2010; 

Paramore et al, 2004). While there have been past attempts to create safe and 

cost-effective treatments for RSV, there remains no vaccine, no clear-cut vaccine 

strategy, nor has there been any significant success with antiviral therapy 

(Murphy and Walsh, 1988). This presents a significant issue, considering the 

continuous increase in the global population, as well as the widespread 
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distribution of the virus. Clearly, additional novel research strategies are needed 

to prevent RSV infection on a global scale. Given the relative importance of the 

core proteins making up the RSV RdRp complex for full virulence, these various 

protein-protein interactions represent interesting therapeutic targets to disrupt the 

infection process. Additionally, a series of published studies have successfully 

mapped out the interaction between the RSV N and P proteins from the complex 

(Garcia-Barreno et al, 1996; Tran et al, 2007). Results from this study show that 

an RSV P protein cell-penetrating mimetic is able to successfully enter cells, bind 

to nascent RSV N protein, thereby inhibiting RSV infection in vitro. Nevertheless, 

while we have had success in using this strategy to target pathogens such as 

Chlamydia, Influenza, and RSV, there remain many challenges before a clinically 

useful therapeutic can be produced (discussed further below).  

 

4.6.1 Future directions – binding kinetics between P220-241 and N protein   

 While it was shown in this study that P220-241 successfully binds to RSV N 

protein in vitro, we have yet to fully investigate the biochemical interaction 

between these two proteins. A useful variable to study in this binding relationship 

moving forward would be the dissociation constant (KD). The KD value is an 

equilibrium constant which can be used to determine how readily two proteins 

dissociate, with smaller KD values indicating a thermodynamically favorable 

binding. There are several common laboratory methods that can be used to study 

such binding relationships, including both surface plasmon resonance (SPR) and 
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isothermal titration calorimetry (ITC) (Jelesaroy and Bosshard, 1999; Pattnaik, 

2005). Considering the fact that other members of the Mahony laboratory are 

currently working on other potential RSV peptide mimetic therapeutics, it would 

be interesting to compare the KD values of these newer constructs to those 

obtained for the binding relationship between P220-241 and the RSV N protein. 

Ultimately, using these methods could help in producing a therapeutic capable of 

binding N protein in the most thermodynamically stable fashion.  

 

4.6.2 Future directions – viable human carrier molecule  

 In this study we utilized MBP as a molecule to help increase the solubility, 

and also to increase the half-life of P220-241 by avoiding degradation. There are 

several theories regarding the exact mechanism by which MBP and other 

solubility enhancing proteins function. The most common proposition is such that 

these proteins help form large micelle-like aggregates, thereby shielding their 

passenger proteins from the surrounding solvent (Fox et al, 2001; Sachdev and 

Chirgwin, 1998). This process would ultimately allow the sequestered protein to 

achieve its native soluble conformation, provided it can spontaneously fold in the 

bacterial cytoplasm (Fox et al, 2001; Sachdev and Chirgwin, 1998). Thus, in 

order to eventually produce a viable therapeutic using the chimeric peptide 

mimetic strategy, their tendency to degrade and fold improperly must also be 

addressed for use in humans. To do this, the CPP-P220-241 domain must be 

transferred to a viable human carrier molecule. Human Serum Albumin (HSA) is 
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an abundant human protein which has previously been shown to increase the 

half-life of IFN-β by approximately 4-fold (Sung et al, 2003). Previously, we 

successfully cloned a His-HSA-CPP-P220-241 construct for use in the eukaryotic 

methylotrophic Pichia pastoris yeast expression system (PichiaPinkTM, 

Invitrogen). Unfortunately, we were not able to successfully express this construct 

using the system. The Mahony laboratory currently has several projects looking 

to address this issue. Current candidate carrier proteins being researched in the 

laboratory include the monocloncal Fc (mFc) domain of Immunoglobulin G (IgG), 

albumin-binding domain (ABD) proteins, as well as designed ankyrin repeat 

(DARPin) proteins, each of which have previously been described as possible 

carrier molecules in the scientific literature (Binz et al, 2003; Dennis et al, 2002; 

Ying et al, 2012). 

 

4.6.3 Future directions – delivery of therapeutics 

 Developing an effective delivery system for these peptide mimetics will be 

among the most challenging roadblocks in developing an effective RSV 

therapeutic. Firstly, while an optimal concentration of approximately 20 µM was 

determined for using P220-241 in this study, these experiments were all conducted 

in vitro.  While this does provide a good initial estimate of the anti-RSV 

activity of this construct, it remains very plausible that a different concentration of 

protein would be needed for use in vivo. Additionally, because of the propensity 

for such peptides to be degraded, an efficient delivery system must be 
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developed. Early work has begun using probiotic bacteria to help tackle this 

issue. These microorganisms are generally regarded as non-pathogenic and 

somewhat beneficial bacteria (Fuller et al, 1991). Interestingly, many of these 

bacteria, such as Lactococcus lactis (L. lactis) are capable of synthesizing and 

then secreting proteins into the extracellular medium at mucosal sites (Bahey-El-

Din et al, 2010; Morello et al, 2008). Furthermore, this delivery system has 

previously been employed, with considerable success, to tackle common 

diseases such as colon cancer (Bahey-El-Din et al, 2010). The Mahony 

laboratory is currently investigating several different commensals and probiotics 

as putative delivery vehicles. The challenge moving forward will be to develop a 

probiotic capable of not only colonizing the airway at sufficient levels, but which is 

also able to secrete a therapeutic level of desired protein.  

 

4.7 Closing Remarks 

 
 RSV continues to present itself as serious pathogen worldwide, not only 

through infecting infants, but also the elderly and immunocompromised. There 

has been a continual lack of success in the development of RSV therapeutics, 

beginning with the disaster surrounding the formalin-innactivated vaccine during 

the 1960s. Currently, Palivizumab has proven to be somewhat effective in 

preventing RSV infection through early prophylaxis, however there remain a 

minimal number of useful RSV-specific antivirals. The interaction between the 

RSV N and P proteins presents itself as plausible therapeutic target not only due 
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to past studies which have mapped out their binding domains, but also because 

of the necessity of this interaction for full RSV virulence. Chimeric cell-penetrating 

peptide mimetics present themselves as novel candidates to target RSV 

intracellular protein-protein interactions. However, while the end goal is to 

eventually produce a viable in vivo therapeutic, there remain many hurdles that 

will need to be addressed. A combined effort from medical researchers around 

the world is crucial for helping tackle this persistent, effective, and widespread 

pathogen.  
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5.2 Supplementary Tables  
 
Bacterial 
Strain  

Plasmid  Insert 
Gene 

Protein Construct Antibiotic 
Resistance 

E. coli BL21 
(DE3) 

pDESTHisMBP P220-241 HisMBP-NLS-P220-

241 

Ampicillin 
 

E. coli BL21 
(DE3)  

pDESTHisMBP Pscram HisMBP-NLS-
Pscram 

Ampicillin 
 

E. coli BL21 
(DE3) 

pDESTHisMBP PB1 
T6R  

HisMBP-NLS-PB1 
T6R 

Ampicillin 
 

E. coli BL21 
(DE3) 

pDEST15 (GST-
tag) 

none GST Ampicillin 
 

E. coli BL21 
(DE3) 

pDEST15 (GST-
tag) 

N GST-N Ampicillin 

E. coli Rosetta 
(DE3) 

pDEST544 
(HisNusA-tag) 

P HisNusA-P Ampicillin 

E. coli BL21 
(DE3) 

pDEST544 
(HisNusA-tag) 

none HisNusA Ampicillin 

Table 5.1 – List of E. coli expression strains  

Please note that ampicillin was used a working concentration of 100 µg/mL. 
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RSV A 
Strain  

Sequence RSV B 
Strain  

Sequence  

USA/79
E-495-
01/1979  
 

EKLNNLLEGNDSDNDLSLEDF 
 

USA/98l
-010A-
01/1998  
 

KKLSDLLEDNDSDNDLSLDDF 
 

MEX/59/
2007  
 

EKLNNLLEGNDSDNDLSLEDF 
 

USA/91l
-020A-
01  
 

KKLSDLLEDNDSDNDLSLDDF 
 

USA/LA
2_56/20
13  
 

EKLNNLLEGNDSDNDLSLEDF 
 

USA/LA
2_51/20
13  
 

KKLSDLLEDNDSDNDLSLDDF 
 

Table 5.2 – Amino acid sequences of the C-terminal 21 amino acids of P in 
RSV A/B 

Note: Black amino acids represent those which are identical between all strains 
of RSV A and B. Amino acids coloured in red represent those in RSV B which are 
different from those in RSV A. 


