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Abstract
Respiratory syncytial virus (RSV) is a major cause of pneumonia in children 

worldwide and there is currently no vaccine available. Molecular analysis of annual 

RSV epidemics in Soweto (1997 to 2000), revealed co-circulation and displacement 

of dominant genotypes. However in 1999 to 2000, one genotype GA2, 

predominated. To further elucidate the molecular epidemiology of RSV in South 

Africa the 2001 RSV epidemic in Soweto was characterised. Phylogenetic analysis 

of the G-protein revealed subtype B dominance (89%). Sequences clustered in 

genotypes GA2, GA5, SAA1, GB3, SAB1 and SAB3. SAB3 dominanted (69%) 

followed by SAB1 (18%), thereby displacing GA2, which dominated the previous 

two seasons. Evidence of positive selection may account for the genetic variability 

observed and may contribute to the reestablishment of annual epidemics. To 

investigate if this influences evolution of other RSV antigenic proteins the F-protein 

of South African genotypes was characterised. Most amino acid differences 

identified within known neutralising and CTL epitopes were conserved within 

subtype A, and although this does not suggest immune selection these epitopes 

may not be recognised efficiently by antibodies or CTL specific to subtype B viruses.
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CHAPTER 1
LITERATURE SURVEY

1.1 Introduction

Respiratory syncytial virus (RSV) was originally identified in a laboratory 

chimpanzee in 1955 and called “chimpanzee coryza agent” (Morris et al., 1956). 

The following year, an identical virus was detected in lung secretions of hospitalised 

infants with acute lower respiratory tract infection (ALRI) and the virus was renamed 

respiratory syncytial virus to reflect the giant syncytia, which developed during tissue 

culture growth (Chanock et al., 1957). RSV is a pneumovirus and the most 

important viral cause of pneumonia in infants and young children in industrialised 

and developing countries (Selwyn, 1990; Simoes & Carbonell-Estrany, 2003). It is a 

significant cause of infant morbidity and mortality especially in developing countries 

(Stensballe et al., 2003), and is a serious pathogen in immunocompromised adults 

(Englund et al., 1988; Falsey et al., 1992). It is also an important cause of 

community-acquired pneumonia among hospitalised adults of all ages (Meissner, 

2003; Sullender, 2000), and a major nosocomial hazard in paediatric wards during 

annual outbreaks (Hall, 2000).

RSV is unusual in that it causes repeated infections throughout life in all age groups, 

reflecting incomplete immunity to this virus (Reviewed by Walsh & Graham, 1999). 

This is only one obstacle in vaccine development, others include, the lack of an 

effective animal model to study the disease, the challenge of successfully 

immunising very young infants who are immunologically immature, and that 

antigenic variation may play a role in the ability of RSV to evade the immune 

response (Crowe, 2002). RSV vaccine development has also been hampered by an 

incident that occurred in the 1960’s where the administration of a formalin- 

inactivated RSV vaccine (FI-RSV) to infants resulted in enhanced lung disease and 

even in some deaths among the recipients (Kapikian et al., 1969). There is currently 

no effective licensed RSV vaccine available, in part because the mechanism 

resulting in the FI-RSV vaccine-enhanced disease is not yet fully understood 

(Reviewed by Varga & Braciale, 2002).



Epidemiological analysis of RSV is important for providing necessary background 

information for the development of an effective vaccine (Sullender, 2000). The 

majority of molecular epidemiological studies conducted on RSV, have been carried 

out in industrialised countries (Reviewed by Cane, 2001), hence, there is limited 

data available about RSV epidemics in developing countries (Cane et al., 1999; 

Roca et al., 2001; Venter et al., 2002; Venter et al., 2001). RSV consists of two 

antigenic subtypes (Anderson et al., 1985) each with distinct lineages or genotypes 

(Reviewed by Cane, 2001).

A previous study conducted in South Africa from 1997 to 2000 has shown that both 

RSV subtypes are important in local RSV outbreaks and that co-circulation, 

switching and displacement of dominant genotypes takes place from one season to 

the next (Venter et al., 2001), consistent with findings from the Northern hemisphere 

(Peret et al., 1998). However in 1999 to 2000, one genotype (GA2) became 

dominant. To determine if this was a once-off phenomenon that would eventually be 

overcome by herd immunity, phylogenetic analysis of the G-protein from the 2001 

RSV outbreak was undertaken to study the transmission dynamics of RSV in a 

single community, the evolution rate in the G-protein as well as the role of this 

neutralisation antigen in reestablishment of annual epidemics. The correlation 

between the variations observed in the currently identified G-protein genotypes and 

changes in the antigenic structure of this protein, especially those documented in 

escape mutants (Cane & Pringle, 1995; Garcia et al., 1994), were determined. 

Although an absence of positive selection has been previously found in the cytotoxic 

T lymphocytes (CTL) epitopes of the conserved RSV nucleoprotein (N-protein) 

(Venter et al., 2003), immune selection does however occur in the CTL epitopes of 

the highly conserved influenza nucleoprotein (Boon et al., 2002; Price et al., 2000; 

Voeten et al., 2000), which implies the need for regular updating of vaccines 

containing these CTL epitopes. To further look at evolution of RSV antigenic 

proteins, the F-protein of known South African genotypes, was studied to determine 

if immune selection occurs in both the neutralising antibody and CTL epitopes of the 

known South African RSV genotypes. This is the first study to investigate the F- 

protein of South African genotypes.
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The following literature review will give an overview of RSV biology to provide an 

understanding of the molecular characteristics of the virus, the epidemiology, the 

role of antigenic proteins in disease and protection, and vaccine development. A 

short description about the potential role and importance of bioinformatics in the 

modelling of antigens as a predictive tool in vaccine development will also be given.

1.2 Molecular biology of rsv

1.2.1 Classification

RSV belongs to the Pneumovirus genus in the subfamily Pneumovirinae in the 

family Paramyxoviridae. The Paramyxoviridae are a group of enveloped viruses 

characterised by a nonsegmented, single stranded, negative-sense RNA genome 

(Collins et al., 1996b). The Pneumovirus genus includes bovine, ovine and caprine 

RSV and pneumovirus of mice. The subfamily Paramyxovirinae includes the genus 

Respirovirus (Sendai virus, human parainfluenza virus types 1 and 3), Morbillivirus 

(measles virus) and Rubulavirus (mumps virus, simian virus 5, human parainfluenza 

virus type 2) genus (Reviewed by Collins etal., 1999).

1.2.2 RSV structure and replication

RSV has a pleomorphic spherical structure (Bachi, 1988) and encodes 10 

subgenomic mRNAs that are capped and polyadenylated. Every mRNA encodes a 

single viral protein, except for the M2 mRNA, which contains two overlapping open 

reading frames (ORFs), that encodes the M2-1 and M2-2 proteins (Collins et al., 

1996a). A lipid envelope surrounds the RNA genome, which is in close association 

with the nucleocapsid (N-protein). The nucleocapsid also includes the 

phosphoprotein (P-protein), the polymerase subunit (L-protein) and the transcription 

elongation factor (M2-1). The envelope contains protruding glycoprotein spikes, 

each consisting of the three transmembrane viral proteins, namely the attachment 

protein (G-protein), the fusion protein (F-protein) and the small hydrophobic protein 

(SH-protein). RSV has two matrix proteins (M1- and M2-proteins) and two non- 

structural proteins (NS1- and NS2-proteins) (Collins et al., 1999). Figure 1.1 

illustrates the viral structure of RSV.
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Viral replication is restricted to the cytoplasm of the surface epithelium cells of the 

respiratory tract. RSV infection is initiated by virus attachment to an unknown cell 

receptor, followed by fusion at the cell surface, which allows the nucleocapsid to 

enter the cell. Transcription occurs step-wise from the 3’ end by the gene start (GS) 

and gene-end (GE) transcription signals that flank each of the viral genes. A full- 

length, positive sense copy called the “antigenome’’ is synthesised, which serves as 

the template for the synthesis of progeny genome in the nucleocapsid. Viral 

assembly occurs in the cytoplasm and at the cell surface, after which virions bud 

from the cell membrane. The released virions infect adjacent epithelial cells (Bachi, 

1988; Cane, 2001; Collins eta!., 1999).
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P Protein

Figure 1.1 An illustration of a Paramyxovirus particle. See text for a detailed description of the 
function of the different viral proteins.

1.2.3 Protein function and importance

The importance and function of each RSV protein will be described in this section. 

The gene order of RSV proteins is as follows: 3’ NS1, NS2, N, P, M1, SH, G, F, M2 

and L (Reviewed by Cane, 2001).

1.2.3.1 Surface glycoproteins

mentioned above, the transmembrane proteins include the attachment (G- 

protein), the fusion (F-protein) and the small hydrophobic (SH-protein) proteins.



The G-protein mediates viral attachment and comprises of 289-299 amino acids, 

depending on the strain. The G-protein has an ectodomain, which consists of a 

highly conserved central region (13 amino acids) with four conserved cysteine 

residues (Sullender& Wertz, 1991a), flanked by two hypervariable regions (Johnson 

et al., 1987). Figure 1.2 illustrates the structural features of the G-protein. The G- 

protein is unusual among paramyxoviruses because it is heavily glycosylated 

(Levine et at., 1987; Walsh et al., 1986a). The G-protein is modified by the addition 

of both N- and O-linked oligosaccharides, which is facilitated through the protein’s 

high serine and threonine content (Gruber & Levine, 1985). The high serine, 

threonine and proline content, combined with the carbohydrate side chains are 

thought to form mucin-like structures similar to those of the mucinous proteins of the 

respiratory tract. It appears to be important for viral infectivity and antigenicity, 

possibly by shielding this protein from immune recognition (Lambert, 1988; Olmsted 

et al., 1989b). The G-protein is expressed in both a membrane-bound form and a 

soluble form and may play an immunopathogenic role in infections (Johnson et al., 

1998). The G-protein is highly variable, with an amino acid similarity of only 53% 

between subtypes A and B (Reviewed by Cane, 2001) It is one of the targets for the 

neutralising immune response (Johnson et al., 1987) and is believed to accumulate 

amino acid changes with time suggesting evolution under selective pressure (Cane 

& Pringle, 1995). Sequence analysis of the G-protein can therefore be useful in 

molecular epidemiological investigations of RSV epidemics (Reviewed by Cane, 

2001; Sullender, 2000).

The F-protein promotes fusion of the viral and the cell membranes, viral entry and 

syncytia formation. The F-protein is synthesised as an N-glycosylated precursor, F0- 

protein, which consists of 574 amino acids (Walsh & Graham, 1999). The F-protein 

is activated by cleavage into two disulfide-linked fragments (F1 and F2) by a furin- 

type intracellular protease at cleavage-activation sites at amino acids 131-136 

(Collins et al., 1984) and amino acids 106-109 (Gonzalez-Reyes et al., 2001). This 

action exposes a hydrophobic domain on the F1-subunit, which may be important in 

membrane fusion, cell tropism and pathogenicity (Collins et al., 1984). Multiple 

glycosylated forms of the F-protein are expressed in virus-infected cells. Although 

the reason for this is not yet clear, it has been suggested to affect some aspects of 

protein function (Rixon et al., 2002). A sequence motif suggestive of coiled coil
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structures is known as a heptad repeat (HR) (Buckland & Wild, 1989; Chambers et 

al., 1990; Singh et a/., 1999). The F-protein contains three heptad repeat regions 

predicted to form coiled coils (HR1, HR2 and HR3). The HR1 core protein is located 

adjacent to the fusion peptide at the N-terminal of the F1-subunit, while HR2 is 

located adjacent to the transmembrane region of the F1-subunit. The HR3 region 

lies in the F2-subunit (Lambert, 1996). The HR1- and HR2-regions interact to form a 

stable a-helix. Recent evidence suggests the F-protein core is a trimeric coiled coil 

(Matthews et al., 2000; Zhoa et al., 2000). Figure 1.3 illustrates the structural 

features of the F-protein.

The F-protein, in contrast to the G-protein, is highly conserved between subtypes A 

and B, with an amino acid sequence identity of 91% (Johnson & Collins, 1988; 

Johnson et al., 1987). Evidence suggests that the F-protein is the viral protein to 

which most neutralising monoclonal antibodies are directed (Walsh & Hruska, 1983; 

Walsh et al., 1985), and it is an important target for RSV-specific CTL (Cherrie et al., 

1992). The F-protein is the major focus of prophylactic and subunit vaccine 

research.

The SH-protein exists as multimers in infected cells and purified virions (Anderson 

et al., 1992; Olmsted & Collins, 1989a). The function of this viral protein is unknown, 

but a recombinant virus without the SH gene is fully viable in cell culture (Bukreyev 

et al., 1997). Collectively, the SH-, G- and F-proteins, contribute to the fusion 

property of the virus (Heminway et al., 1994). The SH-protein has an amino acid 

sequence identity of 43% between subtypes A and B (Collins et al., 1999). It does 

not contain neutralising epitopes (Walsh & Graham, 1999) but induces a CTL 

reponse in humans (Cherrie et a l , 1992).

1.2.3.2 Nucleocapsid associated proteins

The nucleoprotein (N-protein), the phosphorylated protein (P-protein) and the large 

polymerase protein (L-protein) are the replicative machinery of RSV (Collins, 1991; 

Garcia etal., 1993; Garcia-Barreno etal., 1996).

The N-protein binds to genomic and antigenomic RNA, forming the 

ribonucleoprotein template for RNA synthesis (Reviewed by Collins et al., 1999).
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Figure 1.2 Structural features o f the RSV G-protein. The two variable regions of the G- 
protein ectodomain, flank the highly conserved central region that includes four cysteine 
residues. The cytoplasmic, transmembrane and extracellular regions are also indicated 
Adapted from Cane (2001).

Figure 1.3 Schematic diagram of the RSV F-protein. The F1- and F2-subunits, the 
positions of the heptad repeat regions (HR1, HR2, HR3) as well as the fusion peptide (FP) 
and the transmembrane region (TM) are illustrated A dashed line indicates the disulfide 
bond. Adapted from Matthews ef a/. (2000).



The amino acid terminus of the N-protein is important for nucleocapsid formation 

and may be essential for maintaining helical stability (Murphy et al., 2003) The N- 

protein is highly conserved between both RSV subtypes with an amino acid 

sequence homology of 96% (Johnson et al., 1998). It appears to be the major target 

for the memory CTL response in humans (Cannon etal., 1987; Cherrie e ta i,  1992).

The P-protein is believed to associate with free N- and L- proteins to sustain them 

in soluble form before their assembly into the nucleocapsid. The N- and P-protein 

are essential for the encapsidation of RNA and the P-protein is believed to be a 

polymerase co-factor (Reviewed by Collins et al., 1999). The C-terminal of the P- 

protein is essential for the binding of NS1 (Hengst & Kiefer, 2000).

The L-protein is the major polymerase subunit and contains conserved polymerase 

motifs that may represent catalytic domains (Collins et al., 1999). The N-, P- and L- 

proteins are required for RNA replication and are necessary and sufficient for a 

poorly processive form of transcription (Collins et al., 1996a; Grosfeld et al., 1995; 

Yu etal., 1995).

The M2 mRNA encodes two proteins. The M2-1 (22K) promotes transcription 

elongation (Collins et al., 1996a) and is thought to increase the frequency of read- 

through gene-end (GE) signals (Hardy & Wertz, 1998). The N, P, L and M2-1 

proteins are necessary for fully processive transcription and direct the production of 

virus from cDNA (Collins et al., 1996a; Collins et al., 1995). M2-1 requires 

phosphorylation for protein function (Cartee & Wertz, 2001). The M2 protein is a 

CTL target, and provides transient protection to subtype A or B viruses in mice 

(Reviewed by Walsh & Graham, 1999). M2-2 is a putative regulatory factor for 

replication and transcription (Collins etal., 1996a).

1.2.3 3 Ma trix protein

The M-protein is an unglycosylated internal protein and may mediate association 

between the nucleocapsid and the envelope proteins (Teng & Collins, 1998). It has 

recently been shown that the transcriptase activity of ribonucleoproteins was 

enhanced by treatment with antibodies to the M-protein in a dose-dependent
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manner, suggesting that the M-protein can inhibit virus transcription (Ghildyal et a/.,
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2002).

1.2.3.4 Nonstructural proteins

RSV encodes two nonstructural proteins, NS1 and NS2. NS1 is thought to be a 

negative regulatory factor for replication and transcription (Atreya et at, 1998). It has 

been shown that in the absence of the NS1 gene, the recombinant virus is still 

viable in cell culture and that neither NS1 nor M2-2 is essential for RSV replication 

in vivo, although both are important for efficient replication (Teng et al., 2000). 

Studies have shown that the NS2 protein is not necessary for RSV replication, 

although its presence improves virus growth in cell culture (Teng & Collins, 1999; 

Whitehead et al., 1999). Evidence suggests that NS1, NS2, SH, and M2-2 provide 

supporting functions for efficient RSV replication (Jin etal., 2000).

1.3 Epidemiology

Humans are the only recognised natural hosts of human RSV. RSV is usually 

transmitted via large respiratory droplets, fomites and hand contact with respiratory 

secretions. Precautions like the use of gloves, gowns, goggles and hand washing 

can limit virus spread (Reviewed by Walsh & Graham, 1999).

RSV is an important cause of morbidity in infants and young children, and is often 

associated with acute upper and lower respiratory tract infection, causing an 

estimated 125,000 hospitalisations and 4,500 deaths annually in the United States 

(Black, 2003). In Europe, RSV accounts for 42 to 45% of hospital admissions for 

lower respiratory tract infections in children younger than 2 years of age (Simoes & 

Carbonell-Estrany, 2003). It produces significant morbidity in young children, 

especially in those with underlying cardiopulmonary and cardiac manifestations 

(Hall, 2000). Deficiencies in cellular immunity appear to elicit severe RSV illness in 

children with malignancies, those undergoing chemotherapy and bone marrow 

transplant recipients (Meissner, 2003) RSV has the potential to cause disease in all 

age groups, including immunocompromised patients such as bone marrow 

transplant recipients, the elderly and those with cardiopulmonary diseases (Englund 

et at, 1988; Falsey et at, 1992). RSV mortality in developing countries is
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significantly higher than in developed countries (Stensballe et al., 2003). A study in 

South Africa has also shown RSV to be the single most important etiological agent 

of acute respiratory infection among children in South Africa (Madhi et al., 2001). 

Madhi and colleagues have also found that HIV-positive children with viral 

associated ALRI, had a higher mortality rate (7. 5%) than HIV-negative children 

(0%) (Madhi, 2000). Primary RSV infection occurs in 65% of infants in their first year 

of life, with 2A  month old infants experiencing the most severe disease.

Primary infection can occur in young infants in the presence of maternally derived 

antibodies (Glezen et al., 1981) and reinfection can occur throughout life, but 

successive infections are limited to the upper respiratory tract (Graham, 1996). 

Evidence suggests that ALRI is slightly more common in boys than in girls (1.5-2:1 

(boys:girls)), in both developing and industrialised countries (Weber et al., 1998).

RSV epidemics occur annually and outbreaks are often associated with the cold 

season in temperate climates and with the rainy season in the tropics (Weber et al., 

1998). RSV infections have been observed mainly during the rainy seasons in 

Asian, African and South American countries (Shek & Lee, 2003). Johannesburg in 

South Africa has a temperate climate and most outbreaks occur in autumn and 

winter when the rainfall is at its lowest (Madhi et al., 2001; Joosting e ta i, 1979)

1.3.1 Subtypes of RSV

Studies have shown that RSV strains can be divided into two antigenic subtypes, A 

and B, on the basis of their reactions with monoclonal antibody panels, directed 

against the P-, F and G-proteins (Anderson et al., 1985; Gimenez et al., 1986; 

Mufson et al., 1985). It has also been demonstrated that both subtypes are distinct 

at the genetic level. Both subtypes have been compared with the RNase A 

mismatch cleavage method, using probes corresponding to the P-, N-, M2-, F- and 

G-genes, and it was found that genetic heterogeneity exists within and between 

each subtype. Genetic variability is also observed among viruses of the same 

epidemic (Cristina et al., 1990). Genetic variability in both subtypes has also been 

assessed by sequence analysis. Studies have shown that the F-protein and the N- 

protein are highly conserved between subtype A and B (amino acid identities of 91% 

and 96% for the F- and N-protein, respectively) ( Johnson & Collins, 1988; Johnson



& Collins, 1989), while the G-protein has been found to be highly variable between 

the subtypes (53% amino acid similarity). A PCR with subtype-specific 

oligonucleotides has been developed for the G-protein, to differentiate between 

subtypes A and B (Sullender & Wertz, 1991c). The SH-protein is also found to be 

variable between subtypes (43% amino acid dissimilarity) (Collins et al., 1996b).

Genetic and antigenic studies have shown that both subtypes co circulate during 

most epidemics, with varying dominance each year (Reviewed by Sullender, 2000)

1.3.2 Genotypes of RSV

Antigenic and genetic variability was also detected within subtypes A and B (Cristina 

et al., 1990). Antigenic variability of RSV strains within subtypes A and B has been 

demonstrated by differences in reactivity to monoclonal antibodies (Akerlind-Stoprer 

et al., 1990; Anderson et al., 1991; Storch & Park, 1987). Garcia-Barreno and 

colleagues have found great antigenic variability in the G-protein of different viruses 

of the same subtype, that had limited amino acid sequence variability, and 

demonstrated the existence of monoclonal antibodies with strain-specific reactivity 

(Garcia-Barreno et al., 1989).

Genetic variability between and within subtypes A and B, has been demonstrated 

using reverse transcriptase-polymerase chain reaction (RT-PCR) in combination 

with restriction fragment length polymorphism (RFLP) or nucleotide sequencing 

(Reviewed by Cane, 2001; Sullender, 2000) and ribonuclease (Rnase) A mismatch 

cleavage (Cristina et al., 1991; Storch et al., 1991). Sequence analysis of the G- 

protein showed differences of up to 20% among subtype A viruses (Cane & Pringle, 

1991c), and differences of up to 12% among subtype B viruses (Sullender & Wertz, 

1991a). A high frequency of nucleotide changes resulted in amino acid changes in 

the variable domains of the G-protein of both subtypes, suggesting there may be a 

selective pressure for change in this protein (Cane & Pringle, 1991c; Sullender & 

Wertz, 1991a). Sequence analysis of the G-protein can therefore be a useful 

molecular tool for the epidemiological investigation of RSV outbreaks.

A molecular study conducted in the USA over a five year period, showed that five 

subgroup A genotypes with 22 sub-lineages were present in a single community, as
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well as four distinct subgroup B genotypes with six sub-lineages (Peret et a/., 1998) 

Peret et al., (2000) have shown that during a single epidemic, seven subtype A 

genotypes (GA1-7) and four subtype B genotypes (GB1-4) were present in diverse 

locations in North America (Peret et al., 2000). The method of genotyping used by 

these authors is therefore useful for the comparison of different strains from different 

parts of the world (Peret et al., 2000). They have further shown that the second 

hypervariable region (270 nucleotides), which makes up the C-terminal of the G- 

protein, provides a reliable representation for the entire G-gene variability (Peret et 

al., 1998; Peret et al., 2000), and has subsequently been used in phylogenetic 

analysis for molecular epidemiological studies (Peret et al., 1998; Peret et al., 2000; 

Venter et al., 2001; Venter et al., 2002).

In the following section, molecular epidemiological studies using the RSV G-protein 

will be discussed

1.3.3 Molecular epidemiology

Studies in the Northern hemisphere have shown that subtypes A and B co-circulate 

in each RSV outbreak with varying predominance each year (Reviewed by 

Sullender, 2000). A study conducted in Boston has shown that subtypes A and B 

circulated concurrently with temporal and geographic clustering of these subtypes 

(Hendry et al., 1986). Over a two year period, alternating predominance of subtypes 

A and B has been observed in Finland (Waris, 1991), while a study conducted in 

Korea over nine consecutive epidemics has shown that subtype A was dominant 

during seven epidemics (Choi & Lee, 2000). Reports from developing countries 

showed similar results to those of industrialised countries. In a study conducted over 

four consecutive seasons in Gambia, it was found that subtype A dominated in 3 

epidemics (Cane et al., 1999). In South Africa a study conducted during 1997 to 

2000, found that subtypes A and B circulated equally during 1997 and 1998, while 

subtype A predominated in 1999 and 2000 (Venter et al., 2001). Subtype B 

dominated (85%) in an outbreak in Mozambique in 1999 (Roca et al., 2001). In a 

recent study conducted over a two year period in India, it has also been found that 

subtype B dominated in both seasons (Rajala et al., 2003).
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In a study conducted in Birmingham (UK) over an 11 year period, it was shown that 

each epidemic was made up of a number of different genotypes. The authors 

suggested that each outbreak could be considered to be a collection of concurrent 

separate epidemics. In each epidemic different genotypes co-circulated, and the 

dominant genotype was replaced from one season to the next, with some genotypes 

reappearing and disappearing in subsequent years (Cane et a i, 1994). Similar 

results have been found in Korea (Choi & Lee, 2000) and in Rochester, USA (Peret 

etal., 1998). Two non-contiguous epidemics (1990-1991 and 1997-1998) have been 

studied in Beijing. The authors found that both subtypes co-circulated and that very 

similar subtype A viruses were isolated 5 years previously, suggesting that the 

different genotypes in Beijing may be relatively stable, despite the strain variation 

observed in subtype A (Kong et a i , 2001). In South Africa it was found that subtype 

A was more variable and that displacement of genotypes occurred in most seasons 

while subtype B remained more consistent (Venter et al., 2001). Peret et ai (2000) 

studied RSV variability during a single season in geographically diverse locations in 

North America and illustrated that each community showed a number of distinct 

genotypes, and that there was not a wide regional spread of one predominant 

genotype (Peret et a i, 2000). It has been suggested that the predominant genotype 

changes in each epidemic due to the accumulation of herd immunity to a particular 

predominant strain during the epidemic, which restricts circulation of that strain in 

subsequent epidemics (Cane, 2001).

Despite variability within and between local epidemics, it has been reported that 

virus strains of different parts of the world (UK, Uruguay, Malaysia, Germany, 

Finland, Austria, Australia, Spain and USA) circulating at similar times, were very 

similar with little evidence of geographical clustering (Cane et a i, 1992). Evidence 

also suggests that strains from single locations can be very diverse, while other 

strains could group together regardless of geographical location (Sullender, 2000). 

However, molecular epidemiological studies conducted in Africa (Gambia, 

Mozambique and South Africa), have showed multiple new virus strains that did not 

cluster with previously identified genotypes from the rest of the world (Cane et ai, 

1999; Roca etal., 2001; Venter etal., 2001).



1.3.4 Evolution of RSV
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Various molecular epidemiological studies have focussed on the variability of the G- 

protein, since this protein shows the highest level of antigenic and genetic variation 

between subtypes A and B, and it is a target for the neutralising and protective 

immune response (Melero etal., 1997).

Evidence suggests that the majority of nucleotide changes in the G-protein resulted 

in amino acid changes, suggesting positive selective pressure ( Cane & Pringle, 

1995a; Garcia et a l . 1994) Woelk and Holmes (2001) have found six positively 

selected sites within the ectodomain of the G-protein of both subtypes and these 

sites have some association with antibody epitopes and O-glycosylation sites The 

authors suggest that immune driven natural selection is an important determinant of 

RSV evolution and that positive selection differs amongst strains (Woelk & Holmes, 

2001). A study in South Africa also provides evidence for positive selection in the 

second variable region of the G-protein (Venter etal., 2001). Positive selection and 

changes in the antigenic structure of the G-protein may result in escape of the 

immune response (Melero etal., 1997).

Cane and Pringle (1995) analysed the variability of the G-protein of subtype A over 

38 years and found that the G-protein accumulates amino acid changes with time, 

which appears to be a result of evolution and survival of particular genotypes and 

the extinction of others. Variability may give rise to new strains that may be 

overcome by herd immunity in future epidemics (Cane & Pringle, 1995). Similar 

results for the G-protein were obtained by other studies conducted in the Northern 

hemisphere (Cane et al., 1991; Choi & Lee, 2000; Peret et al., 2000). However, in 

contrast to previous findings, a study conducted in Cuba (Valdes et al., 1998) has 

shown a lack of genetic variation in the G-protein over two years (1994-1995). It has 

been found that the Cuban G-gene sequences had only five nucleotide differences 

with the prototype Long strain. Evidence also suggests a lack of genotype 

displacement as well as a lack of accumulated amino acid changes in the G-protein. 

This genetic stability may be due to travel restriction to and within the island and to 

the fact that RSV infections occur throughout the year (Valdes et al., 1998).



Johansen et al. (1997) have studied the prevalence of the RSV subtypes from 1992 

to 1995 in Denmark. RFLP and PCR analyses have shown that genetic variability 

was present in parts of the F- and G-proteins and that some genotypes appear to be 

related to strains isolated two decades ago in different parts of the world. This may 

indicate that temporal variation in predominant genotypes may be due to the 

favouring of strains from a pool of globally circulating, genetically stable genotypes 

(Johansen et al., 1997). The genetic drift in closely related subtype A strains has 

been studied over a 5 year period in St. Louis by sequencing the membrane- 

associated genes, namely the M-, SH-, G-, F-, and M2-proteins. However, with the 

exception of the G- and SH-gene of some strains, the authors have been unable to 

demonstrate clear genetic drift in these genes over this short period (Zheng et al., 

1999).

Stine et al. (1997) have determined that the G-, F-, N- and P-protein of bovine RSV 

had antigenic differences among different strains. It has been found that the 

ectodomain of the G-protein of bovine RSV also contained areas of sequence 

variance (Stine et al., 1997). Valarcher and colleagues have shown continuous 

evolution of the sequences of the N-, G-, and F-proteins of bovine RSV since 1967, 

and the exertion of a strong positive selective pressure on the mucin-like region of 

the G-protein and on certain sites of the N- and F-proteins (Valarcher et al., 2000).

1.4 RSV DISEASE

RSV disease can range from rhinitis to severe bronchiolitis and pneumonia. A major 

part of RSV infection is due to virus-mediated destruction of epithelium and is thus 

determined by the extent of viral replication. It is likely that some components of 

natural RSV infection are due to the host immune response (Connors et al., 1994; 

Graham, 1995; Graham et al., 1993; Johnson et al., 1998; Openshaw, 1995). 

However, the fact that RSV can be fatal in immunocompromised patients indicates 

that severe disease is not only dependent on a vigorous host immune response 

(Collins et al., 1999).

An immune-mediated component of RSV disease, that does not involve natural 

infection alone, is illustrated by an unfortunate incident in the 1960s, when a 

formalin-inactivated RSV vaccine (FI-RSV) was administered to infants and young
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children. Not only did the vaccine fail to induce protection against natural infection, 

but it also resulted in enhanced lung disease in vaccinees upon reexposure to RSV 

and in some deaths (Kapikian et a l , 1969). It has been hypothesised that formalin 

inactivation diminished the immunogenicity of the F-protein and that the virus spread 

by cell fusion was not inhibited (Merz et al., 1980). Children who have experienced 

FI-RSV-enhanced disease had antibody responses to the F- and G-protein, but 

have lacked neutralising and antifusion responses and CTL responses (Murphy et 

al., 1986).

Retrospective studies in experimental animals have shown that this enhanced 

disease was associated with a shift in the balance between Th1 and Th2 type 

cytokines and resulted in a shift towards a type 2 T-helper cell (Th2) response. It is 

believed that the FI-RSV primed for an increased CD4+ T-cell mediated airway 

inflammation without inducing a normal CTL or protective antibody response (Collins 

etal., 1996b; Graham, 1995; Murphy etal., 1990). A recent study has indicated that 

the G-protein, specifically the G-protein CX3C chemokine motif, contributes to the 

inflammatory response to FI-RSV vaccination, possibly through the induction of 

pulmonary substance P. The G-protein CX3C peptides can compete with 

fractalkine, which is important for chemoattraction and activation of dendritic cells, 

for CX3CR1 binding and change fractalkine-mediated responses. The CX3C- 

CX3CR1 interaction may affect the molecular signals important for T-cell activation 

(Haynes et al., 2003).

1.5 Role of rsv proteins in disease and protection

The surface glycoproteins, G- and F-proteins, are the only RSV antigens that induce 

neutralising antibodies and are believed to be major protective antigens (Johnson et 

al., 1987; Walsh & Hruska, 1983). However, CTL response also plays a role in 

protection. In RSV, the F- and N-proteins are the major targets for the CTL reponse 

(Cherrie et al., 1992). RSV proteins of immunological importance will be discussed 

in terms of disease and protection
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1.5.1 The surface glycoproteins

1.5.1.1 The G-protein

As mentioned before, the G-protein is the most variable within and between RSV 

subtypes with 47% amino acid differences (Reviewed by Cane, 2001). However, 

the G-protein does contain some conserved epitopes (Garcia-Barreno et al., 1990; 

Melero et al., 1997; Rueda etal., 1995).

The G-protein has been studied with respect to the antibody response; since there 

is little evidence of class I restricted CTL response in humans (Cherrie et al., 1992) 

Using monoclonal antibodies, the existence of three types of epitopes have been 

illustrated on this protein. These include conserved epitopes present in all RSV 

strains; group-specific epitopes present in all viruses of the same subtype, and 

strain-specific or variable epitopes that are only present in some viral strains The 

conserved and group-specific epitopes have been mapped to the central conserved 

region of the G-protein using escape mutants, while strain-specific epitopes reside 

in the C-terminal region (Garcia-Barreno et al., 1990; Melero et al., 1997; Rueda et 

al., 1995). Evidence suggests that protective epitopes (protectopes) reside in the G- 

protein of subtype A (Long strain) and these protectopes appear to be conserved in 

humans (Huang et al., 2003; Power et al., 2001). All strain-specific anti-G murine 

monoclonal antibodies react with the mature form of the G-protein and a few react 

with synthetic peptides, suggesting that they recognise conformational rather than 

linear epitopes (Akerlind-Stopner etal., 1990; Garcia-Barreno et al., 1992). Studies 

with human convalescent sera demonstrated that several sera recognised the 

conserved region, but recognition in the C-terminal region was highly specific (Cane, 

1997; Cane etal., 1996; Norrby etal., 1987). Linear epitopes recognised by primary 

infection sera are found to be concentrated in potential N-glycosylation sites, 

suggesting an extra method for the abolishment of, or the masking of antigenic sites 

from the immune response by the modulation of glycosylation sites (Cane, 1997). 

Since strain-specific epitopes reside in the C-terminal region, it has been suggested 

that RSV has the potential to change the antigenic profile of its G-protein in order to 

evade the immune response (Melero et al., 1997). Amino acid substitutions, 

premature stop codons and multiple A-G hypermutations have been reported on the 

G-protein demonstrating the capacity of this protein to accommodate multiple
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changes, especially within the antigenic C-terminal region (Garcia-Barreno et a l , 

1990; Martinez etal., 1997; Melero etal., 1997; Rueda et al., 1995).

Garcia etal. (1994) have found that there is a close correlation between genetic and 

antigenic relatedness of the G-protein from subtype A, and identified amino acid 

changes in the C-terminal of the G-protein that were associated with epitope loss in 

escape mutants and natural occurring strains (Garcia et al., 1994). Similar results 

were reported by Cane and Pringle (Cane & Pringle, 1995). The evolution in 

subtype B viruses is very similar to that of subtype A viruses, with AG+GA 

transitions exceeding UC+CU transitions. Differences in protein lengths determined 

by the usage of alternative termination codons, are more prominent in subtype B 

viruses than in subtype A. Different termination codon usage due to certain 

mutations seems to play a role in the diversification of subtype B viruses (Martinez 

et al., 1999). A region has been identified immediately preceding the C-terminal third 

of the G-protein, that is prone to polymerase errors in the mRNA (Cane et al.. 1993). 

These mRNAs have the potential to encode G-proteins with altered C-terminal 

regions.

Antigenic differences between RSV strains may influence the neutralising immure 

response in children (Cane et al., 1996), which is predominately group-specific and 

reveals poor cross-reactivity (Langedijk et al., 1997; Muelenaer et al., 1991). 

Evidence suggests that monoclonal antibodies directed against the G-protein can 

inhibit RSV replication in mice and cotton rats (Taylor et al., 1984; Walsh et al., 

1984). Immunisation with purified G-protein can partially reduce virus titers after 

challenge in cotton rats (Walsh et al., 1987). Mice or cotton rats vaccinated with 

recombinant vaccinia virus carrying the G-gene have been protected against 

challenge only with the same subtype (Stott et al., 1987). The G-protein has been 

associated with the induction of Th2 CD4+ lymphocytes (Alwan et al., 1994). CD8+ 

CTL responses directed against the G-protein have never been detected in human 

or murine studies (Reviewed in Crowe, 2002).

1.5.1.2 The F-protein

The highly conserved F-protein is an important protective antigen because it is the 

protein to which most neutralising monoclonal antibodies are directed (Walsh &



Hruska, 1983; Walsh et al., 1985) and is an important target for CTL (Cherrie et al.,
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1992).

Multiple antigenic sites are present on the F-protein (Anderson et al., 1985) 

including certain conserved linear neutralisation epitopes (Walsh et al., 1986b). 

Reports suggest that many neutralising epitopes on the F-protein are conformational 

in nature and require glycosylation and folding in order to be recognised (Beeler & 

Coelingh, 1989). Conor et al. (2001) have found limited sequence and antigenic 

variation between the F-protein genes from subtypes A and B although they did 

identify subtype-specific neutralising epitopes (Connor et al., 2001). Arbiza et al. 

(1992) characterised two antigenic sites recognised by neutralising monoclonal 

antibodies directed against the F-protein in subtype A in position 255 to 272. A 

subtype B specific neutralisation epitope has been identified in position 205 to 225 

of the F-protein (Corvaisier et al., 1997). Escape mutants with sequence changes in 

the F-protein have been identified that resulted in epitope loss in conserved 

epitopes. Escape mutants with point mutations in a group-specific site in the F- 

protein of subtype A have also been identified (Lopez et al., 1998).

The F-protein elicits CTL and an antibody response against RSV infection in BALB/c 

mice. Two RSV F-protein specific T-helper cell epitopes (Corvaisier et al., 1993) as 

well as a MHC class I CD8+ H-2K(d)-restricted epitope, have been identified in mice 

(Chang etal., 2001; Jiang et al., 2002). Human HLA Class l-restricted CTL epitopes 

have also recently been identified on the F-protein of RSV Brandenburg et al.

(2002) identified HLA class I (B*57 and Cw*12)-restricted CTL epitopes in position 

106 to 114 and 542 to 550, respectively, in the F-protein, while Rock and Crowe

(2003) identified a HLA-A*01 -restricted CTL epitope in position 109 to 118 

(Brandenburg et al., 2000; Rock & Crowe, 2003).

Immunisation with the F-protein provides cross-protection against both RSV 

subtypes A and B in experimental animals (Taylor et al., 1984, Walsh et al., 1984). 

Evidence suggests that passive administration of neutralising monoclonal antibodies 

to the F-protein prevents the replication of RSV in mice (Taylor et al., 1984). A 

study conducted on infants suggested that antibody to the F-protein is an important 

correlate of immunity, and that children with reduced RSV disease had significantly



higher anti-F immunoglobulin G (IgG) titers prior to infection (Kasel et al., 1987). 

Although active immunisation with the F-protein or passive immunisation with anti-F 

monoclonal antibodies may be beneficial (Group, 1998), effectiveness in human 

infants has been less impressive than in rodents (Tristram et al., 1994).

1.5.2 The nucleoprotein

Other RSV proteins that contain CTL epitopes, include the nucleoprotein (N), which 

is the most conserved between the subtypes, with 96% amino acid similarity, and 

the small hydrophobic (SH) and the M2-proteins (Reviewed by Cane, 2001). Two 

CTL epitopes have been defined to the N-protein to date, namely HLA B*07 and 

FILA B*08 epitopes (Goulder et al., 2000; Venter et al., 2003).

It has been shown that dominant CTL epitopes (HLA-ET08- and HLA-B*07- 

restricted) in the N-protein of human RSV remained conserved and that positive 

selection does not occur in the CTL epitopes of human RSV (Venter et al., 2003). 

However, recent findings with influenza virus have suggested that immune selection 

occurs in the CTL epitopes of the highly conserved influenza virus nucleoprotein. 

This implies that regular updates will be needed in vaccines containing these 

epitopes (Price et al., 2000). Boon et al. (2002) found that a CTL epitope in the 

influenza virus nucleoprotein had a high degree of variation at nonanchor residues, 

and that influenza virus variants emerged in chronological order over time. CTLs 

directed against old strains failed to recognise more recent strains of influenza virus, 

suggesting an escape from CTL immunity (Boon et al., 2002).

Studies into the role of CTLs in protection, the molecular evolution of RSV and the 

mechanisms by which this virus evades the immune response, will make an 

important contribution to future vaccine research on RSV (Melero etal., 1997).

1.6 Vaccine development

Multiple strategies have been used in RSV vaccine development and these include 

the generation of peptide, subunit and live virus vaccines. Only the inactivated 

subunit and live-attenuated RSV vaccines have been evaluated in clinical trials 

(Reviewed by Dudas & Karron, 1998). General information about the immune 

response following RSV infection, as well as vaccine strategies focussing on RSV
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antigenic proteins (F- and G-proteins) and their importance, will be discussed in the 

following section.

1.6.1 Immune responses important for protection

The human immune system has two main branches, innate and adaptive immunity. 

Adaptive immunity in turn has 2 branches namely, humoral or antibody-mediated 

immunity and T-cell mediated immunity. Antibody-mediated immunity involves 

antibodies and the B-cells that produce them. Antigen presenting cells such as 

macrophages activated by the antibody response, ingest the antigen and antigen 

fragments are incorporated and displayed on the outer surface of the cell. On the 

antigen presenting cell surface, the major histocompatibility complex (MHC) class II 

presents the antigens to CD4+ T-cells. The CD4+ T-cell stimulates the B-cells to 

synthesise antibodies (Ig) against the antigen. Cell mediated immunity involves all 

the T-cells (CD4 and CD8 lymphocytes) and their respective effector functions. Cell- 

mediated immunity involves direct cell-cell interaction by cytotoxic T-cells. When a 

virus infects a cell, fragments of the virus are incorporated and presented on the 

MHC class I molecules on the cell surface. The cytotoxic T-cells identify and attach 

to infected cells, killing these cells by the secretion of perforin, which forms pores in 

the cell membrane (Reviewed in Clug & Cummings, 1997).

RSV can cause repeated infections throughout life (Walsh & Graham, 1999), 

however, partial immunity to reinfection does occur in humans (Hall et at, 1991). 

Virus-specific immune responses are mainly responsible for protection and recovery 

from RSV infections. Immunity to RSV is mediated by means of humoral and cellular 

effectors. Humoral effectors involve secretory antibodies and serum antibodies 

(acquired as a result of infection or maternally derived in infants), while cellular 

effectors involve MHC class l-restricted CTL (Dudas & Karron, 1998; Meanwell ef 

a/., 2000). Evidence suggests that activation of type 2 T-helper cells is a key factor 

in disease pathogenesis whereas protective immunity is associated with a type 1 T- 

helper cell response with the induction of CD8+ CTL (Graham, 1996).

Cell-mediated immunity plays a primary role in clearance of RSV infection in 

humans; however there is currently no evidence that increased cellular immune 

activity enhances protection against RSV infection (Crowe, 1998). Patients or 

experimental animals lacking T-cells reveal prolonged RSV shedding (Graham et
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al., 1991; King et al., 1993). Memory CTL are induced in humans (Bangham et al., 

1986). T-helper cells are also found in the airways of individuals infected with RSV, 

producing Th1- and Th2-cytokines (Welliver, 1999). The balance between Th1 and 

Th2 responses are important in coordinating protective and immunopathogenic 

responses to RSV infection (Folkerts et al., 1998). The Th1 response and CTL are 

associated with disease-free protection and clearance of infection (Reviewed by 

Walsh & Graham, 1999). FI-RSV-enhanced disease in rodents correlates with an 

abnormal induction of Th2 cytokines (Graham, 1996).

Evidence suggests that antibodies play a dominant role in the protection against 

RSV disease (Crowe, 1998). Antibodies are not required for the termination of viral 

replication after primary infection, however mice without antibodies had a more 

severe disease than mice with an intact antibody response (Walsh & Graham, 

1999). Infants born with high levels of maternal neutralising immunoglobulin (IgG) 

developed less severe RSV pneumonia and have fewer infections than infants with 

lower titers (Glezen et al., 1981; Kasel et al., 1987). The antibody response to 

primary infection is short-lived and weak, since passively acquired maternal 

antibody probably suppresses the development of the infant’s own immune 

response (Kaul et al., 1981; Nadal et al., 1990). Infants younger than 6-8 months 

have a poor antibody response to RSV infection compared to older infants and there 

is failure to develop a protective secretory IgA or a neutralising IgG response 

(Murphy et al., 1986). Increased RSV-specific IgE in nasal secretions has been 

observed in wheezing children with severe RSV disease (Welliver etal., 1980).

1.6.2 Experimental vaccines against RSV: the importance of the G- and 

F-protein in vaccine development

Evidence suggests that during primary infection, infants produce secretory and 

serum neutralising antibody directed against both RSV G- and F-proteins. The F- 

protein induces preferentially a Th1-type response, while the G-protein induces 

mainly a Th2 response (Graham et al., 1993).

The immune response to the F-protein is more influenced by the presence of 

maternally derived antibodies than age, while the opposite is true for the G-protein 

response (Reviewed by Walsh & Graham, 1999). Since the protective antibodies
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are directed to the F- and G-protein, many investigators have studied the response 

to these proteins. It has been found that infection induces much higher titers of 

antibodies that bind to the F- and G-protein than that neutralise RSV in vitro. RSV- 

specific antibodies neutralise the virus and a smaller subset of these antibodies 

inhibit virus fusion in vitro. Evidence suggests that these neutralising antibodies are 

the key to protection against reinfection (Reviewed by Crowe, 2002).

In cotton rats, the F-protein provides almost complete protection against RSV 

subtypes A and B, while the G-protein provided group-specific protection, 

suggesting that a subunit vaccine based on the G-protein may need G-proteins of 

both RSV subtypes to provide broad protection, while a F-protein vaccine might 

equally protect against both subtypes (Sullender et at., 1990) Brideau et at. (1989) 

showed that chimeric FG-protein used to immunise cotton rats reduced the viral 

titers after challenge with either subtype A or B (Brideau et at., 1989). These studies 

emphasise the importance of the F- and G-proteins in future vaccine development

There is currently no effective licensed RSV vaccine available, partly due to the fact 

that the FI-RSV vaccine-enhanced disease is not yet completely understood 

(Reviewed by Varga & Braciale, 2002). A few obstacles arise in attempts to 

immunise infants (< 3 months) against RSV infection. Nearly all infants have 

maternal antiviral antibodies that can interfere with infectivity of primary 

immunisation. The ability to respond to the surface glycoproteins (F- and G-protein) 

appears to be gradually acquired over the first six to nine months of life. The risk of 

immunising young infants is critical, therefore highly attenuated virus strains with 

minimal side effects are required. Lastly, since antigenic variability exists between 

virus strains, this may require that multivalent vaccines comprising multiple virus 

strains be developed and these be adjusted annually, similar to that for influenza 

virus vaccines (Reviewed by Crowe, 1998).

As mentioned before, clinical trials conducted in the 1960s using a formalin 

inactivated virus vaccine (FI-RSV) resulted in severe enhanced disease in 

immunised children during natural infection. The FI-RSV is probably due to an 

increased CD4+ T-cell mediated airway inflammation without inducing a normal CTL 

or protective antibody response (Collins et al., 1996b; Murphy, 1990; Graham et at,



1995). Due to the failure of the formalin inactivated vaccine, vaccine development 

was directed toward live-attenuated RSV mutants. Intranasal immunisation with a 

live-attenuated RSV vaccine should stimulate both systematic and local immunity 

and therefore protect against both upper and lower respiratory tract infection. 

Additionally, the live vaccine should closely resemble the response to natural 

infection and therefore be unlikely to produce enhanced disease (Crowe, 2002). 

Different live-attenuated RSV vaccine strategies have been investigated, including 

the creation of host range mutants, cold-passaged (cp) mutants, and temperature 

sensitive (ts) mutants. Most of these candidate vaccines were either over-attenuated 

(RSV ts-2) or under-attenuated (cpRSV and RSV ts-1) (Reviewed by Dudas & 

Karron, 1998). The most successful of these intranasally administered vaccines, 

was the RSV strain, cpts248/404, with eight nucleotide changes from the wild-type 

virus, and seven predicted amino acid changes (one in the N-protein, two in the F- 

protein and four in the L-protein) (Meanwell et al., 2000). It will therefore be 

advantageous to use attenuated viruses with a high level of genetic stability of the 

principal attenuating mutations (Crowe, 2002).

Live vaccines derived via genetic engineering, especially reverse genetics, involve 

site-directed mutations into viruses. The combination of point mutations, gene 

insertions, gene deletions and chimeric viruses are currently being explored 

(Reviewed by (Crowe, 2002)). Whitehead et al. (1999) has created a chimeric virus 

by changing the RSV subtype through the replacement of the F- and G-proteins of 

subtype A with those of subtype B to create live-attenuated RSV subtype B  

candidates. The advantage is that a subtype A vaccine can be developed and if this 

vaccine works, the genes can be replaced with subtype B. This approach is 

currently under investigation (Whitehead et al., 1999). Another approach involves 

the engineering of the human RSV G-protein on bovine RSV to produce a live- 

attenuated human RSV vaccine (Buchholz et al., 2000). Live virus vectors that 

express RSV F- and G-proteins are also being tested in experimental animals 

Vaccinia viruses that express the F-protein (vac-F) or G-protein (vac-G) are 

immunogenic and protective in rodents, however it is less immunogenic in 

chimpanzees and fails to protect the lower respiratory tract against wild-type RSV 

challenge (Crowe e ta i,  1993).
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Purified F- and G-proteins as well as novel chimeric FG glycoproteins (baculovirus- 

expressed fusion glycoprotein that contains ectodomains of RSV F- and G-protein), 

have been evaluated as potential subunit vaccines in rodent and primate models 

(Reviewed by Dudas & Karron, 1998). Purified F-protein and a chimeric FG-protein, 

induce an altered T-cell response similar to that of the FI-RSV, when used as the 

primary immunogen in RSV-naTve rodents (Connors et al., 1992; Murphy et a i, 

1990). Recently it has been found that type2 T-cell responses were induced by the 

nonglycosylated ectodomain of the G-protein in mice (Hancock et al., 2003). When 

the chimeric FG-protein is delivered intramuscularly, it protects against lower but not 

against upper respiratory tract infection in rodents (Wathen et al., 1989), while in 

African green monkeys, it induces low levels of neutralising antibody and provides 

minimal protection against the lower respiratory tract infections (Dudas & Karron, 

1998). In mice, intranasal administration of chimeric FG-protein induces antibodies 

and protects the upper respiratory tract after RSV challenge (Oien et al., 1994). 

Purified F-protein induces neutralising antibody and a type 1 T-helpercell responses 

in mice (Hancock et al., 1995), however it only protects the lower respiratory tract 

after RSV challenge (Walsh et al., 1987). Purified F-protein subunit vaccines are not 

particularly immunogenic in young infants, but they are moderately immunogenic in 

older children and immunocompromised adults. These vaccines may thus be 

suitable for the immunisation of previously infected patients who are at risk of 

enhanced disease during reinfection (Falsey & Walsh, 1997; Groothuis et al., 1998; 

Piedra et al., 1996; Piedra, 2003). Recently, women in their third trimester of 

pregnancy have been immunised with a purified F-protein subunit vaccine. A small 

increase in neutralisation antibodies have been observed in vaccine recipients and 

their infants after birth (Munoz et al., 2003). Subunit vaccines may be useful as a 

booster in combination with live-attenuated vaccine candidates and are currently 

being evaluated in healthy young adults and the elderly (Gonzalez eta!., 2000).

F- and G-protein synthetic peptide vaccines based on bacterial expression in 

prokaryotes and immune stimulating complex-formulated vaccines, have been 

investigated in mice. However, it is unclear if this vaccine will offer an advantage 

over subunit vaccines (Reviewed by Dudas & Karron, 1998). Power et al. (1997) 

has found that the expression of a G-protein fragment in bacteria, is immunogenic 

and protective in rodents (Power et al., 1997). Synthetic peptide epitope-based
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vaccines have also been evaluated in mice. The immunisation of mice with peptides 

that mimic conformational and protective epitopes (mimotopes) of RSV F-protein, 

induce anti-RSV neutralising antibodies and reduced viral load in vivo (Chargelegue 

et al., 1997). Steward et al. (2001) found that immunisation of mice with mimotopes 

of the F-protein, produced neutralising antibody titers equivalent to those in sera 

from RSV-infected animals that neutralised viral infection in vitro, and significantly 

reduced the viral titer in vivo (Steward, 2001).

Plasmid DNA vaccines have also been under investigation and may be useful for 

immunising infants when the maternal antibodies have decreased below levels 

needed for viral suppression. Li et al. have demonstrated that vaccination with 

plasmid vectors encoding the RSV F- or G-protein can induce a protective response 

in rodents (Li e ta i, 1998; Li etal., 2000).

The commercially available prophylaxis, Palivizumab (Synagis®), is a humanised 

immunoglobulin (IgG-l) monoclonal antibody that binds to the F-protein and is highly 

active in vitro against RSV subtype A and B. Monthly intramuscular administration of 

Palivizumab is safe and effective and reduces RSV hospitalisation by 55% in 

preterm infants (Groothuis & Nishida, 2002; Groothuis, 2003). Similar results have 

been found by other groups (Singleton et al., 2003). However, this prophylaxis is 

expensive, costing approximately $1216.58 per 100 mg (Meissner et al., 1999). A 

cost-effectiveness analysis conducted in Germany showed that the widespread use 

of Palivizumab among premature infants is not feasible (Roeckl-Wiedmann et al., 

2003). This emphasises the importance of developing an effective, safe and cost- 

effective vaccine against RSV.

Despite all the research, the lack of a commercially available RSV vaccine is 

probably due to the fact that RSV vaccine development has been hampered by the 

lack of an ideal animal model to study the disease, as well as the challenge of 

effectively immunising very young infants who are immunologically immature, and 

the requirement for a bivalent vaccine (Crowe, 2002).
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1.7 The role of bioinformatics in modeling antigens

The above literature review describes the importance of evolution of the RSV viral 

proteins in disease and protection for the development of a vaccine. One of the 

ways to study and predict the influence of these changes on the virus and protection 

is using bioinformatics to model the evolution of the gene and the resulting protein. 

Although this is theoretical science it may contribute to identifying and predicting 

components of successful vaccines.

It has been shown that gene and protein alignments can provide valuable insight to 

the evolutionary relationships among sequences (Baxevanis, 1998). The role of 

bioinformatics in molecular research and the prediction of epitopic domains by 

means of physico-chemical profiles and algorithms will be described in the following 

section.

1.7.1 Importance of bioinformatics

The number of sequences available on Internet databases has increased 

dramatically in the last couple of years. The comparison of one sequence to an 

entire database has become an important and convenient technique available to 

molecular biologists to determine the degree of sequence evolution (Schuler, 1998).

Most alignment methods attempt to model molecular mechanisms by which the 

sequence evolves. However, while it is presumed that homologous sequences 

diverged from a common ancestral sequence through molecular changes, the actual 

ancestral sequence is unknown. Thus, in the discovery of new proteins, the new 

sequence is aligned with protein sequences of known function (Schuler, 1998). 

Whether the alignment is pairwise or involves multiple sequences, aligned 

sequences can help to study the phylogenetic relationship of proteins to realise the 

evolution of the protein (Baxevanis, 1998). Phylogenetic analysis is the means of 

estimating evolutionary relationships and is depicted as a tree-like diagram, which 

represents the lineage of the inherited relationships among organisms (Hershkovitz 

& Leipe, 1998). Bioinformatics is useful in the assessment of substitution models 

that are essential for phylogenetic analysis (Felsenstein, 1996). Bioinformatics can 

therefore be enlightening in the prediction of homology, identity and evolutionary 

relationships between sequences.
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Bioinformatic software is important for interpretation and translation of genetic 

information and for protein sequence analysis. Using bioinformatics software for 

studying proteins, makes it possible to identify regions in the amino acid sequence 

or structure that has been better conserved than others during evolution, and that 

may thus usually be important for the function or the structure of the protein. All 

protein sequences, whether determined directly or through the translation of an 

open reading frame in a nucleotide sequence, contain valuable information in 

determining the structure and function of the protein. Software are available that 

predict the structure of the protein without the execution of labour-intensive 

techniques, like circular dichroism spectroscopy, optimal rotatory dispersion, X-ray 

crystallography and nuclear magnetic resonance (Reviewed by Baxevanis & 

Landsman, 1998). Algorithms can also aid in the prediction of antigenic sites and 

possible CTL epitopes from the amino acid sequence, and contribute to future 

vaccine research (Deleage et al., 1988; Parker et al., 1986; Rammensee et al., 

1999).

A major precaution with any predictive technique is that regardless of the method, 

the results are still just predictions. However, the proper use of these techniques 

along with primary biochemical data can provide valuable insights into the structure 

and function of the protein (Baxevanis & Landsman, 1998).

1.7.2 Methods of predicting epitopes

1.7.2.1 Antibody epitopes

Each of the 20 amino acid residues has a different chemical make-up; therefore 

each has the tendency to form protein structures of different types (Anfinsen et al., 

1961). The physical properties of each amino acid residue can be used to predict 

potential antigenic sites that contain potential B-cell epitopes (Baxevanis & 

Landsman, 1998). For example the computer software, Antheprot, can generate 

physico-chemical profiles from an amino acid sequence alignment. These profiles 

are calculated along the length of the protein and include various predictions of 

antigenicity, hydrophilicity, hydrophobicity and solvent accessibility (Deleage et al., 

1988). The hydropathic scale involves the assignment of a score reflecting its 

relative hydrophobicity based on physical characteristics of each amino acid residue 

(Kyte & Doolittle, 1982). The principle of the antigenicity calculation relies on atomic



flexibility, hydrophilicity and high performance liquid chromatography (HPLC) 

retention times of synthetic peptides (Parker et al., 1986). The solvent accessibility 

method calculates the fraction of amino acids that are accessible to the solvent 

based on the probability that it would be located on the outside of the protein 

structure (Boger et al., 1986). Evidence suggests that high levels of antigenicity, 

solvent accessibility and hydrophilicity are associated with potential antigenic sites, 

thus graphs generated with these profiles, can be used to determine the location of 

potential antigenic sites (Boger et al., 1986; Kyte & Doolittle, 1982; Parker et al., 

1986). These predictions can aid in the identification and characterisation of 

antibody epitopes in future research.

Amino acid sequences can also be used to predict potential N- and O-glycosylation 

sites within a protein. In the G-protein of RSV, glycosylation contributes to its 

antigenic structure (Palomo et al., 1991) and can also contribute to immune evasion 

by either abolishing G-protein recognition by antibodies or by masking antigenic 

sites (Melero et al., 1997; Palomo et al., 2000). Thus, in the RSV G-protein, it is 

important to determine if amino acid variation influences the proteins antigenic 

profile and thereby influences recognition by antibodies. Mucin type O-glycosylated 

serine and threonine residues can be predicted based on sequence context, 

secondary structure and surface accessibility with NetOglyc (Hansen et al., 1998). 

The NetOglyc database (part of O-GLYCBASE database) consists of glycoproteins 

with experimentally verified O-linked glycosylation sites that have been compiled 

from protein sequence databases and literature. The O-glycosylated sites are 

predicted through amino acid comparison between the sequence of interest and the 

sequences residing in the database (Gupta et al., 1999; Hansen et al., 1998). 

ScanProsite (http://ca.expasy.org/cgi-bin/scanprosite) is a software tool available to 

scan the PROSITE database of different protein families. N-linked glycosylation 

sites including asparagine glycosylation, protein kinase C phosphorylation, casein 

kinase II phosphorylation, tyrosine kinase phosphorylation, N-myristoylation, can be 

identified using Scanprosite (Gattikeref al., 2002).

Conformational changes can influence the antigenic structure of a protein (Melero et 

al., 1997). Bioinformatics software exists for the prediction of a-helices and p- 

strands using the amino acid sequence. This can be very helpful when no
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information is available about the structure of a protein (Baxevanis & Landsman,

1998) . An a-helix is a corkscrew-type structure with the hydrophilic main chain 

forming the backbone, while the side chains project outward from the helix (Pauling 

& Corey, 1951). Unlike a-helices, a p-strand is an extended structure, forming bonds 

with one or more adjacent p-strands. A variant of the p-strand is the P-turn, where 

the polypeptide chain makes a hairpin bend (Pauling & Corey, 1951). An example of 

a user-friendly algorithm that predicts the secondary structure type for each amino 

acid residue is NNPREDICT. This algorithm uses a two-layer, feed-forward neural 

network for the assignment of the predictions. It is useful for predicting a-helices, p- 

strands or p-turn elements It has been found to have a reliability of 79% for the 

class of all a-proteins (Kneller etal., 1990).

Specialised structures like coiled coils and transmembrane regions can also be 

accurately predicted from the amino acid sequence. Algorithms used for the 

prediction of coiled coils run the sequence in question against a database of 

proteins with known coiled coil structures. Based on the differences observed, the 

probability with which the query sequence can form a coiled coil region, is 

determined. Algorithms like LearnCoil-VMF, is designed to identify coiled-coil-like 

regions in viral membrane-fusion proteins (Singh et al., 1999). LearnCoil-VMF 

predictions in retrovirus, paramyxovirus and filovirus membrane-fusion proteins 

have been found to be highly accurate (Singh et al., 1999). The MultiCoil program 

predicts the probability that a fusion amino acid sequence forms a trimeric or a 

dimeric coiled coil and the sum of the probabilities represent the propensity for the 

region forming any sort of coil (Wolf et al., 1997),

1.7.2.2 CTL epitopes

CTL epitope prediction algorithm software programs like BIMAS and SYFPEITHI, 

can be used to assist in the selection of peptides for mapping CTL epitopes and to 

predict the HLA restriction of these epitopes (Parker et al., 1994; Rammensee et al.,

1999) . Both MHC class I- and class ll-restricted epitopes can be predicted with 

these algorithms.

Parker et al. (1994) have developed the BIMAS algorithm based on experimental 

peptide binding data. This method predicts the relative binding strengths of all
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possible nonapeptides to the MHC class I molecule. The authors found that for most 

peptides, each side-chain of the peptide contributes a specific amount to the stability 

of the HLA complex that is independent of the sequence of the peptide. A table 

containing multiple binding coefficients has been generated each representing the 

contribution of the individual amino acids in the peptide to the binding of the class I 

molecule. This algorithm can be used to score 8-mer, 9-mer or 10-mer peptides with 

a collection of HLA coefficients with a good score result ranging from 50 and higher 

(Parker et al., 1994).

SYFPEITHI is a database of experimentally identified MHC ligands and peptide 

motifs and contains a collection of MHC class I and class II ligands and peptide 

motifs from humans, primates, cattle, chickens, and mice. With this algorithm it is 

possible to search for MHC alleles, MHC motifs, natural ligands, T-cell epitopes, 

source proteins/organisms and references. The scoring system of SYFPEITHI also 

evaluates every amino acid within a given peptide and the allocation of values is 

based on the frequency of each individual amino acid in natural ligands, T-cell 

epitopes or binding peptides. Epitope prediction (MHC Class I) of this algorithm, has 

a reliability of at least 80% according to the authors, and the naturally presented 

epitope should be amongst the top-scoring 2% of all the peptides predicted 

(Rammensee et al., 1999).

1.7.3 Identification of immune selection

Studies have shown that certain regions of the RSV G-protein may be under 

selective pressure. This includes reports that glycosylation sites abolish or mask 

epitopes (Melero et al., 1997; Palomo et al., 2000), and that point mutations (Garcia 

et al., 1994; Martinez et al., 1997), hypermutations (Martinez et al., 1997; Rueda et 

al., 1994), frameshifts (Garcia-Barreno et al., 1990) and alternative termination 

codons (Martinez et al., 1999; Rueda et al., 1995) might also change epitopes. 

Evidence for positive selection has also been found through simple pairwise 

comparisons of the numbers of nonsynonymous and synonymous substitutions per 

site (Reviewed by Melero etal., 1997; Sullender, 2000).

Evidence suggests that the ratio of the number of nonsynonymous substitutions per 

nonsynonymous site (Ka) to the number of synonymous substitutions per
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synonymous site (Ks) gives a measure of the amount of change of the sequence 

during evolution. When Ka is greater than Ks (Ka/Ks » 1 ) ,  it provides strong 

evidence that selection has acted to change the protein (positive selection). When 

selection is in favour of synonymous substitutions, it is referred to as purifying 

selection (Hurst, 2002; Nei et al., 2000). There are many bioinformatic packages 

available to convert an alignment to Ka and Ks estimates, for example, the user- 

friendly MEGA2 program (Kumar et al., 2000). This software package includes the 

Modified Nei-Gojobori method, which does not assume that the transitional and 

transversional substitutions occur with the same frequency. The 

transition/transversion (R) ratio has to be provided and can be calculated using 

Treepuzzle software (http://www.nsc.liu.se/software/bioloav/puzzle5/) (Nei et al., 

2000).

It is important to establish if positive selection occurs in viral proteins, for example, 

due to genetic drift in the influenza virus, regular updating of influenza vaccines are 

necessary (Price et al., 2000). It is also important to establish if positive selection 

occurs, when antigens are selected to protect against all the different virus strains.

Bioinformatics is a useful tool for the critical evaluation and observation of evolution 

in proteins, and plays an increasingly important role in the prediction of protein 

function, identifying potential changes in proteins and selection of effective antigens 

for vaccine development.
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1.8 STUDY OBJECTIVES
Aims: Firstly, to undertake an extensive phylogenetic analysis of the G-protein from 

the 2001 RSV outbreak that occurred at the Chris Hani Baragwanath hospital, in 

order to study the transmission dynamics of RSV in a single community, and to 

investigate the evolution rate in the G-protein. Secondly, to further look at evolution 

of RSV antigenic proteins, the F-protein of known South African genotypes, has 

been analysed to determine if immune selection occurs in the neutralising and CTL 

epitopes.

The study was divided into two sections with the following specific objectives:

A: Molecular epidemiology of RSV in a single well-defined outbreak in

South Africa:

1. To characterise the molecular epidemiology of a RSV outbreak during 2001 

at Chris Hani Baragwanath hospital. This data will be compared to outbreaks 

that occurred during the previous four seasons, to determine if the dominant 

outbreak genotype of 1999 and 2000 persisted in 2001, or if herd immunity 

may have selected for a new genotype.

2. To characterise the transmission dynamics and evolution of the G-protein 

during a single well-defined outbreak.

3. To determine if there is a correlation between the variations observed in the 

currently identified G-protein genotypes and changes in the antigenic 

structures.

4. To determine if immune selection occurred in known neutralising epitopes of 

the G-protein of South African genotypes.

B: Molecular evolution of the RSV F-protein during annual epidemics in

South Africa:

1. To determine the extent of nucleotide and amino acid conservation in the F- 

protein between different South African genotypes.

2. To determine if immune selection occurs in the neutralising and CTL epitopes 

of the F-protein.

3. To analyse the secondary structure of the F-protein to determine the 

influence of amino acid variation on the antigenic structure of this protein.



In a study conducted at Chris Hani Baragwanath hospital, Soweto, over four 

consecutive seasons (1997-2000), co-circulation, switching and displacement of 

dominant RSV genotypes was found (Venter et al., 2001). However in 1999 and 

2000, one genotype (GA2) predominated. To determine if this was a once-off 

phenomenon that would eventually be overcome by herd immunity, extensive 

phylogenetic analysis of the G-protein from the 2001 outbreak was undertaken to 

elucidate the transmission dynamics of RSV during an epidemic in a single 

community, and to study the role of evolution in this neutralisation antigen in 

reestablishment of annual epidemics.

A recent study suggested that positive selection does not occur in the CTL epitopes 

of the highly conserved RSV nucleoprotein (N-protein) (Venter et al., 2003). 

However, evidence of immune selection has been demonstrated in the CTL 

epitopes of the highly conserved influenza nucleoprotein (Voeten etal., 2000, Boon 

et al., 2002; Price et al., 2000), and this implies that regular updating will be needed 

in vaccines containing these CTL epitopes. Since emphasis is placed on the F- 

protein in RSV vaccine development, it is important to determine if immune selection 

occurs in both the neutralising antibodies and CTL epitopes of different RSV 

genotypes. The secondary structure of the F-protein will be studied to determine the 

influence of amino acid variation on the antigenic structure of the F-protein. This is 

the first study to investigate the F-protein of South African genotypes
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CHAPTER 2
MATERIALS AND METHODS

2.1 Patient specimens

Nasal pharyngeal aspirates (NPA) were collected from children hospitalised for 

lower respiratory tract infection (LRTI) at Chris Hani Baragwanath hospital, Soweto, 

during March to June 2001. RSV-positive NPA were identified by 

immunofluorescence assay (IFA) and stored at -70°C in viral transport media. 

Specimens were transported on ice to the National Institute for Communicable 

Diseases (NICD), Johannesburg, for subsequent genetic analysis. A total of 82 

RSV-positive specimens were selected randomly for molecular epidemiological 

analysis of the G-protein of this outbreak. The HIV status of the patients was 

unknown and was not a criterion for selection in this study. RSV A2 and B1 

prototype strains (Karron etal., 1997; Wertz etal., 1985) obtained from Dr. J. Beeler 

(Food and Drug Administration, USA) were cultured on Hep-2 cells at the NICD by 

Mrs. A. Buys, and used as positive controls.

A total of 18 clinical specimens that have been genotyped by means of their G- 

protein in previous studies in South Africa ((Venter et al., 2001; Venter et al., 2002; 

Madhi et al., 2003), were selected for analysis of the F-protein. Representative 

specimens of all genotypes identified in South Africa to date were selected, for 

subtype A (GA2, GA5, GA7 and SAA1) and subtype B genotypes (GB3, GB4, 

SAB1, SAB2, SAB3 and SAB4) (Table 2.1).

2.2 RNA EXTRACTION
Frozen NPA specimens in viral transport media, were thawed on ice and 

immediately supplemented with 20 Units of RNase inhibitor (Roche molecular 

biochemicals, Mannheim, Germany) to prevent viral degradation. The specimens 

were vortexed vigorously to bring them into solution. RNA was extracted directly 

from NPA specimens as well as the cells of the cultured controls, using the High 

Pure™ Viral RNA kit (Roche molecular biochemicals, Mannheim, Germany), 

according to the manufacturer s instructions with minor modifications. In brief, 200 pi 

of NPA was added to 400 pi binding buffer (4.5 M guanidine hydrochloride, 50 mM
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tris-HCI and 30% Triton X-100, pH 6.6 (25°C)) supplemented with 2 mg poly (A) 

carrier RNA, and vortexed briefly. This was followed by a 10 minute incubation step 

at room temperature to help increase the RNA yield. In specimens where a high 

mucous content resulted in high viscosity, the lysates were were first homogenised 

using Ql Ash redder™ homogenizer columns (QIAGEN, Hilden, Germany), according 

to the manufacturer's recommendations. The lysates were then transferred to the 

High pure™ filter tubes containing glass fiber fleeze, which promotes the binding of 

nucleic acid. Residual impurities were removed by rapid wash-and-spin steps first 

with 500 pi inhibitor removal buffer (5 M guanidine-HCI, 30 mM Tris-HCI, pH6.6 in 

100% ethanol) followed by 450 pi wash buffer (20 mM NaCI and 2 mM Tris-HCI, pH

7.5 in 100% ethanol). For the elution of viral RNA, 50 pi of elution buffer (nuclease- 

free redistilled water) was added. After RNA elution, 20 U of RNase inhibitor (Roche 

molecular biochemicals, Mannheim, Germany) was added to prevent RNA 

degrading during storage at -70  °C.
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Table 2.1 RSV-positive clinical specimens that were selected for fusion protein amplification.
The abbreviated specimen name, date of collection, RSV subtype and genotype are specified. All 
these specimens were collected at the Chris Hani Baragwanath hospital, Soweto Each genotype is 
indicated in a different colour.

Specimen Date collected Subtype Genotype

1 0157KS01 18-Mav-Q1 A GA2
2 VR173 13-Julv-98 A GA2
3 0128KS01 30-ADril-01 A GA5
4 D1131 22-Mav-97 A GA5
5 D540 17-M arch-97 A GA7
6 VR360 23-March-99 A GA7
7 D707 20-March-98 A SAA1
8 VR341 3-August-98 A SAA1
9 0258KS01 15-June-01 B SAB1

10 00265KS01 08-June-01 B SAB1
11 V800 25-Mav-99 B SAB2
12 ’f HI 02 15- Julv-98 B SAB3
13 0072K 17-April-01 B SAB3
14 □lHHn 22-Mav-98 B SAB4
15 □IHH 27-M arch-98 B □B3
16 □HD! 4-Auaust-98 B ana
17 D1107 20-Julv-97 B GB4
18 VR468 20-Auaust-98 B GB4
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2.3 G-protein specific rt-pcr (reverse transcriptase-polymerase

CHAIN REACTION) AND MULTIPLEX NESTED PCR FOR SUBTYPING

To amplify the RNA extracted from the NPA, a multiplex nested RT-PCR was performed as 

described previously (Venter et al., 2002). This combined a RT-PCR method (Sullender et al., 

1993) with a nesting step using primers specific to RSV subtypes A and B. The nested PCR was 

modified to a hotstart PCR during this study to increase product yield and improve specificity by 

reducing non-specific bands. A2 and B1 prototype strains were used as positive controls. The 

Titan™ One Tube RT-PCR system (Roche molecular biochemicals, Mannheim, Germany), 

Expand high fidelity PCR enzyme mix (Roche molecular biochemicals, Mannheim, Germany) 

and the hotstart polymerase, Fast Start Taq Polymerase (Roche molecular biochemicals, 

Mannheim, Germany) were selected for their proofreading functions, to avoid PCR errors. RT- 

PCR was performed directly on the clinical specimens and the PCR product sequenced to 

ensure that the DNA sequence reflected the dominant quasi-species present in the NPA.

.3.1 RT-PCR

A modified one step RT-PCR reaction using the Titan™ One Tube RT-PCR system (Roche 

molecular biochemicals, Mannheim, Germany) was used as described by Venter et al. (2002) 

The subtype-specific 5’ primers and a universal subgroup A and B specific 3' primer amplify 

the C-terminal of the G-protein and were as published in Sullender et al. (1993) (Table 2.2). 

The RT-PCR reaction was carried out in a 50 pi reaction. 10 pi of RNA was added to 10 pi 

standard 5X reaction buffer, 10 mM of each dNTP, 20 pmol of each primer (G32B, G267A, 

F164A), 5 mM DTT-solution, 10 U RNase inhibitor, and 1 pi of the Titan ™ enzyme mix, and 

the final volume was adjusted with deionised distilled water. The PCR reaction was performed 

in a GeneAmp PCR system 9600 thermocycler (PE Biosystems, Foster City, USA) according 

to the following program: 50 °C for 30 minutes, 94°C for 2 minutes, (94 °C for 30 seconds, 52 

°C for 30 seconds, 68 °C for 1 minute); 35 cycles; 68 °C for 7 minutes.

.3.2 Nested polymerase chain reaction (nested PCR)

A nested PCR reaction was used to increase PCR product yield from clinical specimens. The 

nested primers used, are specific to the 5' ends of either RSV subtype A or B RT-PCR products 

and are summarised in Table 2.2. The anti-sense primer, F1, is specific to both RSV subtypes A 

and B (Peret et al., 1998). The subtype B nesting primer (GB52) has been described before 

(Christensen et al., 1999). If amplification was unsuccessful, the subtype B, G46B primer was 

used (M. Venter, unpublished data) The subtype A specific primer, G314A, was published in



Venter et al. (2002) and used in standard assays. Primer G283A was used where no PCR 

product was detected with G314A (Venter et al., 2002). The use of different subtype-specific 

primers increased the number of isolates that could be subtyped and analysed.

During the course of this project, different polymerase enzymes were tested to optimise the 

subtype-specific nested PCR and the results were compared by assessing the specificity and 

PCR product yield. These enzymes included the Expand high fidelity PCR enzyme mix (Roche 

molecular biochemicals, Mannheim, Germany); the hotstart polymerases, Fast Start Taq 

Polymerase (Roche molecular biochemicals, Mannheim, Germany) and HotStarTaq DNA 

Polymerase (QIAGEN, Hilden, Germany).

The Expand high fidelity PCR system is composed of thermostable Taq DNA polymerase with 

proofreading functions. This mixture results in PCR products with high yield, high fidelity, and 

high specificity (Venter et al., 2001). Reactions were conducted in 100 pi: In brief; 2 pi of the RT- 

PCR product was mixed with 0.2 mM of each deoxinucleotide (dTTP, dATP, dGTP, dCTP), 30 

pmol of each primer (G52B, G283A, F1), 2.6 U Expand high fidelity PCR enzyme mix, and 10X 

Expand HF buffer containing 15 mM MgCI2. The following amplification cycle was used: 94 °C for 

2 minutes; (94 °C for 30 seconds, 59 °C for 1 minutes, 72 °C for 1 minutes) for 30 cycles; and 

finally 72 °C for 7 minutes.

To increase the specificity and sensitivity of the nested PCR, the PCR was modified to a hotstart 

PCR. Hotstart PCR makes use of a thermostable polymerase and prevents the formation of 

misprimed products and primer-dimers at low temperatures. The HotStarTaq DNA Polymerase 

system (QIAGEN, Hilden, Germany) gave the best results and was used routinely for the rest of 

the project. The enzyme is activated through incubation at 95 °C for 15 minutes. It provided high 

PCR specificity and often increased the yield of the specific PCR product. The hotstart PCR was 

conducted in a 50 pi reaction: 1 pi of the RT-PCR product was mixed with 0.2 mM of each 

deoxynucleotide (dTTP, dATP, dGTP, dCTP), 30 pmol of each primer (G52B, G314A, F1), 1.25 

U HotStarTaq DNA Polymerase: 10X buffer with 15 mM MgCh. The following reaction cycle was 

used for hotstart PCR: 95 °C for 15 minutes; (94 °C for 1 minute, 59 °C for 1 minute, 72 °C for 1 

minute) for 35 cycles; and finally 72 °C for 10 minutes.
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Table 2.2 Primers used in G-protein specific RT-PCR and nested PCR.

Primer PCR Orientation Subgroup
specificity

Sequence Author

—

F164 RT 3' A & B GTTAT G ACACTG GTATAC C AAC C (Sullender et i 
a/., 1993)

G267A RT 5’ A GATGCAACAAGCCAGATCAAG (Sullender et 
a/., 1993)

G32B RT 5’ B GCAACCATGTCCAAACACAAG (Sullender et 
at., 1993)

G52B nested 5’ B AATCAACGCACTGCCAGKACTC 
(where K=G/T))

(Christensen 
et at., 1999)

G46B nested 5' B CAAGAATCAACGCACTGCCA M. Venter, 1
unpublished
data

G314A nested 5’ A GAATCCCCAGCTTGGAATCA (Venter et 
a/., 2002)

G283A nested 5’ A CAAGAACACAACCCCAACAT (Venter et 
a/., 2002)

F1 nested 5’ A & B CAACTCCATTGTTATTTGCC (Peret et a/., 
1998)

2.4 PCR PRODUCT ANALYSIS

PCR products were analysed by agarose gel electrophoresis Subtyping was 

achieved through separation of different size PCR bands on a 2% agarose gel (1 X 

0.4 M Tris Acetate EDTA). The DNA was visualised by addition of 6 pi of 10 mg/ml 

Ethidium Bromide. A 100 bp DNA ladder was used as the molecular weight marker 

(DNA molecular marker XIV, Roche diagnostics, Mannheim Germany). The gels 

were visualized and photographed on a UVP trans-illuminator using Grab IT 

annotating Grabber 2.51 software (UVP (Inc), USA).

2.5 S eq u e n c in g

2.5.1 PCR product purification

PCR products were purified with the Qiaquick PCR purification kit (QIAGEN, Hilden, 

Germany) according to the manufacturer’s recommendations. The Qiaquick 

columns have a silica-gel membrane with selective binding properties. In short, five 

volumes of PB buffer (guanidine hydrochloride, isopropanol) were added to 1 

volume of PCR reaction. Primers and impurities are removed by washing with 750 

PE buffer containing 88% ethanol. PCR product was eluted with distilled water



The concentration and quality of the recovered product was estimated by 

comparison to 1 ug of a 100 bp molecular weight marker (DNA molecular marker 

XIV, Roche diagnostics, Mannheim Germany) on a 2% agarose gel.

2.5.2 Cycle sequencing

The second hypervariable region (270 bp) at the C-terminal of the G-protein was 

sequenced. The primers used for sequencing are specific to the 5’ ends of either 

RSV subtype A or B (nucleotide position 589 and 604 for subtype A and B, 

respectively) and were as follows: G598A (5’ GGAAAGAAAACCACCACCAA) and 

G604B (5’AAACCAACCATCAAACCCACA3’) for subtype A and B, respectively; 3' 

specific sequence primers to the F-G intergene region were FG-A: 

GATT CT GTTT GATTT GGT CAT; FG-B: CTTGCTT GAT AGAT CACGGTT, for

subtype A and B, respectively (Venter et al., 2002).

Nucleotide sequencing was carried out on the sense and anti-sense strands using 

the ABI PrismRBigDye™ Terminator Cycle Ready Reaction kit v2.0 (PE Biosystems, 

Foster City, USA) according to the manufacturer’s recommendations. The reaction 

was carried out in a 20 pi reaction: In brief, approximately 50 -  90 ng of PCR 

product was mixed with 4.0 pi Terminator Ready Reaction Mix (A, C, G and T-dye 

terminators; dNTPs, Tris-HCL (pH 9.0), MgCI2l thermal stable pyrophosphatase, 

and AmpliTaq DNA polymerase FS) (PE Biosystems, Foster City, USA), 2 pi of 5X 

Sequencing Buffer and 3.2 pmol primer. Cycle sequencing was performed 

according to the protocol specified for the GeneAmp 2400 thermocycler: 94 °C for 1 

minute; (94 °C for 10 seconds, 50 °C for 5 seconds, 60 °C for 4 minutes) for 25 

cycles; and finally 4 °C infinity.

2.5.3 Sequence product purification

Excess DyeDeoxy terminators were removed from the DNA sequencing products 

with Centri-Sep spin columns (PE Biosystems, Foster City, USA) according to the 

manufacturer s recommendations. The purified products were dried in a Speedivac 

at -60  °C, and stored at -20  °C.
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2.5.4 Automated sequencing

Automated sequencing was carried out on an ABI 3100 Genetic Analyzer version 2 

(PE Biosystems, Foster City, USA) by technologists at the NICD. Sequence analysis 

of the raw data was performed with Sequencher™ software version 4.0.5.

2.6 Phylogenetic analysis

2.6.1 Alignments

The second hypervariable region of the G-protein was used for phylogenetic 

analysis and corresponds to nucleotides 649-918 of the A2 strain and nucleotides 

652-921 of the 18537 strain of subtype A and B, respectively (Johnson etal., 1987). 

Phylogenetic analysis was conducted separately for subtypes A and B. The 

nucleotide sequences were compared by alignment to G-protein nucleotide 

sequences selected to represent all genotypes identified in the Northern 

hemisphere and South America by Peret et al. (1998; 2000) and in Southern Africa 

by Venter et al. (2001). Sequences were obtained from the Genbank database and 

were aligned with the sequence alignment program, Clustal X 1.81 (Thompson et 

al., 1997) using the multiple alignment mode

The South African F-protein nucleotide sequences were compared to the A2 and 

B1 prototype F-protein sequences, for subtypes A and B, respectively (Collins et al., 

1984; Karron et al., 1997). Sequences were aligned with Clustal X 1.81 (Thompson 

etal., 1997).

2.6.2 Phylograms

Distance-based and character-based trees were constructed and compared in this 

study. Distance-based methods compare the number of differences (pairwise 

distance) between two aligned sequences to derive trees, while character-based 

methods assess the reliability of each base position on the basis of all the other 

nucleotide bases in an alignment (Li, 1997; Saitou, 1996; Swofford et al., 1996). The 

most commonly applied distance-based methods include unweighted pair-group 

method with arithmetic mean (UPGMA), neighbor-joining (NJ) and minimum 

evolution (ME) methods. UPGMA method joins tree branches of the greatest 

similarity among pairs. Minimum evolution method finds the shortest tree that is



consistent with the path lengths between branches. The neighbor-joining algorithm 

generates an initial star tree, and each subsequent step generates one internal 

node at a time and estimates lengths of two branches connected at the node. The 

branches are inserted between the closest neighbor pairs and the remaining 

terminals in the tree (reviewed by Hershkovitz & Leipe, 1998). The most widely used 

character-based methods include maximum parsimony and maximum likelihood 

methods. The maximum likelihood method (ML) generates all possible trees and 

determines which tree best fits the available data. Maximum parsimony (MP) 

method finds the tree that needs the smallest amount of changes to explain the 

differences seen in taxa (Hershkovitz & Leipe, 1998).

Phylograms were constructed separately for subtypes A and B. Unrooted Maximum 

likelihood phylograms were constructed with DNAML of Phylip Version 3.5c 

(Felsenstein, 1993). Neighbor^oining trees were also generated with NEIGHBOR 

using the maximum likelihood distance matrix. Consensus trees that were 

generated from 100 bootstrap replicates of these trees correlated with the maximum 

likelihood trees. These bootstrap values are indicated on the maximum likelihood 

trees shown in Appendix A.

Bootstrap values represent datasets of the same size that are generated according 

to a specific model of sequence evolution and therefore estimates the reliability of 

the phylogram by computing the number that gives the proportion of times that a 

particular branch appears in a tree (Hershkovitz & Leipe, 1998).

Trees generated with Phylip Version 3.5c were visualised with Treeview version

1.6.6 (http://taxonomv.zoology qla.ac.uk/rod/treeview.html) by using the prototype 

strains, A2 and B1 for outgroup rooting of subtypes A and B, respectively. Neighbor­

joining trees were also constructed with MEGA version 2.1 (Kumar et al., 2000) 

using the Kimura two-distance parameter (Kimura, 1980) under 100 bootstrapped 

replicates and midpoint rooted. The transition to transversion ratio was determined 

using Treepuzzle version 5.0 (http://www.nsc.liu.se/software/biology/puzzle5/).

The Neighbor-joining and Maximum likelihood methods constructed similar trees 

when bootstrapped by 100 replicates. This correlated with findings of Martinez et al.
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(Martinez et al., 1999). Distance-based methods were subsequently selected for 

further analysis since they are less computer intensive and faster to use.

Amino acid Gamma trees were constructed for the Pneumovirinae members and the 

F-protein sequences of the South African genotypes, and were bootstrapped by 100 

replicates (MEGA version 2.1 (Kumar et al., 2000).

2.6.3 Genotype criteria

The RSV subtype A and B sequences were assigned to genotypes by phylogenetic 

comparison to reference sequences from the genotypes identified by Peret et al. 

(1998; 2000) and Venter et al. (2001; 2002) Sequence groups that clustered 

together with a bootstrap statistic of 70 -100% and a P-distance of less than 0.7 to 

all other members of the same group, were considered to be a genotype (Venter et 

al., 2001).

2.6.4 Estimates of selection

2.6.4.1 Proportion of differences

The nucleotide alignments of the G-protein from subtypes A and B were analysed 

separately with MEGA version 2.1 (Kumar et al., 2000) to identify specific mutations 

and positive selection. The proportion of differences (P-distance) was determined 

within and between genotypes for the G- and the F-proteins. The P-distance is the 

number of nucleotide/amino acid differences divided by the total number of 

nucleotides/amino acids compared.

2.6 4.2 Ka/Ks ratio

The ratio of nonsynonymous substitutions per nonsynonymous site (Ka) to 

synonymous substitutions per synonymous site (Ks), were calculated for the G- and 

F-proteins according to the modified Nei-Gojobori method using MEGA version

2.1 (Kumar et al., 2000). If the amount of nonsynonymous substitutions exceeds the 

synonymous substitutions, then strong evidence exists for positive selection 

(Ka/Ks»1) (Hurst, 2002; Nei et al., 2000). The average Ka/Ks ratio was calculated 

for subtypes A and B separately, and relative to the prototype strains A2 and B1 

(Karron et al., 1997; Wertz et al., 1985).
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2.6.4.3 Amino acid analysis

The nucleotide alignments of subtypes A and B were translated using MEGA 

version 2.1 (Kumar et al., 2000) for both the F- and G-proteins. The amino acid P- 

distance was calculated separately for subtype A and B. Amino acid alignments 

were analysed with Genedoc version 2.6.002 software 

(http://www.psc.edu/biomed/Qenedoc/) to identify amino acid changes that may alter 

the secondary structure of the G-protein.

The subtype A and B sequences were compared to reference sequences from the 

genotypes previously identified in South Africa by Venter et al. (2001), to determine 

the extent of antigenic variation within the G-protein. N-glycosylation sites and 

threonine and serine rich regions were predicted with the software ScanProsite 

(http://ca.expasv.org/cgi-bin/scanprosite). The mucin type O-glycosylated serine and 

threonine residues were predicted with NetOglyc version 2 (Gupta et al., 1999).

N-glycosylation sites and the mucin type O-glycosylated serine and threonine 

residues were also predicted for the F-protein.

2.7 Secondary structure predictions

Potential antigenic sites were predicted with Antheprot 2000 version 5.2 (Deleage et 

al., 1988) (http://antheprot-pbil.ibcp.fr) using the antigenicity (Parker et al., 1986), 

hydrophobicity (Kyte & Doolittle, 1982) and solvent accessibility (Bogere/a/., 1986) 

site predictions.

2.8 Amplification of the F-protein by RT-PCR

Subtype-specific primers were designed for amplification of the F-proteins used in 

this study. The oligonucleotide primers were designed to be complementary to the 

5’ and 3' coding ends of the inactive precursor F-protein (FO)

2.8.1 Primer design

The PCR primers were designed with Dnasis for windows version 2.5 (Hitachi 

Software engineering Co, Ltd) using the prototype A2 and B1 sequences for 

subtypes A and B, respectively. The presence of hairpins, dimers and palindromes

http://www.psc.edu/biomed/Qenedoc/
http://ca.expasv.org/cgi-bin/scanprosite
http://antheprot-pbil.ibcp.fr
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in the primers were predicted using Netprimer

(http://www premierbiosoft.com/netprimer/netprimer.html). Primers used for PCR 

were as follows:

Subtype A sense primer: RSVFA(5654) 5’ggggcaaataacaatggagtt 3’

antisense primer: RSVFAR(7422) 5’cattgtaagaacatgattaggtgct 3’

Subtype B sense primer: RSVFB(5632) 5’aagcaagaacgaaattaaacctg 3’

antisense primer: RSVFBR(7383) 5’ctgaatgcaatattattgattcca 3’

Subtype-specific sequencing primers were designed with Webprimer 

(http://qenome-www2.stanford.edu/cqi-bin/SGD/web-primer) using the prototype A2 

and B1 sequences for subtype A and B, respectively (Table 2.3). Hairpin and 

palindrome analysis, annealing and melting temperatures and the G/C ratio were 

determined with Cybergene (http://www.cvberqene.se/primer.html). The primers 

were subtype-specific and were designed to amplify ± 500 bp fragments spanning 

the entire F-protein (Figure 2.1).

To ensure the effectiveness of the PCR primers, they were selected to fulfill the 

parameters described by (Rychlik, 1993). In brief, primers were selected to be free 

of complementarity at their 3’ termini as this promotes primer-dimer formation that 

reduces the product yield. The GC/AT ratio of the primers was similar to or higher 

than that of the amplified template while the melting temperature (Tm) was 

approximately similar for both the sense and antisense primers Primers were 

selected to be stable at their 5' ends (C or G nucleotides) but unstable at their 3’ 

ends (A or T nucleotides), in order to eliminate false priming.

2.8.2 F-protein RT-PCR

The PCR reactions were performed separately for subtypes A and B using the 

Titan™ one tube RT-PCR system (Roche molecular biochemicals, Mannheim, 

Germany). The reaction was conducted in 50 pi: 10 pi of RNA was added to 10 pi 5X 

reaction buffer, 10 mM of each dNTP, 20 pmol of each primer, 5 rmM DTT-solution, 

10 U RNase inhibitor, and 1 pi the Titan™ enzyme mix. The following amplification 

cycle was used: 50 °C for 30 minutes, 94 DC for 2 minutes, (94 °C for 30 seconds, 

52 °C for 30 seconds, 68 °C for 1 minute) 39 cycles; 68 °C for 7 minutes.

http://www
http://qenome-www2.stanford.edu/cqi-bin/SGD/web-primer
http://www.cvberqene.se/primer.html
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Table 2.3 Subtype-specific primers used for sequencing of the F-protein. The primer name 
indicates subtype and position (column 1) All the sequence primers were designed with 
Webprimer http://genome-www2.stanford.edu/cgi-bin/SGD/web-primer) and analysed with 
Cybergene (http://www.cvberqene.se/primer.htmh.

Primer Subgroup 
(A or B)

Orientation Sequence

RSVFA(5654) A Sense GGGGCAAATAACAATGGAGTT
RSVFA(578) A Sense CAGCAAAGTGTTAGACCTCAA
RSVFA(1280) A Sense CAGCAT CCAAT AAAAAT CGTG
RSVFAR(419) A Anti-sense CTTCTTTTCCTTTTCTTGCTTA
RSVFAR(860) A Anti-sense GTAACTTTGCTGTCTAACTATT
RSVFAR(1429) A Anti-sense GTT C ACCTTTT AC ATAG AG ACT
RSVFAR(7422) A Anti-sense CATT GT AAG AACAT GATT AG GTGCT
RSVFB(5632) B Sense AAG CAAGAACG AAATT AAACCT G
RSVFB(541) B Sense CTATCAAATGGGGTCAGTGTT
RSVFB(1004) B Sense CAAGGACTGATAGAGGATGGT
RSVB(1446) B Sense GTTTCCTTCTGATGAGTTTGA
RSVFBR(433) B Anti-sense CTACACCTAACAAGAAGCCCA
RSVFBR(854) B Anti-sense CTTTGTTGCCTTACTATCTGA
RSVBR(1326) B Anti-sense CACATAGTCACAACCATT AG A
RSVFBR(7383) B Anti-sense CTGAATGCAATATTATTGATTCCA

Figure 2.1 Illustration of the sequence primer positions relative to the F-protein gene for 
subtypes A (A) and B (B), respectively. The numbers in brackets indicates the primer 
annealing location on the F-protein gene. The PCR primers are indicated in red and the number 
shown in brackets indicates the position on the RSV genome
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2.9 Sequences used in phylogenetic analysis

The G-protein sequences used for phylogenetic analysis are summarised in 

Appendix B.

The F-protein sequences used for phylogenetic analysis included human RSV (A2 

strain, AAB59858 (Collins et al., 1984); B1 strain, AAB82436 (Karron et al., 1997), 

bovine RSV (A51908 strain, AAL49410 (Yunus et al., 2001)), ovine RSV (strain 

28869, AAL91342 (Eleraky et al., 2001)), mice pneumovirus (strain 15, BAA01902 

(Chambers et al., 1992)), avian metapneumovirus (MN-2a strain, AAF01772 (Seal 

et al., 2000)) and human metapneumovirus (00-1 strain, NP_690066 (van den 

Hoogen et al., 2002)).

2.10 Protein secondary structure predictions

To investigate the influence of amino acid variability on the secondary structure of 

the F-protein, the secondary structure (a-helices, (B-strands and turns) for each 

amino acid residue were predicted with NNPREDICT (Kneller et al., 1990) 

(http://www.cmpharm.ucsf.edu/~nomi/nnpredict.htrnl). The coiled coil regions were 

previously predicted for the prototype A2 and Long strain for subtype A (Lambert et 

al., 1996) and CH-18537 strain for subtype B (Matthews et al., 2000). To determine 

if amino acid variation observed in the South African F-protein sequences might 

influence the coiled coil structure of the F-protein, heptad-repeat regions (which 

have been shown to be associated with coiled coil regions by (Buckland & Wild, 

1989; Chambers et al., 1990; Singh et al., 1999)) were predicted for the South 

African sequences using LEARNCOIL-VM (Berger & Singh, 1997) (http://learncoil- 

vmf.lcs.mit.edu/cqi-bin/vmf). Dimeric and trimeric coiled coil regions were predicted 

with MULTICOIL (Wolf et al., 1997) (http://multicoil.lcs.mit.edu/cqi-bin/multicoil). 

These results were compared to the prototype strains.

2.11 Prediction of antigenic sites on the F-protein

The F-protein contains both neutralising and CTL epitopes. Potential antigenic epitopic 

domains were identified using hydrophobic and hydrophilic profiles (Kyte & Doolittle, 

1982). antigenic profiles (Parker et al., 1986) and solvent accessibility profiles (Boger 

et al., 1986) with Antheprot 2000 version 5.2 (Deleage et al., 1988) (http://antheprot- 

pbil.ibcp.fr). The hydropathic profiles of individual amino acids were shaded with

http://www.cmpharm.ucsf.edu/~nomi/nnpredict.htrnl
http://learncoil-vmf.lcs.mit.edu/cqi-bin/vmf
http://learncoil-vmf.lcs.mit.edu/cqi-bin/vmf
http://multicoil.lcs.mit.edu/cqi-bin/multicoil
http://antheprot-pbil.ibcp.fr
http://antheprot-pbil.ibcp.fr


Genedoc version 2.6.002. Hydropathic profiles (Kyte & Doolittle, 1982) of all the South 

African genotypes relative to the historic prototype strains (Collins et al., 1984, Karron 

et al., 1997) were constructed with http://bioinfornnatics.weizmann.ac.il/hvdroDh/. The 

hydropathic profiles per amino acid residue were created with Genedoc version

2.6.002 (http://www.psc.edu/biomed/genedoc/).

2.12PREDICTION OF CTL EPITOPES
BIMAS (http://bimas.cit.nih.gov/) (Parker et al., 1994) and SYFPEITHI 

(http://www.svfpeithi.de/) (Rammensee et al., 1999) CTL algorithms were used to 

predict possible CTL epitope position on the F-protein. Only HLA types shown to be 

dominant in at least 10% of the different ethnic groups of South Africa were used in the 

predictions (Venter et al., 2003; Hammond et al., 1997; personal communication Dr 

Adrian Puren, NICD). Only predicted epitopes that fell in the highest probability range 

were considered for mapping on the F-protein sequence map. A good score result for 

SYFPEITHI ranged between 15 and 30 (Rammensee et al., 1999), while it ranged 

from 50 and higher in BIMAS (Parker et al., 1994).

2.12.1 Published CTL epitopes

The published CTL epitopes were manually shaded with Genedoc version 2.6.002 

(http://www.psc.edu/biomed/genedoc/) on the South African F-protein amino acid 

alignments. The CTL epitopes in humans were identified by Brandenburg et al. (2000) 

(HLA B*57 and Cw*12-restricted) and by Rock and Crowe (2003) (HLA-A*01- 

restricted). Two H-2K restricted T-helper cell epitopes identified in SCID mice, were 

also included (Corvaisier et al., 1997; Corvaisier et al., 1993).

2.13 Amino acid sequence analysis of known neutralising epitopes

The amino acid sequences of the South African F-proteins were compared to 

published neutralising epitopes. The following neutralising epitopes were studied, 7C2 

(Trudel et al., 1987), 47F (Lopez et al., 1990), L4 (Martin-Gallardo et al., 1991) and 

RS-348 (Corvaisier et al., 1993).

2.14ESCAPE MUTANTS

Amino acid point mutations previously identified in escape mutants were also included 

in the analysis (Arbiza et al., 1992; Lopez et al., 1998).
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CHAPTER 3

RESULTS A:

MOLECULAR EPIDEMIOLOGICAL ANALYSIS OF A RSV 

OUTBREAK IN SOWETO DURING 2001

3.1 In tr o d u c tio n

To date the majority of molecular epidemiological studies conducted on RSV, have 

been carried out in industrialised countries. Hence, there is limited data available 

about RSV epidemics in developing countries and only a few reports from Africa 

(Cane et al., 1999; Roca etal., 2001; Venter et al., 2002; Venter et al., 2001).

RSV has two antigenic subtypes, A and B (Anderson et al., 1985), with distinct 

lineages within them. The major surface attachment protein (G) is the most variable 

within and between the subtypes (Reviewed by Melero et al., 1997). The G-protein 

is one of the targets for the neutralising immune response (Johnson et al., 1987), 

and is believed to accumulate amino acid changes with time suggesting evolution 

under selective pressure (Cane & Pringle, 1995). Evidence suggests that antigenic 

differences between the RSV strains may influence the neutralising immune 

response in children (Cane etal., 1996), which is predominately group-specific and 

reveals poor cross-reactivity (Langedijk et al., 1997; Muelenaer et al., 1991). 

Therefore sequence analysis of the G-protein can be a useful molecular tool for the 

epidemiological investigation of RSV epidemics. It has been shown that the second 

hypervariable region (270 nucleotides), which makes up the C-terminal of the G- 

protein, provides a reliable representation for the entire G-gene variability (Peret et 

al., 1998). This region has subsequently become a frequently used target for 

phylogenetic analysis for molecular epidemiological studies (Peret et al., 2000; 

Peret etal., 1998; Reviewed in Sullender, 2000).

Most RSV molecular epidemiological studies are based on subtype A viruses (Cane 

et al., 1991; Cane & Pringle, 1995b; Cane, 1997; Cane et al., 1999; Garcia et al., 

1994) although a limited number of studies have also looked at the extent of



variation in subtype B (Coggins et al., 1998; Martinez et al., 1999; Sullender et al., 

1990; Sullender et al., 1991b). Various groups have demonstrated that genotype 

assignment to clusters of RSV strains, are helpful in the identification of the virus 

circulation patterns in communities (Peret et al., 1998; reviewed by Sullender, 2000; 

reviewed by Cane, 2001). Although there is not yet a standardised method for RSV 

genotyping, a method published by Peret et al. of the CDC is now used frequently in 

molecular epidemiological studies (Peret et al., 2000; Sullender, 2000; Venter et al., 

2002; Venter et al., 2001).

Peret and colleagues found that RSV outbreaks are community-based in nature and 

that different genotypes co-circulated within the community. Local factors, possibly 

immunity to the previous year’s strains, determine the predominant strains during a 

RSV epidemic (Peret et al., 2000). The excess of coding over noncoding nucleotide 

changes in the G-protein gene sequences suggests that the variation observed 

between seasons may be a response to immune driven selective pressure (Cane et 

al., 1992). Despite this variability within one community, very similar viruses 

appeared to be present globally (Cane et al., 1992).

Melero et al. have identified residues within the C-terminal end of the G-protein 

essential for the integrity of strain-specific epitopes (Melero et al., 1997). Martinez 

and colleagues showed a significant correlation between the use of alternative stop 

codons and changes in genotype-specific epitopes in subtype B viruses (Martinez et 

al., 1999). These findings were supported by an evolutionary study conducted on 

subtype B in Japan, which also suggested linear genetic drift within genotypes that 

allow persistence over consecutive seasons. The authors suggest a more distinctive 

geographical and temporal clustering of subtype B strains than subtype A strains, 

and suggested that this may be due to reduced infectivity of subtype B viruses 

which limit the spread of subtype B viruses (Kamasaki et al., 2001). Various authors 

suggest the disappearance and appearance of new genotypes within the same 

community in both subtypes, and found that subtype B strains were more stable 

than subtype A (Cane et al., 1991; Choi & Lee, 2000; Peret et al., 2000).
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A study conducted at the Chris Hani Baragwanath hospital, Soweto, over four 

consecutive seasons (1997-2000), revealed that both subtypes are important in 

South African outbreaks and that positive selection occurs in the G-protein of both 

RSV subtypes. In each epidemic, co-circulation, switching and displacement of 

dominant genotypes was found (Venter et a/., 2001). However during 1999 and 

2000, one genotype, GA2, became dominant and persisted as the dominant 

genotype in both seasons. When other studies are taken into consideration, it 

appears to be unusual for one genotype to dominate for more than one season. 

Furthermore, this genotype was also isolated across the whole country during 2000. 

To determine if this was a once-off phenomenon that would be eventually overcome 

by herd immunity, extensive phylogenetic analysis of the G-protein from the 2001 

RSV outbreak was undertaken in this Chapter. This study demonstrates the 

transmission dynamics of RSV during an epidemic in a single community and the 

rate of evolution in the G-protein. This study will provide additional insight into the 

evolution of RSV during a single epidemic in South Africa

Chapter 3:

Results A: Molecular epidemiological analysis of a RSV outbreak in Soweto during 2001 Page 51



Chapter 3:

Results A: Molecular epidemiological analysis of a RSV outbreak in Soweto during 2001 Page 52

3-2 RESULTS

3.2.1 Subtype-specific multiplex nested PCR

In this Chapter a region of 290 bp at the C-terminal end of the G-protein gene of 

RSV was amplified by multiplex RT-PCR (Sullender et a/., 1993) combined with a 

nested-PCR that discriminates between RSV subtypes A and B (Venter et al., 

2002). The RT-PCR resulted in PCR products of 900 and 1100 bp for subtype A 

and B, respectively (Sullender et al., 1993). The RT-PCR products were easily 

distinguished on a 2% agarose gel and could be used for subtype assignment 

(Figure 3.1 A).

Since nasal pharyngeal aspirates often contain low levels of RNA, a previously 

developed multiplex nested PCR (Venter et al., 2002) was used to increase the 

product yield and sensitivity of the RT-PCR. The nested PCR primers were specific 

to the 5’ends of the RT-PCR product of either subtypes A or B, and resulted in PCR 

products of 728 and 946 bp for subtypes A and B, respectively, that were 

distinguishable on a 2% agarose gel (Figure 3.1 B).

To increase the specificity and sensitivity of the nested PCR, this PCR was modified 

to a hotstart PCR using the same primers. The improvement in yield, sensitivity and 

specificity of the nested PCR is illustrated in Figure 3.1 C
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Figure 3.1 A) RSV Subtype-specific multiplex RT-PCR. Lane 1: Molecular weight size marker (100 bp)(Roche, 
Mannheim, Germany); Lanes 2-8: Subtype B RT-PCR products; Lane 9: Subtype A RT-PCR product; Lane 10. 
Negative control; Lane 11; Positive control (subtype A) B) The subtype-specific multiplex nested PCR using 
Expand high fidelity PCR enzyme (Roche, Mannheim, Germany). Lane 1: 100 bp molecular weight size 
marker; Lanes 2-6: Subtype B RT-PCR products, Lane 7: Positive control (subtype A); Lane 8 Negative control. C) 
An illustration of hotstart PCR using HotStarTaq DNA polymerase (QIAGEN, Hilden, Germany). Lane 1: 100 
bp molecular weight size marker; Lanes 2-6: Subtype B RT-PCR products; Lane 7: Positive control (subtype A); 
Lane 8: Negative control.
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3.2.2 Subtyping of isolates from the 2001 RSV outbreak in Soweto

A total of 82 clinical specimens from the 2001 RSV outbreak at Chris Hani 

Baragwanath hospital, Soweto, were randomly selected for subtyping. Specimens 

were available over a four month period from March to June 2001. The specimen 

collection dates corresponded to annual RSV outbreaks in South Africa (March to 

July). Of the 82 RSV specimens from 2001, only nine were subtype A (11%), while 

73 (89%) belonged to subtype B. The subtype distribution of RSV subtypes at Chris 

Hani Baragwanath hospital during 1997 -  2000 (Venter et al., 2001) and the 

findings of this study for 2001 are collectively illustrated in Figure 3.2.
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Figure 3.2 RSV subtype distribution at Chris Hani Baragwanath hospital during 1997 to 2001.
The findings of this study for the 2001 outbreak are combined with the subtypes circulation found 
during 1997 to 2000 as described by Venter et al. (2001).
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3.2.3 Phylogenetic analysis

A total of 81 of the 82 specimens were sequenced and compared by phylogenetic 

analysis to specimens of previous seasons in South Africa. One subtype B isolate 

was of insufficient quality for sequencing and was not considered further.

Sequence analysis was conducted separately for the subtypes. The sequences 

were aligned with the prototype strains for subtype A (A2 strain) and B (B1 strain), 

respectively, using Clustal X 1.81 (Thompson etal., 1997) (Appendix C).

The RSV subtype A and B sequences were assigned to genotypes by phylogenetic 

comparison to reference sequences from genotypes described by Peret etal. (1998; 

2000) and Venter et at. (2001; 2002). Both distance- and character-based trees 

were constructed and the statistical significance analysed for 100 bootstrap 

replicates. Distance based neighbor-joining (Figure 3.3) and character-based 

maximum-likelihood trees (Appendix A) were similar, confirming results obtained by 

Martinez et al. (1999). Since distance-based methods are less computer intensive 

and faster to use, this method was used in subsequent analyses

Neighbor-joining distance-based trees are shown for subtypes A and B, respectively 

(Figure 3.3). This tree includes only unique sequences chosen as representatives of 

each identical sequence group identified in the 2001 RSV outbreak in Soweto 

(indicated with a postfix of -S01). A selection of South African strains from each 

genotype described before (Venter et al., 2001; Venter et al., 2002), and sequences 

from the rest of the world that were shown to form unique clusters in previous 

studies (Garcia et al., 1994; Karron et al., 1997; Martinez et al., 1999; Peret et al., 
2000; Roca et al., 2001; Sullender et al., 1991b; Wertz et al., 1985), were included 

for genotyping the Soweto-2001 sequences.

Subtype A

Nine subtype A specimens were identified in the 2001 outbreak. Subtype A isolates 

clustered with previously assigned genotypes GA5 (5 isolates), GA2 (3 isolates) and 

SAA1 (1 isolate) with bootstrap values of 70 -  99% (Figure 3.3 A). The GA2 Soweto 

isolate 157KS01, was identical to a previously identified South African isolate,



AB4026B01, from Bloemfontein, also isolated in 2001. The GA5 Soweto isolate 

0240KS01 was also similar to a South African isolate AB5076PT01, circulating in 

the Pretoria area during the same year.

Subtype B

The majority of clinical specimens from 2001 clustered with subtype B (n=73 of 81 

isolates). The subtype B sequences clustered with the genotypes SAB3 (56 

isolates), SAB1 (16 isolates) and GB3 (1 isolate), with bootstrap values of 70 -  

100% (Figure 3.3 B). The SAB3 sequence G31S01, was identical to a Soweto strain 

circulating in 1999, SA99V429. The SAB3 genotype dominated this epidemic with 

69% followed by SAB1 with 18%, replacing the genotype (GA2) that dominated the 

1999 and 2000 RSV epidemics in the same community (Venter e ta i,  2001).

Chapter 3:

Results A: Molecular epidemiological analysis of a RSV outbreak in Soweto during 2001 Page 56

Figure 3.3 Neigbor-joining trees for subtype A (A) and B (B), respectively (see next page). The trees were 

computed with the Kimura 2 distance matrix and midpoint rooted using Mega version 2 (Kumar e t al., 2000). 

Genotypes with bootstrap values above 70 are indicated in brackets next to the phylogram Isolates from the 

Soweto 2001 outbreak are indicated by red bullets (•), where the “S" indicated Soweto and the postfix the year 

of isolation (2001). Previously identified South African isolates are indicated by blue bullets (■) These included 

isolates from Soweto, SA97-00 (1997-2000), (Venter et al., 2001), isolates from rural community clinics in 

Agincourt in the Limpopo province, Ag98-00 (1998-2000), (Venter e t al., 2002) and private hospitals from 

Pretoria, Johannesburg, Bloemfontein, Cape Town and Durban (Ab-00) (Madhi e t a l 2003). GenBank 

sequences included isolates from the USA (AL, Alabama; CN, Canada; CH, Rochester; MO, Missouri; NY, New 

York; TX, Texas; VW, West Virginia) (Peret e t al., 2000), Uruguay (MON) (Garcia e t al., 1994; Martinez e t al., 

1999), Mozambique (MOZ) (Roca e t al., 2001), Sweden (Swed) (Sullender e t al., 1991), Spain (MAD) (Martinez 

e t a t .  1999; Garcia e t a t ,  1994) and the prototype strains (A2 (Wertz e t a t, 1985) and B1 (Karron e t a t, 1997) 

for subtypes A and B, respectively).
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Figure 3.3 Neigbor-joining trees of the G-protein gene of RSV subgroup A (A) and B (B) specimens obtained from the 
Soweto 2001 outbreak at Chris Hani Baragwanath hospital. See previous page for legend.



Chapter 3

Results A: Molecular epidemiological analysis of a RSV outbreak in Soweto during 2001 Page 58

3.2.4 Strain variation

Subtype A

Table 3.1 summarises the unique sequence groups within the genotypes identified 

in the 2001 outbreak. The number of identical isolates and the date of first and last 

virus isolation are indicated. Seven unique sequence groups were identified among 

the subtype A genotypes. This included two different GA2 sequence groups (group I 

and II), four GA5 groups (group III to VI) and one SAA1 group (group VII). The 

different subtype A strains circulated throughout the outbreak, from the end of April 

until the end of June.

The mean nucleotide P-distance for the Soweto subtype A sequences was 0 07.The 

subtype A sequence groups identified in the 2001 outbreak, had pairwise distances 

(P-distances) ranging from 0.00 to 0.11 to each other (Table 3.2 A). The average 

intergenotypic P-distances between the Soweto 2001 sequences ranged from 0.073 

(SAA1 and GA2) to 0.103 (GA2 and GA5) (Table 3.3 A). The intragenotypic P- 

distance for the Soweto isolates was 0.005 and 0.019 for GA2 and GA5, 

respectively. The intergenotypic P-distance ranged from 0.053 (SAA1 and GA6) to 

0.160 (GA1 and GA5) when Soweto sequences and previously identified genotypes 

were considered.



Table 3.1 RSV clinical specimens analysed by sequencing during the 
2001 RSV outbreak in Soweto. The unique sequence groups are indicated in 
roman numbers and the representative strain of each group which was isolated 
first, is indicated in bold. The first and last isolation date is also shown.

R S V  S U B T Y P E  A C L I N I C A L

S P E C I M E N S

G E N O T Y P E U N I Q U E

S E Q U E N C E

G R O U P

N U M B E R  O F  

I D E N T I C A L  

S E Q U E N C E S

D A T E  O F  F I R S T  

I S O L A T I O N  IN  

E A C H  

S E Q U E N C E  

G R O U P

D A T E  O F  F I N A L  

I S O L A T I O N  IN  

E A C H  S E Q U E N C E  

G R O U P

0 0 6 9 K S 0 1 G A 2 1 1 2 4 - A p r -O l

15 7 K N S S 0 I 11 2 11 - M a v - 0 1 1 5 - M a v - 0 ]

0 1 1 9 K S 0 1 1 5 - M a v - 0 ]

0 2 4 0 K S O I G A 5 111 1 3 1 - M a v - 0 1

C 1 4 8 S G 1 IV ] ] 5 - J u n - 0 1

G 1 6 0 S 0 I V 1 2 2 - J u n - 0 ]

G S f i S f l l V I 2 10 - A p r - 0 2 3 0 -A p r -0 1 |

0 1 2 8 K S 0 1 3 0 ~ A p r ~ 0  ]

V G I 4 3 S 0 1 S A A I V II I 1 2 - J u n - 0 ]

R S V S U B T Y P E  B 0 1 3 7 K S 0 1 G B 3 V l l l ] 0 3 - M a v - 0 1

G 1 9 S 0 1 S A B I IX 1 0 2 7 - M a r - 0 1 1 1 - M a v - 0 1

18 0 2 7 3 7 S 0 1 0 1 -A p r -0 1

G 4 0 S 0 1 0 9 - A p r - 0 1

G 5 I S 0 1 0 9 - A p r - 0  ]

0 0 8 0 K S 0 1 1 2 - A p r -0 1

G I 0 7 S 0 1 3 0 - A p r - 0 1

G I 0 4 S 0 I 3 0 - A p r -0 1

V 0 0 2 4 K S 0 1 0 4 - M a v - 0 1

0 I 9 7 K S 0 1 1 ] - M a v - 0 ]

G I 0 4 S 0 1 3 0 - A p r -O 1

V 0 O 4 1 K S O 1 X 2 0 5 - A p r - 0 1 0 4 - M a v - 0  Ij

V O O 4 2 K S 0 1 0 4 - M a v - 0  ]

1 9 3 K S 0 1 X I 2 1 7 - M a v - 0 1 0 8 - J u n - 0 1

0 0 2 6 5 K S 0 I 0 8 - J u n - 0 1

0 2 2 7 K S 0 1 X l l 2 O l- Ju n - O l 1 5 - Ju n - 0 1

0 2 5 8 K S 0 1 J 5 - J u r t - 0 !

G 3 6 S 0 I S A B 3 X I I I 1 2 0 4 - M a r - O l 19 - J u n - f l  1

G 1 7 S 0 I 2 7 - M a r - 0 1

G 6 6 S 0 1 12 -A p r -O  ]

0 0 6 8 K  S O I 13 - A p r - 0 1

G 9 4 S 0 1 2 3 - A p r -O I

G 9 9 S 0 1 2 5 -A p r -O  1

G 1 0 0 S O I 2 5 - A p r -0 1

V G 4 6 S 0 1 0 4 - M a v - O I

0 1 6 7 K S 0 1 ] 1-M a v -0 1

G I 3 I S 0 I 0 5 - J u n - O !

G 1 4 1 S 0 I 1 2 - Ju n -O l

0 2 8 2 K S 0 1 I 9 - J u n - 0 !

G 7 S 0 I X I V 2 2 2 2 - M a r - 0 1 2 2 - J  u p -0 1

G 1 8 S 0 I 2 7 - M a r - 0 I

G 1 5 S 0 1 3 0 - M a r - 0 1

G 3 9 S 0 ! 0 3 - A p t -01

G 4 3 S 0 1 0 4 - A p r - 0 1

0 0 6 4 K S 0 ! 1 3 - A p r -0 I

G 7 6 S 0 1 1 7 -A p r-O  I

G 7 8 S 0 1 1 8 -A p r -O I

G 9 1 S 0 1 2 3 -A p r -O I

G 1 2 4 S 0 1 0 2 - M a v -0 1

0 0 9 3  K  S O I 0 2 - M a v - 0 !

G l  I 6 S 0 1 0 3 - M a v - 0 1

G 121 S O  I 0 7 - M a v - 0 l

0 !  3 6 K S 0 1 1 1 - M a v -0 1

0 1 9 0 K S 0 1 15 - M a v - 0 1

0 0 0 7 K S 0 1 1 8 - M a v - 0 )

0 1 5 3 K S 0 1 2 2 - M a v - 0 1

0 2 3 9 K S 0 J 3 1 - M a v - 0 1

0 2 6 3 K S O I 0 4 - J u n - 0 1

G 1 3 7 S O I 0 7 - J u n - 0 1

G 1 1 4 S 0 I 12 - J u n - 0 1

G 1 6 1  S O  I 2 2 - J u n - 0  1

G 3 1 S 0 1 X V 11 3 0 - M a r - 0  1 2 8 - Ju n - O  t

0 0 7 2 K S 0 1 ] 7 -A p r -O  I

1 6 0 1 2 5 1  S O I 17 -A p r -O  1

0 0 7 9 K S 0 1 2 0 - A p r - O 1

G 8 7 S 0 1 2 0 - A p r - 0 1

0 0 9 2 K S 0 I 2 6 - A p r -O  I

0 2 0 9 K S 0 1 2 1 - M a v - 0 1

0 1 8 1 K S 0 1 2 2 - M a v - 0 1

0 2 0 7 K S 0 1 0 4 - J u n - 0 1

G I 6 3 S 0 I 2 5 - J u j i -O  1

G 1 7 5 S 0 1 2 8 - J u n - 0 1

V 2 0 0 4 K S (1 1 X V I ] 0 2 - A p r -O l

C 4 2 S 0 1 X V I I I 0 4 -A p r -0 1

G 6 8 S G 1 x v i n I 1 2 - A p r - 0 ]

V G 7 2 S O I X I X I 17 -A p r -O  1

(11 I 2 K S 0 1 X X I 2 5 -A p r -O  1

G 1 0 2 S 0 1 X X I 3 2 6 - A p r -O ! 0 7 - J u n - 0 1

0 2 I 6 K S 0 I 2 3 - M a v - 0 1

G 1 3 5 S 0 1 0 7 - Ju n - O l

D 1 4 ( lK S f l l X X I I I 0 3 - M a v - 0 1

< 1 2 1 9 K S 0 1 X X 1 I1 1 2 3 - M a v -0 1

G 1 5 4 S 0 1 X X I V 1 19 - J u n - 0 1



Table 3.2 Pairwise nucleotide distances (P-distance) for all unique subtype A (A) and B (B) Soweto 2001 sequences. The sequence group number is 
indicated left of the representative specimen and genotype name.

A:
157K 0069K G160 0204K G148 G58 VG143 
GA2 GA2 GA5 GA5 GA5 GA5 SAA1

157KS01 { GA2} I I
0069KS01 { GA2} I 0 . 0 1
G160S01 { GA5} V 0 . 1 0  0 .1 0
0204KS01 { GA5} I I I 0 . 1 0  0 . 1 0  0 . 0 0
G148S01 { GA5} IV 0 . 1 1  0 . 1 1  0 . 0 2  0 .0 1
G58S01 { GA5} VI 0 . 1 0  0 . 1 0  0 . 0 2  0 . 0 2  0 . 0 3
VG143S01_{SAA1}_ V I I 0 . 0 7  0 .0 8  0 . 0 8  0 . 0 8  0 . 0 9  0 . 0 9

B:

0137K
GB3

0227K
SABI

193K 
SABI

G19
SABI

V0041K 0112K 014 OK 0219K G102 
SABI SAB3 SAB3 SAB3 SAB3

G31 
SAB 3

G36
SAB3

G42
SAB3

G68
SAB3

G7
SAB3

V2004K
SAB3

VG72 
SAB 3

0137KS01 { GB3} V I I I
0227KS01 { SABI}_ X I I 0 . 08
193KS01 {SABI} XI 0. 08 0 02
G19S01 {SABI} IX 0 07 0 01 0. 01
V0041KS01 {SABI} X 0 08 0 01 0. 02 0 01
0112KS01 { SAB3} XX 0 06 0 09 0. 10 0 09 0. 09
0140KS01 { SAB3} X X II 0 05 0 08 0. 09 0 07 0. 08 0 03
0219KS01 { SAB3} X X II ! 0 05 0 08 0 08 0 07 0. 07 0 03 0 03
G102S01 { SAB3} XXI 0 05 0 08 0 08 0 07 0 08 0 03 0 03 0 02
G31S01 { SAB3} XV 0 04 0 07 0 08 0 07 0 07 0 03 0 01 0 02 0 02
G36S01 { SAB3} X I I I 0 05 0 07 0 08 0 07 0 07 0 03 0 02 0 00 0 01 0 01
G42S01 { SAB3} XVII 0 05 0 08 0 08 0 07 0 07 0 03 0 03 0 01 0 02 0 02 0. 00
G68S01 { SAB3} X V I I I 0 05 0 08 0 09 0 07 0 08 0 03 0 01 0 03 0 03 0 01 0. 02 0 02
G7S01 { SAB3} XIV 0 04 0 08 0 08 0 07 0 07 0 03 0 00 0 02 0 03 0 00 0. 02 0 02 0 . 01
V2004KS01 { SAB3} XVI 0 06 0 .08 0 08 0 07 0 07 0 04 0 04 0 03 0 03 0 03 0. 03 0 03 0 . 04 0 . 04
VG72S01 { SAB3}_ XIX 0 .0 6 0 .08 0 09 0 07 0 08 0 05 0 .0 4 0 03 0 04 0 03 0 03 0 03 0 . 04 0 .0 3 0 . 0 3



Table 3.3 Average nucleotide P-distances within and between subtype A (A) and B (B) 
genotypes, respectively. The matrix shows the average intergenotypic P-distances for the clinical 
specimens identified in the Soweto 2001 outbreak relative to genotypes identified in other studies. 
The genotypes identified in this study are marked in blue. The intragenotypic P-distance is shown on 
the diagonal. The same calculation is also shown when only the unique Soweto nucleotide sequence 
groups identified in this study are considered.
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A:
Subtype A: GA1 G A 2 GA3 GA4 GAS GA6 GA7 SAA1
GA1 0.051
G A 2 0.136 0.026
GA3 0.149 0.067 0.015
GA4 0.173 0.120 0.122 n/c
G A S 0.160 0.094 0.104 0.119 0.023
GAS 0.133 0.060 0.065 0.106 0.074 0.019
GA7 0.142 0.074 0.078 0.107 0.087 0.057 0.015
BAA 0.140 0.073 0.087 0.107 0.082 0.053 0.072 0.024

Soweto 2001 sequences:

GA2 GA5 SAA1
GA2 0.005
GA5 0.103 0.019
SAA1 0.073 0.084 n/c

B:
Subtype B: GB1 GB2 GB3 GB4 SAB1 SAB2 SAB3 SAB4
GB1
GB2 0.063
GB3 0.082 0.045
GB4 0.120 0.073 0.103
SAB1 0.087 0.043 0.062 0.097
SAB2 0.119 0.079 0.078 0.114 0.098
SAB3 0.089 0.057 0.038 0.108 0073 0.074
SAB4 0.094 0062 0.082 0.115 0058 0.119 0.091

Soweto 2001 sequences:

GB3 SAB1 SAB3
GB3 n/c
SAB1 0077 0.015
SAB3 0.051 0 078 0.025
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Subtype B

Seventeen unique sequence groups were identified among the subtype B Soweto 

2001 specimens (Table 3.1). This included one GA3 group (group VIII), four 

different SAB1 groups (group IX to XII) and 12 different SAB3 groups (group XII to 

XXIV). Many sequence groups only infected one to three people (group VIII, X—X11, 

XVI-XXIV), however the dominant outbreak strains in sequence groups, IX (SAB1), 

XIII (SAB3), XIV (SAB3) and XV (SAB3) infected many individuals throughout the 

epidemic (March to May for strain IX (SAB1) and March to June for SAB3 sequence 

groups XIII, XIV and XV). These four sequence groups might be the initial SAB1 

and SAB3 outbreak strains since they were isolated from the start to the end of the 

outbreak. The other SAB1 and SAB3 sequence groups may have emerged as a 

result of positive selection in the dominant SAB1 and SAB3 outbreak strains.

The subtype B sequence groups had P-distances ranging from 0.00 to 0.09 relative 

to each other, with a mean nucleotide P-distance for all Soweto subtype B 

genotypes of 0.05 (Table 3.2 B). The intergenotypic P-distances of the Soweto 2001 

sequences ranged from 0.051 (GB3 and SAB3) to 0.078 (SAB1 and SAB3) (Table

3.3 B). The intragenotypic P-distance for SAB1 and SAB3 was 0.015 and 0.025, 

respectively. This suggests that the highest level of nucleotide variation occurred in 

SAB3, the dominant outbreak genotype. The intergenotypic P-distance ranged from 

0.043 (SAB1 and GB2) to 0.119 (SAB2 and SAB4) when Soweto sequences and 

previously identified genotypes were considered.

3.2.5 G-protein gene nucleotide mutation analysis during the 2001 

outbreak

Subtype A

Appendix C shows the nucleotide variability observed within the unique nucleotide 

sequence groups found in subtype A during the 2001 outbreak Most of the 

nucleotide changes observed in the subtype A sequences were genotype-specific. 

Point mutations were the only type of mutations observed. Transitions exceeded 

transversions (Ts:Tv = 4.59) with UC+CU transitions dominating AG+GA transitions 

in subtype A (Figure 3.4). Since the ancestral virus strain is unknown, the forward



and reverse nucleotide changes (UC and CU; AG and GA, etc.) were combined for 

these calculations.

Subtype B

In Appendix C, the Soweto subtype B sequences are aligned to the B1 prototype 

strain. Mutations in subtype B were mostly genotype-specific point mutations. In 

subtype B, transitions also exceeded transversions (Ts:Tv = 6.15) with UC+CU 

transitions dominating AG+GA transitions (Figure 3.4).
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1UG+GU 
s  UC+CU
□ IA+AU 
■ CG+GC
□ AG+GA 
IAC+CA

Type of changes

Figure 3.4 Frequency of specific types of transitions (AG+GA, UC+CU) and transversions 
(AC+CA, UA+AU, CG+GC, UG+GU) within the G-protein of Soweto 2001 sequences.



3.2.6 Estimates of selection

To estimate if positive selection played a role in the variation observed in subtypes 

A and B during the 2001 outbreak, the ratio of nonsynonymous substitutions per 

nonsynonymous site (Ka) to the number of synonymous substitutions per 

synonymous site (Ks), were calculated according to the modified Nei Gojobori 

method (Kumar et al., 2000), where ratios of Ka/Ks »  1 suggest possible positive 

selection (Hurst, 2002; Nei et al., 2000). Table 3.4 indicates the Ka/Ks ratios 

calculated for the single 2001 outbreak (subtype A and B), as well as the Ka/Ks ratio 

of the G-proteins of Soweto sequences over five consecutive seasons, combining 

the 2001 outbreak with sequences previously identified in Soweto (1997 -  2000) 

(Venter etal., 2001).

Subtype A
When comparing the nucleotide sequence of the Soweto 2001 sequences to 

previously identified Soweto sequences, indications of positive selection over 

consecutive seasons (1997 to 2001) were found (Table 3.4 A1). When the Soweto 

2001 genotypes were compared to each other and the A2 prototype strain, average 

Ka/Ks ratios of greater than 1 was observed between the GA2 and GA5 genotypes 

(Table 3.4 A2). Ka/Ks ratios of more than 1 were also observed within the GA5 

sequence groups identified during the 2001 outbreak, suggesting positive selection 

within and between genotypes in the 2001 outbreak (Table 3 4 A3) The mean 

Ka/Ks ratio relative to the A2-prototype strain for the Soweto subtype A sequences 

was 1.75.

Subtype B

The Ka/Ks ratios of all subtype B genotypes with the exception of SAB2, were 

greater than one (>1), when compared to Soweto sequences from previous seasons 

(Table 3.4 B1). When the subtype B 2001 genotypes were compared to each other 

and the B1 prototype strain, the Ka/Ks ratios of all the Soweto genotypes (GB3, 

SAB1 and SAB3) was greater than 1 (Table 3.4 B2). Ka/Ks ratios of more than one 

(>1) was also observed in the unique sequence groups identified in SAB3. This 

suggests possible positive selection within the 2001 outbreak (Table 3 4 B4) (Hurst, 

2002). The mean Ka/Ks ratio relative to the prototype B1 strain for subtype B was 

2 . 00 .
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Table 3.4 Ratio of nonsynonymous substitutions per nonsynonymous site (Ka) to synonymous substitutions per 
synonymous site (Ks) for all the Soweto genotypes. The average Ka/Ks ratios are calculated for all the identified Soweto 
subtype A genotypes (1997-2001) (Venter et al., 2001) relative to the A2 prototype strain (A1) as well as all the Soweto 
subtype B genotypes (1997-2001) relative to the B1 prototype strain (B1). Ka/Ks ratios are shown for the Soweto 2001 
subtype A (genotype A2) and B (genotype B2) relative to the A2 and B1 prototype strains, respectively The Ka/Ks ratios are 
calculated for the individual subtype A (Table A3: GA5; Table A4: GA2) and B (Table B3: SAB1; Table B4: SAB4) nucleotide 
sequence groups identified in the Soweto 2001 outbreak. Values greater or equal to one (>=1) are highlighted in blue 
SUBTYPE A
Al) Average Ka/Ks ratios for Soweto genotypes (1997-2001) relative to the A2 prototype strain:
Ka/Ks [1] GA1 [2] GA2 [3] GA5 [4] GA7 [5] SAA1
[1] A2 strain
[2] GA2 1.52
[3] GA5 1.41 » n
[4] GA7 1.31 131 a u
[5] SAA1 0 78 0.82 0.58 073
A2) Average Ka/Ks ratio for Soweto 2001 genotypes relative to the A2 prototype strain:

Ka/Ks [1] GA1 [2] GA2 [3] GA5 [4] SAA1
[1] A2 strain
[2] GA2 1 HH
[3] GA5 1.47 I ' . l

f4] SAA1 073 0.79 0.66
A3) Ka/Ks ratios for individual GA5 nucleotide sequence groups:

Ka/Ks III IV V VI

,ide sequence groups

III
IV
V
VI

0.5
0.01/0.00

1
a

0.75 9
A4) KaIYs ratio for individual GA2 nucleol

Ka/Ks 1 II
I
II 0.01/0.00

SUBTYPE B

Average Ka/Ks [1] GB1 [3] GB3 [4] GB4 (51 SAB1
[1] B1 strain
[3] GB3 111
[4] GB4 119 1.3
[5] SAB1 1)1 1.1 1.3
[6] SAB2 0 83 0.75 0.93 0.92
[7] SAB3 1(4 1.67 1.DB 1J1
[8] SAB4 1 14 m a 1 21 i a

[6] SAB2 [7] SAB3 [8] SAB4

0.54
__ t 1.21

B2) Average Ka/Ks ratios for Soweto 2001 genotypes relative to the B1 prototype strain:
Ka/Ks [1] GB1 [2] GB3 [3] SAB1 [4] SAB3
[1] B1 strain
[2] GB3 1.1
[3] SAB1 1JB 1.8
[4] SAB3 i.aa KB 1.33
B3) Ka/Ks ratio for individual SAB1 nucleotide sequence groups:

Ka/Ks IX X XI XII
IX
X 0.01/0.00
XI 0.02/0.00 0.03/0.00
XII 0.01/0.00 0.02/0.00 0.03/0 00

B4) Ka/Ks ratio for individual SAB3 nucleotide sequence groups:
Ka/Ks XIII XIV XV XVI XVII XVIII XIX XX XXI XXII XXIII XXIV
XIII
XIV 1
XV 1 0.01/0
XVI 1 0.75 0.75
XVII 0 0.5 0.5 0.5
XVIII 0.5 1 1 0.6 1
XIX 1 3 3 0.4 0.5 1.S
XX 1 0.75 0.5 0.8 0.5 0.6 0.8
XXI 0.02/0 3 2 2 2 1 J 2 1-6
XXII 2 0.01/0 0.01/0 1 1 2 4 0.75 3
XXIII 001/0 2 1 111 1 1 ID 1 0.02/0 2
xxiv 0.5 0 1 0.6 0.25 0.5 1.5 0.6 i.a 1 1



3.2.6 Amino acid analysis of Soweto 2001 sequences

The mean amino acid P-distance for the G-protein of the Soweto 2001 sequences 

was 0.13 and 0.09 for subtype A and B, respectively, suggesting higher variability at 

amino acid level than at nucleotide level (P=0.07 and 0.05 for subtype A and B, 

respectively), confirming findings of previous studies (Cane & Pringle, 1995; 

Martinez et al., 1999; Sullender et al., 1991b). Amino acid variation was higher in 

subtype A (P=0.13) than in subtype B (P=0.09). In total, 22 unique amino acid 

sequence groups could be identified, 7 for subtype A and 15 for subtype B, relative 

to 7 nucleotide sequence groups for subtype A and 17 nucleotide sequence groups 

for subtype B, suggesting some nucleotide changes were silent. In Figure 3.5 the 

amino acid alignment of the unique sequence groups identified in 2001 are shown 

relative to the prototype strains (A2 and B1 for subtypes A and B, respectively).

Subtype A

The intergenotypic amino acid P-distance for the Soweto 2001 subtype A 

sequences ranged from 0.117 (GA2 and SAA1) to 0.213 (GA2 and GA5). The 

intragenotypic P-distance of the Soweto 2001 sequences was 0.015 and 0.034 for 

GA2 and GA5, respectively (Table 3.5 A). The mean proportion of nucleotide 

substitutions resulting in amino acid changes among the Soweto 2001 sequences 

was 61 % for subtype A.

The seven unique amino acid sequence groups identified within subtype A during 

the 2001 outbreak are indicated in Figure 3.5. Single amino acid substitutions were 

noted within the subtype A alignment, when sequence groups identified at the start 

of the 2001 epidemic (groups I and III) were compared to sequence groups 

identified at the end of the epidemic (groups II and IV-VII).

Martinez et al. (1999) have shown that changes in protein length correlates with the 

classification of RSV in different genotypes. The use of alternative stop codons has 

been associated with antigenic variation found in escape mutants that recognise 

strain-specific epitopes (Melero et al., 1997). This phenomenon was more 

pronounced in the subtype B Soweto isolates than in subtype A. Table 3.6 illustrates 

the differences in stop codon usage that results in different amino acid sequence

C h a p te r  3:
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lengths for different RSV sequence groups. The Soweto 2001 subtype A viruses 

had limited variation in the length of the G-protein, which corresponds with previous 

findings for subtype A (Garcia et a i, 1994). All the Soweto 2001 subtype A 

sequences terminated at the UAG triplet at nucleotide position 913 of the G-gene, 

resulting in a protein length of 299 amino acid residues (GA2 and GA5), with the 

exception of one SAA1 sequence which resulted in a protein length of 298 amino 

acid residues and used a UAG stop codon at nucleotide position 910.

Subtype B

The intergenotypic P-distance between genotypes identified in the 2001 epidemic 

ranged from 0.1 (GB3 and SAB3) to 0.161 (GB3 and SAB1). The intragenotypic P- 

distance within the subtype B genotypes was 0.04 and 0.044 for SAB1 and SAB3, 

respectively (Table 3.5 B). The proportion of nucleotide substitutions resulting in 

amino acid changes among the Soweto 2001 sequences was 57 % for subtype B.

Of the 22 unique amino acid sequence groups identified in this epidemic, fifteen 

belonged to subtype B (Figure 3.5). Single point mutations could also be identified 

for subtype B between the early strains identified in March (SAB1 (sequence group 

IX) and SAB3 (XIII, XIV and XV)) when compared to later sequence groups in the 

same genotype (SAB1 (sequence groups X-XII) and SAB3 (XVI-XXII) Many of 

these amino acid changes resulted in amino acid residues that belong to different 

classification groups.

The subtype B sequences had more variation in stop codon usage than subtype A 

(Table 3.6). GB3, SAB1 and SAB3 G-protein translations resulted in amino acid 

sequences of 299, 295 and 295 or 299, respectively, with the exception of three 

SAB3 isolates (G36S01, G42S01, and 0219KS01) which each had 292 residues. 

When the codon triplet at position 892 of the G-gene was CAA instead of UAA, the 

UAG termination codon at position 901 was used, which was the case for all the 

SAB1 sequences and two of the SAB3 sequences (V2004KS01 and G102S01). 

Changes in the first and second termination codons in subtype B resulted in amino 

acids sequence lengths of 299, and the UAG stopcodon at position 913 was used. 

Therefore the total number of subtype B isolates using the first, second and third in­

frame termination codons was 14, 21 and 37, respectively.
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A:
220 * 240 ★ 260 * 280 * 300

A2 GAl KKDPKPQTTKSKEVPTTKPTEEPTINTTKTNIITTLLTSNTTGNPELTSQMETFHSTSSEGNPSPSQVSTTSEYPSQPSSPPNTPRQ [298]
0069KS01 GA2_I ............ , . P . . . L . , K. o. Pv . . .......... ..H..LK. T rp T . V  . T O  T . S . . TK™ [298]
157KS01 GA2 II »••••« ___P...L. . K. S• R • • ° °.......... .H. . . K. T . Y. . Y .SL. . S. .TKW [298]
0 2 4 0 KS 01_GA5_I11 . P. . A. . K. . I. . P.. Pw . . .. MS . . L. H. . . E. L 'V . IY . . T . . P..S.ITD. [298]
G148S01 GA5 IV # L. ....P..A......K. . . . I. . P.. R.. . ♦ MS. . L. H . . . E. . T . . ,. IH. . K. L.. . P..S.ITD. [298]
G160S01 GA5_V ....P..A............§ . I. . P.. R.. . . NS. . L. H . . . E . L • T. . IY . . T . . P..S.ITD. [298]
G58S01 GA5 VI L ___P.TE. . ....DK. . I. . P.. R.. . NS ♦ . L. H. . . E.. L . T. . .. i y . L .. .P. . S . ITD. [298]
VG143S01 SAA1 VII ...L... . . . P.... ....KS. . ............ .R___ .N. . .___H...K. .L. . .......... . . Y . .. . .L. . .P. •S..TN- [297]

B:

220 •k 240 * 260 * 280 * 300
B1_GB1 KRDPKTPAKTTKKETTTNPTKKPTLTTTERDTSTSQSTVLDTTTLEHTIQQQSLHSTTPENTPNSTQTPTASEPSISNSTQNTQSHA [299]
0137KS01 GB3 VIII .......IL. .N. . . .K___S. [299]
G19S01 SABI IX T T IS TL. . [2 95]
V0041KS01 SABI X T T V AL. . [295]
193KS01 SABI XI T T IS .TP. . . . .L. [295]
0227KS01 SABI XII 
G36S01 SAB3 XIII

T T V ....SK. .TL. ....... K. .F...... . LEA--- [2 95]
[292]

G7S01 SAB3 XIV .... L. T [299]
G31S01 SAB3 XV .... L. T . ..A.SG. M [299]
V2004KS01 SAB3 XVI . .L. .SK. D . .KL--- [295]
G68S01 SAB3 Xvfl .....L. T I PK. *3 [299]
VG72S01 SAB3 XVIII T .PK. .G. . ...A.SG. .p....... . .KL--- [295]
0112KS01 SAB3 XIX .....L. T V ..KL..Y. [299]
G102S01 SAB3 XX .... L. T V D [295]
0140KS01 SAB3 XXI .....L. T M T [299]
0219KS01 SAB3 XXII .........L. T . ..A.SGY [292]

Figure 3.5 The amino acid alignment of the G-protein's second variable region of the unique RSV sequence 
groups identified in the 2001 Soweto outbreak. The alignments are shown relative to the prototype strains for 
subtype A (A2) and B (B1), respectively. The genotype and the unique sequence group (indicated in roman figures) 
are indicated next to the specimen name and the amino acid length is indicated at the end of each sequence.
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Table 3.5 Amino acid P-distances within and between Soweto genotypes. The average amino acid P-distance 
for the Soweto 2001 sequences are relative to genotypes identified in other studies. The intragenotypic P-distance 
is shown on the diagonal.

Chapter 3

A:
Soweto 2001 sequences:

GA2 GA5 SAA1
GA2 0.015
GA5 0.213 0.034
SAA1 0 117 0.141 n/c

B:
Soweto 2001 sequences:

GB3 SAB1 SAB3
GB3 n/c
SAB1 0.161 0.040
SAB3 0.100 0.140 0.044

Table 3.6 Differences in termination codon usage by Soweto sequences (2001). The 7 C-terminal codons of 
the G-protein mRNA are shown for the prototype strains (A2 for subtype A, B1 for subtype B) and the unique amino 
acid sequence groups identified in Soweto during 2001 The sequences correspond to the amino acid positions 
292 to 299, and the nucleotide position of 892 to 915 for the G-gene. The corresponding translated amino acid 
sequences of the prototype strains are shown above the nucleotide codons.

Subtype A
Amino acid position 
Nucleotide position

292
892-894

293
895-897

294
898-900

295
901-903

296
904-906

297
907-909

298
910-912

299
913-915

A2 aa P P N T P R Q A

A2nt CCA CCC AAC ACA CCA CGC CAG UAG
0069K GA2 I CCA UCC AAC ACA ACA AAG UGG UAG
157KS01 GA2 II CCA u cc AAC ACA ACA AAG UGG UAG
0240KS0? GA5 III CCA UCC AAC AUA ACA GAC CAG UAG
G148S01 GA5 7v CCA ucc AAC AUA ACA GAC CAG UAG
G160S01 GA5 V CCA ucc AAC AUA ACA GAC CAG UAG
G58S01 GA5 VI CCA ucc AAC AUA ACA GAC CAG UAG
VG143S01 SAA1 VII CCA ucc AAC ACA ACA AAC UAG UAG

Subtype B
Amino acid position 
Nucleotide position

292
892-894

293
895-897

294
898-900

295
901-903

296
904-906

297
907-909

298
910-912

299
913-915

B1 aa Q N T Q S H A A

B1 nt CAA AAU ACC CAA UCA CAU GCU UAG
0137KS01 GB3 VIII CAA AAA c u e CAG UCA UAU GCU UAG
G19S01 SAB1 TX CAA GAA GCC UAG UCA UAU GCU UAG
V0041KS01 SAB1 X CAA GAA GCC UAG UCA UAU GCU UAG
193KS01 SAB1 XI CAA GAA GCC UAG UCA UAU GCU UAG
0227 KS01 SAB1 XII CUA GAA GCC UAG UCA UAU GCU UAG
G36S01 SAB3 XMI UAA AAA c u e UAG UCA UAU GCU UAG
G7S01 SAB3 XIV CAA AAA c u e CAG UCA UAU GCU UAG
G31S01 SAB3 XV CAA AAA c u e CAG UCA UAU GCU UAG
V2004KS01 SAB3 XVI CAA AAA c u e UAG UCA UAU GCU UAG
G42S01 SAB3 XVII UAA AAA c u e UAG UCA UAU GCU UAG
G68S01 SAB3 XVIII CAA AAA c u e CAG UCA UAU GCU UAG
VG72S0il SAB3 XIX CAA AAA cu e UAA UCA UAU GCU UAG
0112KS01 SAB3 XX CAA AAA c u e CAG UCA UAU GCU UAG
G102S01 SAB3 XXI CAA AAA c u e UAG UCA UAU GCU UAG
0140KS01 SAB3 XXII CAA AAA cu e CAG UUA UAU GCU UAG
0219KS01 SAB3 XXIII UAA AAA cu e UAG UCA UAU GCU UAG
G154S01 SAB3 XXIV CAA AAA cu e CAG UCA UAU GCU UAG
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3.2.7 G-protein amino acid variation over consecutive epidemics

In Figure 3.6, the Soweto 2001 genotypes and previously identified Soweto 

genotypes (Venter et al., 2001), are aligned relative to the overall consensus 

sequence. Genotype-specific amino acid substitutions could be identified within the 

Soweto 2001 sequences, confirming previous studies (Peret et al., 1998; Venter ef 

al., 2001). To determine if genotype-specific amino acid substitutions might result in 

changes in the secondary protein structure, the hydrophilic, hydrophobic and special 

amino acid residues associated with secondary folding (cysteine, glycine and 

proline) (Lodish et al., 1995), were colour-coded. Various amino acid changes 

associated with hydropathic changes within the G-protein of the Soweto 2001 

isolates are visible.

Lambert et al. (1988) found that RSV infectivity is associated with N- and O-linked 

sugars. In Figure 3.7, the N- and O-glycosylation sites are indicated for the Soweto 

G-protein sequences identified in 2001 and previous seasons. Three N- 

glycosylation sites were identified in the Soweto 2001 subtype A and B sequences. 

The N-glycosylation positions were conserved within subtype A with the exception 

of the second site that moved one position forward in SAA1 and GA5. In subtype B, 

one N-glycosylation site was strain-specific and two were conserved in most 

subtype B sequences.

The amino acid sequences of both subtypes A and B are threonine rich (residues 

220 to 269, for subtype A and residues 217 to 294 for subtype B). It has been 

suggested that the high serine and threonine content provide potential sites for O- 

glycosylation and that this may influence antibody recognition of certain variable 

epitopes (Garcia-Beato et al., 1996). Mucin type O-glycosylated serine and 

threonine residues were therefore predicted for both subtypes using NetOglyc 

version 2 (Gupta et al., 1999). In the subtype A and B sequences (including 

prototype strains), 37 and 35 O-linked sites were identified, respectively (Figure 

3.7). In the subtype A sequences, 5 sites were conserved in all sequences and 15 

were genotype-specific. In subtype B, 4 sites were conserved in all sequences. 

Most O-glycosylated sites were strain-specific, but 9 were genotype-specific.



A:
S A 9 0 V 1 7 3 G A 2  
SA9 9V I 2 2 9_GA2 
SAG 019 GA2
SAG 02 0_GA2 
SA0004 GA2 
G 0 6 9KS 01_GA2_I 
157KS01 GA2 II 
AE4029B01 GA2 
■A 97 D 8 5 2_GA5 
S A 9 7 D 1 1 3 1 G A 5  
SA97D804_GA5 
HA99VI395_GA5 
SA0012 GA5 
D204KS01_GA5_TII 
HI 4 8SG1_GA5_.IV 
916 OS 01_GA5_V 
950SOI GA5_VI 
BB5 07 6 P T 0 1 G A 5  
ILI3 05 9 C T 0 1 G A 5  
S A 9 7 D 5 4 0 G A 7  
■ A 9 7 D 6 6 9 S A A 1  
■ A9 9V3 41_SAA1 
■A98D7 07_SAA1 
■ A 9 9 V 1 4 8 4 S A A 1  
■A99V1239_SAA1 
HA99V64 0_SAA1 
BG14 3S01 SAA1 VLl|

220
kKD kPQTTkpke 

|P 
. F 
IP
I p 
|p

. p

* 240
tTKpTek TIN Tk

2 60 * 
EhTSq EtlHsT sEGN

280
SpsQ yTTSeYlSQ SPsN

B:

SA9 9VI32 5_SAB2 
SA99V800 SAB2
■ A 9 8 V 3 7 2 S A B 3  
HA98D505 SAB3 
S A 9 8 D 1 3 0 3 S A B 3  
■A98V146 SAB3 
*23_98Ag_SAB3 
IA99V429 SAB 3 
BA0027_SAB3 
BAO 02 8_SAB3 
H 3 6 S 01_SAB3_XIII 
i 7 S 01_SAB3_X1V
■ 31 SO 1 SAB3_XV 
W 2 0 0 4 K S 0 1 S A B 3  XVI
■ 68SOI_SAB3 XVJI 
■G72S01_SAB3_XVIII 
D112KS01 SAB3 XIX 
■ 1 0 2 S 0 1 S A B 3  XX 
B140KS01 SAB 3 XXI 
B219KS01 SAB3 XXII 
■f t90Dl

220 * 240 * 260 * 280 *
krdpkt AKtlkkEttTnPTkkpt ktTErDtSTsqstVLDT ts ht qQQslhSTtpEntPNstQtpTaSEPsTsNsTq

Figure 3.6 Illustration of genotype-specific mutations and mutations that may affect the secondary structure of the 
G-protein. A m in o  ac id  a lig n m e n t o f S o w e to  2 0 0 1  s e q u e n c e  g roups a n d  p rev iou s ly  iden tified  s e q u e n c e s  from  S o w eto  
(1 9 9 7  to 2 0 0 0 )  (V e n te r  e t  a /., 2 0 0 1 )  T h e  G -p ro te in  a lig n m e n t is re la tive  to th e  c o n s e n s u s  s e q u e n c e  show n ab o v e  All the  
hydroph ilic  a m in o  ac ids  (D , E, H , K, R, N, Q, S , T ) a re  in d ic a te d  in d iffe ren t sh a d e s  o f b lue, w h ile  the  hyd ro ph ob ic  am ino  
acids (L, I, V , M , A ) a re  co lo u red  in d iffe ren t s h a d e s  o f red. S p e c ia l am in o  ac ids  (G , P, C ) a s s o c ia te d  with the  secon dary  
structure , a re  m a rk e d  in ye llow  (Lo d ish  e t  a /., 1 9 9 5 ). P ro files  for su b typ e  A (A ) a n d  B (B ) w e re  c re a te d  with G e n e d o c  
vers ion  2 .6 0 0 1  (w w w .p s c .e d u /b io m e d /g e n e d o c ).

http://www.psc.edu/biomed/genedoc


68G 68G 25G 25G 78G 78G

A2_GA1
SA98V173GA2 
SA99V1229 GA2 
SAO 019_GA2
SA0020_GA2
SA0004_GA2
0069KS01_GA2_I
157KS01_GA2_II
AB4029B01GA2
SA97D852_GA5
SA97D1131_GA5
SA97D804_GA5
SA99V1395 GA5
SA0012_GA5
0240KS01_GA5_III
G148S01_GA5_IV
G160S01_GA5_V
G58S01_GA5_VI
AB5076PT01_GA5
AB3059CT01_GA5
SA97D540_GA7
SA97D669_SAA1
SA98V341_SAA1
SA98D707_SAA1
SA99V1484_SAA1
SA99V1239SAA1
SA99V640_SAA1
VG143S01 SAA1 V II

220 * T V  240^' * 260 » - I  T T  3 f i f  y  • V  300
KKDPKPQTTKBKEVPTTKP? ;pglNTTKTNIlT%LLTSNTTGNPEL-,ESQMETbHSTSSEA3PEPS. VilTf SeYPSQPSSP NTPRQ 

. . . .jr f . . . TRfl|......... ..........
-H

B1_GB1
SA98V49 GB2
SA99V439GB2
sa97dl887_GB3
sa9/D934_GB3
SA98D796_GB3
SA98V220_GB3
0137KS01_GB3_VIII
SA97D1107_GB4
SA98V4 68_GB4
SA0025 SABI
G19S01SAB1IX
V0041KS01_SAB1_X
193KS01_SAB1_XI
0227KS01_SAB1_XII
SA99V1325_SAB2
SA99V800_SAH2
SA98V372 SAB3
SA98D505_SAB3
SA98D1303_SAB3
SA98V146 SAB3
A23_98Ag_SAB3
SA99V42 9_SAB3
SA0D27_SAB3
SA0028_SAB3
G36S01_SAB3_XIII
G7S01_SAB3_XIV
G31S01_SAB3_XV
V2004KS01_SAB3_XVI
G42S01_SAB3_XVII
G68S01_S AB 3_XVI I I
VG72S01_SAB3_XIX
0112KSO1_SAB3_XX
G102S01_SAB3_XXI
014 OKS01_SAB3_XXII
0219KS01_SAB3_XXIII
SA98D1656 SAB4

. . .LS.SPj.iE- -TN.

. . . L. .SI..........TKW
I . . l|  . f  L i . | . /TKW 
I . .L . .S L . . . .TKW

L . . S L .. 8 . .TKW 
. . . L. . SL. .  .TKW 

-L ..S L .. -TKW 
l l . 3 l l . i -  -TKW

298]
298]
298]
2981
298]
298]
298]
298]
298]
298]
297]
298] 
298] 
298] 
298] 
298] 
298] 
298] 
298] 
298] 
290] 
297] 
297] 
297] 
297] 
297] 
297] 
297]

300
KRDPKgPAKjCTKKETTTNPBKKPlLTiEIERDTSTSQfi!iVLDTTTLEHTIQQQSLH,7Ty PENBPNSTQTPtASEPBTSNSTQUTQSHA [ 299]

GA------[295]
. E.'.GA------[295]

KL.. Y . [299] 
i.|.-KL..Y.]299] 
T.|..KL..Y.[299]

----------1292]
. . .^JCL. . Y. (299)
■ ■ ■ 2 .GA------ (295)

GA------  1295]
• H -G A ------[295]

■ EA------[295]
- l a ------[295]
j :a------(295]
LEA------[295]
-KP------ [295]
IIP------ [295]

J IL . .Y . [299] 
K L.,Y .]299]

.KL------ [295]

.KL------ ] 295]
L------ [295 ]

KL. . Y. [299]
------------ 1292]
------------ 1292]
------------ [292]
J IL . .Y. [2 99] 
j : L .  . Y. (2 99]
• «;L------- [295]

------[292]
K L . . Y . [299]
KL------ [ 295]
KL. . Y . [299]

------ 1 295]
. LY. [299]
----- [292]

j : . ------- [295]
Figure 3.7 The amino acid alignment of subtype A and B Soweto 2001 sequence groups. Both alignments are relative to the prototype strains, A2 
for subtype A and B1 for subtype B The strain (indicated with roman figures) and the genotype is indicated next to the isolate number The N- 
glycosylation sites are underlined in the sequences and were predicted by ProSite The O-glycosylation sites predicted with NetOGIyc 2.0 are highlighted 
in green. Differences in amino acid sequence lengths are indicated by semi-colons at the end of each sequence A) The position and names of strain- 
specific epitopes are indicated by blue residues and in the blocks above subtype A, respectively. The position of amino acid changes in the South African 
solates (indicated by red residues) in strain-specific epitopes are indicated by green arrows and the position of nature occurring strains which fail to react 
with monoclonal antibodies are indicated with pink arrows. B) Because of a lack of published G protein epitopes for subtype B, four potential antigenic 
sites, predicted with Antheprot 2000 version 5.2 (Deleage e t a l,  1988) (http://antheprot-pbil.ibcp.fr) are indicated above the subtype B sequences to show 
the correspondence to positions of glycosylation

http://antheprot-pbil.ibcp.fr
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3.2.8 Antigenic variation in the G-protein

Strain-specific epitopes have been mapped within the C-terminal hypervariable 

region of subtype A sequences (Reviewed by Melero et a i, 1997). The positions of 

epitopes 68G, 78G and 25G that were identified from either escape mutants or 

natural occurring strains that failed to react with G-protein specific monoclonal 

antibodies raised against the subtype A prototype strain, are indicated in Figure 3.8 

(Cane & Pringle, 1995; Garcia et a i, 1994). Some of the amino acid changes 

identified within the Soweto sequences are associated with epitope loss as 

illustrated with escape mutants and natural occurring strains (summarised in Table 

3.7). Two amino acid changes associated with reactivity loss with monoclonal 

antibody 25G (amino acid position 265) and 78G (position 293), respectively, were 

conserved in all Soweto sequences.

Since no information was available about amino acid changes associated with 

epitope loss in subtype B, potential epitopic sites were predicted with Antheprot 

2000 version 5.2 (Deleage et al., 1988) (http;//antheprot-pbil ibcp fr). Antigenicity 

(Parker et a i, 1986) and hydrophobicity (Kyte & Doolittle, 1982) plots are shown in 

Figure 3.8 for the Soweto subtype B sequences. Using these plots, 4 potential 

antigenic sites could be identified in subtype B (amino acid residues 223 to 232, 234 

to 245, 266 to 270 and 276 to 282). Amino acid variations are evident within all four 

predicted antigenic regions in Figure 3.7. This suggests that potential epitopes 

residing in these predicted antigenic regions, may also be affected by amino acid 

variation.
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Table 3.7 Amino acid changes identified in RSV subtype A strain-specific epitopes residing in 
the second variable region of the G-protein. The known amino acid mutations associated with 
epitope loss previously identified in escape mutants (dark gray) and natural occurring strains that fail 
to react with monoclonal antibodies (light gray) (Garcia et a/., 1994; Cane & Pringle, 1995), are 
indicated.

Epitope Amino acid change Isolate/genotype
68G 232 E - D SA98V173 GA2.SA0012 GA5, G58S01 GA5, AB3059CT01 GA5

233 E -  K/R All genotypes / SA97D669 SAA1
234 P - 5 SAA1
244 T - P GA5

78G 280 S -  Y / H All genotypes/ G148S01 GA5 IV
284 E - K G148S01 GA5 IV
293 P - S All genotypes

25G 265 F - L All genotypes
274 P -  L / 1 / T SA99V1229 GA2, SA0004 GA2.157KS01 GA2 II 

/A0019 GA2, SA0020 GA2, 0069KS01 GA2 I /GA5

Figure 3.8 Identification of antigenic sites within the subtype B isolates by means of 
antigenicity and hydrophobicity plots. Physicochemical profiles were created with Antheprot 2000 
version 5.2 (Del6age et at, 1988) The amino acid position is relative to the sequenced fragment of 
the second variable region of the G-protein (amino acids 
835 to 915 of the G-protein)
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3.2.9 Genotype displacement over 5 consecutive seasons in Soweto

In a study of the genotype circulation over four consecutive RSV seasons at Chris 

Hani Baragwanath hospital, Venter et al. (2001) demonstrated displacement of the 

dominant genotypes from season to season, which corresponded to findings in 

other studies (Cane, 2001; Choi & Lee, 2000; Peret et al., 2000). However, during 

1999, one genotype became dominant and persisted in the next season as the 

dominant genotype (GA2). To further clarify the genotype distribution and switching 

over consecutive seasons in Soweto, the results of the 2001 genotyping data was 

combined with the previous seasons described by Venter et al. (2001). Figure 3.9, 

illustrates the genotype distribution for subtypes A and B at the Chris Hani 

Baragwanath hospital from 1997-2001. In 1997 GB3 and GA5 co-dominated, but 

both genotypes gradually declined until 2001 when only a few specimens of each 

were found. In 1998 SAA1 and GB3 were the dominant genotypes. GA2 was the 

dominant genotype during 1999 and 2000, but was clearly replaced by SAB3 in 

2001. SAB1 became a prominent genotype in 2001, but was only present at a low 

frequency in 2000. SAA1 also gradually declined from 1998 when it was dominant 

until 2001 when it made up only 1% of the specimens.

Figure 3.9 Genotype distribution of RSV subtypes A and B during 1997 -  2001 at Chris Hani 
Baragwanath hospital.
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3.3 DISCUSSION

Limited data have so far been available about the molecular epidemiology of RSV 

outbreaks in developing countries, especially Africa (Cane et al., 1999; Roca et al., 

2001; Venter et al. , 2002; Venter et al., 2001). A previous molecular epidemiological 

study conducted over four consecutive seasons (1997-2000) in Soweto, South 

Africa, suggested both subtypes can circulate concurrently, and that switching of the 

predominant genotypes occur (Venter et al., 2001). The authors showed that in 

1997 and 1998, subtypes A and B co-circulated equally while subtype A 

predominated during 1999 and 2000. In 1999, the GA2 genotype became dominant 

with 42% of specimens falling in this group and increased even further to 78% in 

2000 (Figure 3.9). The authors suggested that it is unusual for one genotype to 

predominate for more than one season, when considering other studies conducted 

in the rest of the world. During 2000 this genotype (GA2) was also isolated in 

different locations across the country, suggesting that highly effective and fit strains 

may have the ability to spread nationwide (Venter ef al., 2002; Venter ef al., 2001).

To determine if this was a once-off phenomenon and if herd immunity would 

eventually overcome the effectiveness of this genotype to reestablish annual 

epidemics, the subsequent RSV seasonal outbreak (2001) also needed to be 

analysed. The transmission dynamics and the rate of molecular evolution in the G- 

protein in a single well-defined outbreak in South Africa has also not yet been 

determined. To look at these questions and the role of G-protein variability in the 

reestablishment of annual epidemics in South Africa, intensive phylogenetic 

analysis was used to investigate a RSV outbreak at Chris Hani Baragwanath 

hospital during the 2001 RSV season in Soweto.

Sequence analysis of the C-terminal hypervariable region of the G-protein has been 

reported to provide a reliable representation of the entire G-gene variability (Peret, 

et al., 1998) and so was used for this analysis. A nested PCR that was developed 

by Venter et al. (2002) was further optimised by using a hotstart step to increase the 

sensitivity and specificity for subtyping of RSV subtypes. This resulted in higher 

PCR product yield and was subsequently used as a standard methodology 

throughout this project.
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A total of 82 RSV-positive nasopharyngeal aspirates were obtained from children 

hospitalised at Chris Hani Baragwanath hospital in Soweto during a RSV outbreak 

that occurred from March to June 2001. It was shown that both RSV subtypes co­

circulated, but that subtype B dominated the outbreak with 89%, suggesting a 

definite displacement of the dominant subtypes from 2000 to 2001. Subtype A and 

B circulated equally in 1997, subtype B dominated in 1998, while subtype A 

predominated in 1999 and 2000 (Venter et a/., 2001). These data demonstrate an 

equally significant role of both subtypes in South African RSV outbreaks. Figure 3.2 

shows the distribution pattern of RSV subtypes over five consecutive seasons at the 

Chris Hani Baragwanath hospital.

It has been suggested that variability in the G-protein sequence may play a role in 

the reestablishment of annual epidemics (Reviewed by Cane, 2001). To look at this, 

the genetic variability of the RSV G-protein during the 2001 and previous seasons in 

the same community was therefore characterised using distance-based (neigbor- 

joining) and character-based (maximum likelihood) trees. Genotyping methods 

described by (Peret et at., 2000; Peret et a/., 1998; Venter etal., 2002; Venter et at., 

2001) were used to assign the Soweto sequences to genotypes Three subtype A 

genotypes (GA2, GA5 and SAA1) and three subtype B genotypes (GB3, SAB1 and 

SAB3) co-circulated during the 2001 Soweto outbreak. However, the subtype A 

genotype that dominated the previous two seasons (GA2) was clearly replaced by 

the SAB3 genotype, that dominated the 2001 outbreak with 69% followed by SAB1 

with 18%.

The SAB1 genotype has not been prominent during previous seasons; in fact only 

one SAB1 isolate has been identified in Soweto before. This may indicate that rare 

strains from one season may become prominent outbreak genotypes in the 

following season in an immunological naive population. The appearance and 

disappearance of genotypes has also been observed in previous seasons in 

Johannesburg (Venter et at., 2001), for example SAA1 was a prominent genotype in 

1998 but gradually declined until only one isolate was identified in 2001. The same 

could be said about GB3, which was common in 1997 although only one isolate was 

identified in 2001 (Figure 3.9). All this corresponds with the notion that rare



genotypes detected in some years can reappear and become prominent outbreak 

genotypes in future epidemics possibly when immunity declines in the population, 

while other previously dominant outbreak genotypes can disappear altogether 

(Cane et al., 1994). It has been suggested that genotype switching in each epidemic 

is driven by herd immunity to the particular dominant strain. This may subsequently 

restrict the circulation of the particular virus strain (Peret et al., 2000).

Martinez et al. (1999; 1997) found that AG+GA transitions dominated in subtype A 

and B sequences. Roca and colleagues found that AG+GA transitions were 

frequent among subtype A and UC+CU was common in subtype B (Roca et al., 

2001). It was found that transitions exceeded transversions with UC+CU transitions 

dominating AG+GA transitions in both subtype A and B in the Soweto 2001 

outbreak. A total of 24 unique nucleotide sequence groups could be identified within 

the 2001 outbreak, seven for subtype A and 17 for subtype B, demonstrating the 

high level of genetic variability that may occur during a single confined outbreak. 

Sequence analysis confirmed the previously described higher variability found for 

subtype A (Choi & Lee, 2000; Coggins et al., 1998).

Many of the strains present in the outbreak circulated concurrently throughout the 

epidemic. Most of the identified strains infected only one or two individuals, however 

the outbreak was clearly dominated by four strains (one SAB1 and three SAB3), 

which circulated up until the end of the epidemic (March to May for SAB1 strain IX 

and March to June for SAB3 strains XIII, XIV and XV). This may suggest that these 

four strains might have been the initial SAB1 and SAB3 outbreak strains, since they 

were isolated in the beginning of the outbreak and infected many individuals 

throughout the entire epidemic. The other SAB1 and SAB3 strains might have been 

a result of possible positive selection in the outbreak strains. It has been suggested 

that the observed co-circulation of genotypes during an outbreak could be 

considered to be concurrent separate epidemics taking place at the same time 

(Cane et al., 1994).

To determine what role positive selection plays in the G-protein variability observed 

during the 2001 outbreak, the nucleotide and amino acid P-distances were
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compared as well as the Ka/Ks ratio (the number of nonsynonymous substitutions 

per nonsynonymous site (Ka) to the number of synonymous substitutions per 

synonymous site (Ks)). When comparing the individual genotypes identified in the 

2001 outbreak to each other and to the prototype strains, nonsynonymous 

substitutions exceeded the synonymous substitutions in the 2001 genotypes GA2, 

GA5, GB3, SAB1 and SAB3 (Ka/Ks>1). When comparing the unique sequence 

groups identified within the individual genotypes, Ka/Ks ratios of greater than one 

(>1) was also identified for the unique sequence groups of GA5 and SAB3, 

providing strong evidence that positive selection occurred in this single outbreak 

(Hurst, 2002). In both subtypes transitions were also more prevalent than 

transversions. Sequence variation was also much higher at amino-acid level (mean 

amino acid P-distance 0.13 and 0.09 for subtype A and B, respectively) than at 

nucleotide level (mean nucleotide P-distance 0.07 and 0.05 for subtype A and B, 

respectively). Collectively these findings suggest that positive immune selection 

within genotypes may account for the emergence of altered strains observed later in 

each genotype and may contribute to the reestablishment of epidemics.

To further look at antigenic changes that may result from evolution in the G-protein, 

the amino acid translations of the sequences identified during the 2001 outbreak 

were analysed. Twenty-two different amino acid sequence groups could be 

identified, suggesting some nucleotide changes were silent, since 24 nucleotide 

sequence groups were found. Genotype-specific point mutations could be identified 

between the early SAB1 (IX) and SAB3 strain (XIII, XIV, XV) and the later strains (X 

to XII for SAB1, XVI to XXII for SAB3) of the same genotypes. Substitutions were 

also found among the subtype A strains, especially in the GA5 genotype. Many of 

these resulted in amino acid changes that may affect the antigenic structure of the 

G-protein (Figure 3.6). The subtype A isolates showed limited variation in the G- 

protein length, which corresponds with previous evolutionary studies in subtype A 

(Garcia et al., 1994; Martinez et al., 1999), while subtype B proteins were more 

variable in length (Martinez et al., 1999). Protein lengths of 298 (8 sequences) and 

297 (1 sequence) amino acids were identified and corresponded to the difference in 

termination codon usage between the strains of subtype A. Protein lengths of 299 

(37 sequences), 295 (21 sequences) and 292 (14 sequences) amino acids were
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observed in subtype B. The sequence changes in the termination codons may affect 

strain-specific epitopes residing in the C-terminal (Rueda et al., 1991; Rueda et al., 

1995; Martinez et al., 1997).

Palomo et al. (2000) found that carbohydrates in the C-terminal end of the G-protein 

influence the expression of certain epitopes by either masking it or contributing to 

antibody recognition. It has been reported that virus infectivity is sensitive to the 

removal of N- and O-linked sugars, indicating that carbohydrates are needed for the 

function of the G-protein (Lambert, 1988). High serine and threonine content provide 

potential sites for glycosylation, and antibody recognition is influenced by these 

carbohydrates in certain variable epitopes (Garcia-Beato et al., 1996). The N- 

glycosylation sites in the Soweto 2001 sequences were mostly conserved within 

subtypes while the O-glycosylation sites were genotype- and sequence-specific. 

The amino acid sequences of both subtype A and B were found to be threonine rich.

A close correlation between genetic and antigenic variation has been demonstrated 

in the G-protein, which suggested antigenic drift over time (Cane et al., 1995; Garcia 

et al., 1994). Amino acid changes that are thought to be associated with loss in 

monoclonal antibody recognition were presents in some of the Soweto 2001 

subtype A sequences. Amino acid variability was also noted in predicted antigenic 

sites within the subtype B sequences. Alterations in the antigenic structure of the G- 

protein might provide a way for the virus to effectively evade the immune response. 

This study illustrated the importance of genetic and antigenic variability within RSV 

subtypes and its potential role in immune evasion. This knowledge may contribute 

to the development of effective vaccines and vaccination strategies

In summary, extensive genetic and antigenic analysis was conducted on the G- 

protein of RSV clinical specimens from an outbreak at Chris Hani Baragwanath 

hospital in Soweto during 2001, to further clarify the molecular epidemiology of RSV 

in South African outbreaks. Subtype co-circulation and switching and displacement 

of the dominant genotypes of the previous season were found. The dominant 

outbreak genotype from the previous two seasons (GA2) was replaced by a new 

genotype in 2001. This may be a result of herd immunity that accumulated in the
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community over the previous two seasons. Extensive variability was seen between 

and within both subtypes, confirming previous molecular studies (Reviewed by 

Sullender, 2000). Results here also strengthen the argument that rare strains from 

previous seasons may become prominent outbreak genotypes in future epidemics 

as demonstrated for SAB1. The high ratio of transitions to transversions, an excess 

of nonsynonymous substitutions to synonymous substitutions and the fact that 

amino acid variability exceeded nucleotide variability, during the single outbreak 

were all indications of positive selection in the G-protein. This illustrates that positive 

selection occurs at a high rate throughout the epidemic and from one season to the 

next. Different amino acid lengths were also identified as a result of alternative 

termination codon usage. Martinez and colleagues have shown that this may affect 

strain-specific epitopes (Martinez et a/., 1997). Changes in antigenic structure of the 

G-protein might provide a way for the virus to effectively evade the immune 

response. Demonstration of mutations and glycosylation in specific antigenic and 

epitopic domains of RSV subtypes A and B further strengthen this argument. This 

study gives insight about molecular evolution occurring in RSV in a single well- 

defined outbreak and may contribute to the development of effective vaccines
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CHAPTER 4
RESULTS B:

ANTIGENIC VARIABILITY WITHIN THE RSV FUSION 

PROTEIN DURING ANNUAL EPIDEMICS

4.1 In t r o d u c t io n

The surface glycoproteins of RSV, the attachment (G-protein) and fusion (F-protein), 

are both targets for the neutralising antibody response (Johnson et al., 1987; Lopez 

et al., 1988). In Chapter 3 it was shown that positive selection in the variable G- 

protein may account for the extent of amino acid variability observed within each 

genotype. It is hypothesised that the resulting changes in important epitopes of this 

protein may give rise to new outbreak strains in future epidemics The F-protein 

which is highly conserved between the subtypes provides cross-protection against 

both RSV subtypes A and B in experimental animals (Taylor et al., 1984; Walsh et 

al., 1984). Evidence suggests that the F-protein is the major target for the protective 

immune response following RSV infection (Lopez et al., 1988). The majority of RSV- 

specific neutralising monoclonal antibodies are directed to the F-protein (Walsh & 

Hruska, 1983; Walsh et al., 1985). The F-protein is also a target for RSV-specific 

CTL (Cherrie et al., 1992; Pemberton et al., 1987). These properties make the F- 

protein a good candidate for subunit vaccine development. Therefore, an important 

objective is to determine if positive selection occurs in the F-protein of RSV 

genotypes identified over consecutive outbreaks in South Africa.

Evidence suggests that the F-protein is highly conserved between subtypes A and 

B, with an amino acid sequence homology of 91% (Johnson & Collins, 1988; 

Johnson et al., 1987). The F-protein is synthesised as an N-glycosylated precursor, 

the FO-protein, and cleaved into two disulfide-linked fragments (F1 and F2) of 

approximately 50 kDa and 20 kDa, respectively (Walsh & Graham, 1999). The FO- 

protein is cleaved by a furin-type intracellular protease at cleavage-activation sites 

(amino acids 131-136 (Collins et al., 1984) and amino acids 106-109 (Gonzalez- 

Reyes et al., 2001)), exposing a hydrophobic domain on the F1-subunit, which may 

be important in membrane fusion, cell tropism and pathogenicity (Collins et al.,



1984). A sequence motif suggestive of coiled coil structures is known as a heptad 

repeat (HR) (Buckland & Wild, 1989; Chambers et al., 1990; Singh etal., 1999). The 

F-protein contains three heptad repeats predicted to form coiled coils (HR1, HR2 

and HR3). Recently, it has been found that the F-protein core is a trimeric coiled coil 

(Matthews et al., 2000; Zhoa etal., 2000).

Escape mutants have been identified with group-specific point mutations in an 

antigenic site (subtype A) in the F1 chain of the F-molecule (Lopez et al., 1998). 

Reports suggest that many neutralising epitopes on the F-protein are 

conformational in nature and require glycosylation and folding in order to be 

recognised (Beeler & Coelingh, 1989). Multiple antigenic sites have been identified 

on the F-protein (Anderson et al., 1985), which includes certain conserved linear 

neutralisation epitopes related to the fusion function of the F-protein (Beeler & 

Coelingh, 1989; Martin-Gallardo et al., 1991; Walsh et al., 1986b) as well as a 

conformational neutralising epitope (Lopez et al., 1990). HLA Class l-restricted CTL 

epitopes have also been identified in humans (Brandenburg et al., 2000; Rock & 

Crowe, 2003).

In a study conducted on RSV in Birmingham, the nucleotide and amino acid 

sequences of the F genes of isolates were found to be similar to published subtype 

A viruses from diverse geographical locations. No sequence changes could be 

identified in any known antibody epitopes. The authors found that the F2 subunit 

was more variable than the F1 subunit, which may be because of the greater 

number of potential glycosylation sites in this subunit (Plows & Pringle, 1995).

The RSV F-protein is highly conserved and not thought to undergo positive 

selection (Zheng et al., 1999). Evidence suggests that positive selection does not 

occur in the CTL epitopes of the highly conserved RSV nucleoprotein (N-protein) 

(Venter et al., 2003). However, recent findings in influenza virus have suggested 

that immune selection does occur in the CTL epitopes of the highly conserved 

influenza nucleoprotein (Boon ef al., 2002; Price et al., 2000; Voeten et al., 2000). 

This implies that regular updating will be needed in vaccines containing these CTL 

epitopes. The emphasis that is placed on the F-protein in RSV vaccine development
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makes it important to determine if immune selection occurs in both the neutralising 

antibodies and CTL epitopes of different RSV genotypes.

Therefore in this Chapter the F-protein of representatives of each genotype 

previously identified in South Africa, was analysed to determine the extent of 

nucleotide and amino acid variation between genotypes and to determine if positive 

selection occurs within the known antibody and CTL epitopes. To further look at the 

extent of conservation in the F-protein, the F-protein sequences were compared to 

other members of the Pneumovirinae subfamily. Since conformational epitopes exist 

in the F-protein, the secondary structure was analysed to determine the influence of 

amino acid variation on important epitopes and the antigenic structure of the F- 

protein. This is the first study that investigates the F-protein of South Africa isolates.
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4.2.1 Amplification of the F-protein

Clinical specimens (n=18) were selected from each of the subtype A and B 

genotypes identified in South Africa to date (Chapter 2, Table 2.1). The mRNA of 

the F-protein is approximately 1899 nucleotides long and encodes a protein of 

574 amino acids (Collins et al., 1984). A RT-PCR using subtype-specific primers 

was developed (Chapter 2, Table 2.3) for the amplification of the entire precursor 

F-protein (1 -  1729 bp) and resulted in PCR products of 1821 bp and 1760 bp for 

subtype A and B, respectively (Figure 4.1). The PCR was optimised for maximum 

product yield and specificity and could amplify all RSV genotypes.

Figure 4.1 RT-PCR products of RSV fusion protein for both subtypes. The RT-PCR resulted 
in products of 1821 and 1760 bp for subtypes A and B, respectively. Lane 1: Molecular weight 
size marker (100bp)(Roche, Manheim, Germany); Lane 2: Molecular weight size marker (0.12­
21.2 kbp) (Roche, Manheim, Germany); Lane 3: Specimen VR173 (GA2); Lane 4: Specimen 
0128K (GA5); Lane 5: Specimen D540 (GA7); Lane 6: Specimen D707 (SAA1); Lane 7: 
Specimen 0258K (SAB1); Lane 8: Specimen VR192 (SAB3); Lane 9: Specimen D1656 (SAB4); 
Lane 10: Specimen D941 (GB3); Lane 11: specimen D1107 (GB4); Lane 12: Positive control 
(subtype A); Lane 13: Negative control.



4.2.2 Sequence analysis

Sequencing primers were designed for the F-protein of subtypes A and B, 

respectively. These primers were useful in sequencing the F-protein genes of all the 

genotypes identified in South African to date. Primers were designed from the F- 

protein alignments of the prototype A2 (Collins et al., 1984), subtype A Long (Lopez 

et al., 1988), B1 (Karron et al., 1997) and subtype B 18537 (Johnson & Collins, 

1988) sequences obtained from the GenBank

4.2 2.1 Nucleotide analysis

The nucleotide pairwise distance (P-distance) of the sequenced F-protein of RSV 

ranged from 0.02 to 0.03 between the South African subtype A genotypes and from 

0.00 to 0.02 between the subtype B genotypes. The South African subtype A and B 

genotypes had 82% identity (P-distance 0.18). In Table 4 1, the P-distances 

between the F-proteins of individual specimens are indicated and ranged from 0.00 

to 0.18. The overall P-distance within subtype A and B was 0 02 and 0.01, 

respectively, suggesting that the F-protein sequences were more variable for 

subtype A than for subtype B.

Transitions exceeded transversions (transitionitransversion = 7.59 and 4.96 for 

subtypes A and B, respectively) and the synonymous substitutions per synonymous 

site (Ks) exceeded the nonsynonymous substitutions per nonsynonymous site for 

the F-protein. The overall Ka/Ks ratio was 0.07 for all subtype A genotypes and 0.09 

for all subtype B genotypes, while the combined Ka/Ks ratio for subtype A and B 

was 0.12 (Table 4.2). This suggested an absence of positive selection within the F- 

protein gene sequences identified in South Africa over 5 consecutive seasons and 

relative to the historic prototype strains isolated 42 years ago (1961).
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Table 4.1 The nucleotide pairwise distance of the F-proteins of all the South African genotypes.

SPECIMEN
GENOTYPE

A2
r,Ai

VR173
GA2

157K
GA2

D1131
GA5

128K
GAS

VR360
GA7

D54 0 
GA7

B1
GB1

D941
GB3

D796
GB3

VR4 68 
GB4

D1107
GB4

VR341 D707 00256K 0258K V800 VR192 
BAA1__ BA A1____BARI___  . SABI SAB2 SAB3

[A2GA1]
[VR173GA2] 0 . 0 4
[157KGA2] 0 . 0 4 0 . 0 1
[D1131GA5] 0 . 0 3 0 . 0 2 0 . 0 3
[ 128KGA5] 0 . 0 4 0 . 0 2 0 . 0 3 0 . 0 0
[VR360GA7] 0 . 0 4 0 . 0 2 0 . 0 3 0 . 0 3 0 . 0 3
[D540GA7] 0 . 0 4 0 . 0 2 0 . 0 3 0 . 0 2 0 . 0 2 0 . 0 0
[B1GB1] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7
[D941GB3] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 2
[D796GB3] 0 . 1 8 0 . 1 7 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 0
[VR468GB4] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 0 0 . 0 1
[D1107GB4] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1
[VR341SAA1] 0 . 0 4 0 . 0 3 0 . 0 3 0 . 0 2 0 . 0 3 0 . 0 3 0 . 0 3 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 8
[D707SAA1] 0 . 0 4 0 . 0 2 0 . 0 3 0 . 0 2 0 . 0 2 0 . 0 3 0 . 0 2 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 8 0 . 0 1
[0025KSAB1] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 1 0 . 0 2 0 . 0 2 0 . 0 1 0 . 1 8 0 . 1 8
[0258KSAB1] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 2 0 . 0 1 0 . 1 8 0 . 1 7 0 . 0 0
[V800SAB2] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 2 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 2
[VR192SAB3] 0 . 1 8 0 . 1 7 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 1 0 . 1 7 0 . 1 7 0 . 0 1 0 . 0 1 0 . 0 1
[0072KSAB3] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 0 0 . 0 1 0 . 0 1 0 . 0 1 0 . 1 7 0 . 1 7 0 . 0 1 0 . 0 1 0 . 0 1
[D1656SAB4] 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 7 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 1 0 . 1 8 0 . 1 8 0 . 0 1 0 . 0 1 0 . 0 2

I072K D1656
SAB 3___ SAB4



Table 4.2 Ratio of nonsynonymous substitutions per nonsynonymous site (Ka) to synonymous 
substitutions per synonymous site (Ks) for the F-proteins of subtype A (A), subtype B (B) and all the 
South African genotypes combined, relative to the prototype strains A2 and B1 for subtype A and B, 
respectively (A+B).

A: B:

KA/KS B1 GB3 GB4 SAB1 SAB2 SAB3 SAB4 II

B1

GB3 0.095

GB4 0 122 0 . 1 2 0

SAB1 0.122 0.049 0.103

SAB2 0.094 0.095 0.114 0.060

SAB3 0 098 0.083 0.077 0.050 0.091

SAB4 0 146 0.093 0.125 0.150 0.096 0.072 ]

KA/KS A2 GA2 GA5 GA7 SAA1

A2

GA2 0.079

GA5 0.140 0.037

GA7 0.100 0.013 0 071

SAA1 0.128 0.035 0.079 0.048

A+B:

KA/KS A2 GA2 GA5 GA7 SAA1 B1 GB3 GB4 SAB1 SAB2 SAB3 SAB4
A2
GA2 0 079
GA5 0.140 0.037
GA7 0.100 0.013 0.071
SAA1 0.128 0.035 0.079 0.048
B1 0 126 0.112 0.123 0.116 0.121
GB3 0.131 0.116 0.129 0.120 0.126 0.095
GB4 0.123 0.111 0.120 0.115 0.119 0.122 0.120
SAB1 0.128 0.114 0.126 0.118 0.122 0.122 0.049 0.103
SAB2 0.131 0.118 0.130 0.122 0.128 0.094 0.095 0.114 0.060
SAB3 0.128 0.113 0.126 0.119 0.125 0.098 0.083 0.077 0.050 0.091
SAB4 0.126 0.119 0.129 0.123 0.126 0.146 0.093 0.125 0.150 0.096 0.072



4.2 2 2 RSV F-protein amino acid analysis

The amino acid P-distances within the South African subtype A and B genotypes, 

ranged from 0.00 to 0.01 When comparing the South African F-protein sequences 

from both subtypes to the prototype strains (strain A2 and B1 for subtype A and B, 

respectively), the intergenotypic amino acid P-distances ranged from 0.00 to 0.11 

(Table 4.3). Subtype A and B shared 90% F-protein amino acid identity (P- 

distance=0.1). Sequence variation in the South African F-protein sequences was 

therefore higher at nucleotide level (P=0.18) than at an amino acid level (P=0.1), 

suggesting most mutations were silent.
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Table 4.3 Intergenotypic amino acid pairwise distance of the F-protein of the South African 
specimens relative to the prototype strains.

A2 GA2 GA5 GA7 SAA1 B1 GB3 GB4 SAB1 SAB2 SAB3 SAB4
A2
GA2 0 02
GA5 0 03 0.01
GA7 0 02 0.00 0 01
SAA1

~B1
0 03 0.01 0.01 0 01 n
0 10 0.09 0.09 0.09 0.09

GB3 0.10 0.09 0.10 0.09 0.09 0.01
GB4 0.10 0 09 0.10 0.09 0 09 0 01 0.01
SAB1 0.11 0.09 0.10 0.09 0 09 0 01 0.01 0 01
SAB2 0.11 0.09 0.10 0.09 0.09 0.01 0.01 0.01 0.10
SAB3 0.10 0.09 0.10 0.09 0.09 0.01 0.00 0.01 0.00 0.00
SAB4 0.10 0.10 0.10 0.10 0.01 0.01 0.01 0 01 0.01 0.01 0.01

4.2.2.3 Influence of Amino acid variability on the structural features of the F-

protein

Figure 4.2 shows the F-protein amino acid alignment of the South African genotypes 

and different members of the Pneumovirinae subfamily, and indicates their common 

structural features. The alignment shows that the signal domain differs between the 

human RSV subtypes and the existence of subtype-specific point mutations across 

the protein. A few genotype-specific mutations also occurred among the South 

African isolates relative to the prototype strains. Amino acid changes resulting in 

amino acids of different biochemical classification groups, which might affect the 

secondary structure of the F-protein, were identified. In all the subtype A genotypes, 

amino acid changes resulting in different chemical classes relative to the prototype



strain (A2), were noted at residues 25 (G—>S), 102 (P—>A), 103 (T—>A) and 122 

(A—>T). In subtype B an amino acid change resulting in a different chemical class 

relative to the prototype strain (B1) was also identified at residue 529 (T—>A).

Most glycine (G) residues, which may destabilise a-helical and (3-sheet 

conformations, were conserved within the South African genotypes and the 

prototype strains with the exception of one at position 25 (G—>S). These residues 

were found at intervals on the F-protein. All the cysteine residue positions were 

conserved between human, ovine and bovine RSV. It has been shown that 

glycosylation of the FO-protein of RSV, is inhibited completely in the presence of 

tunicamycin, suggesting that carbohydrate side chains are exclusively attached 

through N-linkage to asparagines residues (Huang et al., 1984; Huang Wertz, 

1983). All of the carbohydrate side chains predicted for the F-protein of the South 

African genotypes using ScanProsite (http://ca.exDasv.org/cgi-bin/scanprosite) were 

attached through N-linkage to asparagine (N) amino acid residues. Four to five, N- 

linked glycosylation sites were identified on the F2-subunit of each isolate and one 

on the F1-subunit (ScanProsite (http://ca.expasv.org/cgi-bin/scanprosite)). One 

conserved mucin-type O-glycosylated serine residue was predicted with NetOglyc 

version 2 (Gupta et al., 1999) for subtype A and B (position 405) A putative O- 

glycosylated threonine was identified in the sequence of specimen D707SAA1 

(position 13). The F1-subunit terminus (F-L-G) at amino acid position 137-140, was 

conserved between human, bovine and ovine RSV.
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Figure 4.2 Amino acid alignment of the F-protein sequences of the South African genotypes 
with bovine and ovine RSV (see Figure on following page). The structural features common to 
Pneumovirus fusion proteins are indicated above the sequence (Chambers e t al., 1992). The N-linked 
glycosylation sites predicted with ScanProsite (http://ca.expasv.org/cai-bin/scanprosite). are indicated with an 
arrow and the cysteine residues are shown with a green circle symbol (•). The O-linked glycosylation site is 
indicated with a blue square symbol (»).The cleavage sites are boxed in black and the F1-subunit terminus (F-L- 
G) is boxed in red.

http://ca.exDasv.org/cgi-bin/scanprosite
http://ca.expasv.org/cgi-bin/scanprosite
http://ca.expasv.org/cai-bin/scanprosite
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In Figure 4.3, the amino acid sequence identity within the two F-protein subunits (F1 

and F2) are indicated for RSV subtypes A and B. The F2 subunit of the F-protein 

consists of a signal domain, a conserved region, the C-terminal and two cleavage 

sites (Chambers et al., 1992; Collins et a/., 1984; Gonzalez-Reyes et al., 2001). 

When both RSV subtypes were taken into consideration, the signal domain (amino 

acid residues 1-23) was the most variable region within the F-protein, with an overall 

sequence identity of 26%. The conserved region (residues 24 -  87) was 91% 

identical, while the C-terminal (residues 88 -  130) was 69% identical. The cleavage 

site at amino acid position 131 to 136 was 100% conserved between subtypes, 

while the cleavage site within the C-terminal (residues 106 -  109) was 84% 

conserved. The F1-subunit consists of the fusion related domain (residues 137 -  

166), a conserved region (residues 167-306), a cysteine rich domain (residues 307 - 

144), a second conserved region (residues 442-524), a transmembrane domain 

(residues 525 -551) and a cytoplasmic tail (residues 552 -  574) (Chambers et al., 

1992). The amount of sequence conservation for the F1-subunit was 97% (fusion 

related domain), 92% (first conserved region), 93% (cysteine rich domain), 93% 

(second conserved region), 77% (transmembrane domain) and 86% (cytoplasmic 

tail), respectively. This suggests that the F1-subunit is more conserved than the F2 

subunit.



aa
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A
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NH2-4-----------------------------► ◄-------------------------------------------------------------------------------------------------------------►COOH
F2 subunit F1 subunit

Figure 4.3 Amino acid identity within the different RSV fusion protein domains. The percentages of identical amino acid 

residues are indicated within each regions. A) Amino acid identities within RSV subgroup A relative to the prototype strain, A2. 

B) Amino acid identity within RSV subgroup B relative to the prototype strain, B1. A+B) Percentage of identical sites within both 

RSV subgroups. Regions with identity higher than 75%, are indicated in yellow; while regions with an identity less than or equal to 

75% are indicated in red. The scale indicates the amino acid positions. The signal peptide (SP), conserved region (C#1), C-terminal 

(C-term), cleavage site (CS), fusion related domain (FRD), conserved region (C#2), cysteine-rich region (C-rich), conserved region 

(C#3), transmembrane domain (TMD) and the cytoplasmic tail (CT) (Chambers et al., 1992, Plows & Pringle, 1995), as well as the 

F-protein subunits, are indicated below the graph



4.2.3 Prediction of the secondary structure of the F-protein from the 

amino acid alignments

4.2.3.1 Conformation prediction: a-helices, (5-strands and turns

The secondary structure (a-helices, p-strands and turns) was predicted for each 

South African F-protein amino acid sequence to identify changes in their 

conformational status that may result from the limited amount of variation. In 

general, the conformation prediction within the subtype A genotypes was very 

similar, but differences were observed relative to the A2 prototype strain (Figure 4.4 

A). The structure prediction was identical for GA2 and GA7. In GA5, an a-helix 

conformation changed to a p-strand (residue 547) as a result of the amino acid 

change from leucine (L) (A2 prototype) to phenylalanine (F) (GA5). In D707SAA1, a- 

helices were predicted at amino acid 344 that were absent in other genotypes. This 

was the result of aspartic acid (D) (A2 prototype) that changed to glutamic acid (E) 

(D707SAA1) that did not occur in the other genotypes.

Only a few conformational changes were noted between the B1 prototype strain and 

the South African subtype B sequences (Figure 4.4 B). Conformation variation was 

especially evident in the signal peptide domain (residues 1-23). This is probably due 

to the high frequency of amino acid variation observed within this region (Figure 

4.2). In SAB1, p-strands were predicted at residue 312 relative to turn predictions in 

B1 prototype strain, which corresponded to the amino acid change from proline (P) 

to histidine (H). In VR192SAB3, p-strands were predicted at the amino acid change 

from alanine (A) to valine (V) (residue 39) while a-helices were found in the other 

genotypes that did not have this mutation. In D1107GB4, an a-helix was predicted 

relative to a turn in the Bi-prototype, in the vicinity of the amino acid change of 

threonine (T) to alanine (A) (residue 518).
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Figure 4.4 Secondary structure prediction for the F-protein sequences of South African 
subtype A and B genotypes. The a-helix (H), P-strand (E) and turn (-) conformation prediction 
was predicted for each individual amino acid residue with NNPredict (Kneller, et al 1990) 
(http://www.cmpharm.ucsf.edu/~nomi/nnpredict.html). The representative specimen name and 
genotype is indicated above each sequence. Only the F-protein sequences that had altered 
amino acid conformation relative to the prototype strains are shown. The differences between the 
South African genotypes and the prototype strains are highlighted. The amino acid position is 
indicated at the end of each sequence. A) Subtype A prediction. B) Subtype B prediction.
A:
A2-prototype strain:
Secondary structure prediction (H — a-helix, E = p strand, - •» turns;:
—  EEHHH--- HHEEEEHHHE------- HHHHHH-H— HHH-HHHHHHHH----EEEEEE [ 60]
--------------- HHHHHHHHHHHHHHHHHHHHHH------------HHHHHH-HHHHH- [120]
-------- H----- HHHH — EE----- EH---- E-EHEE----- HHHH-HHH-----EEH [ 180 ]
------ E-H----- H----H----H-------------- EHHHHHHH---HHHHHHHH---[240]
--------- EHHHH— HHH--------------HH— H-HEHHHHH—EEEEHHHHHHEHHH [ 300 ]
HE--------------------------------- EE-----------------------------[360]
------ H------------------------------EH----------EEE---EEEE----- [420]
------------EE----------------- E----- HHHHH------ EE----- EEE---- [480]
------------HH----HHHHHHHHHHH---HHHH----------EEEEEEEEEEEEEEEE [540]
EEEEEHEEH--------------------------  [573]
0157KS01GA2:
Secondary structure prediction (H — a-helix, E  » p-strand,
— ----HHiE|iHHHE------- HHHHHH-H— HHH-HHHHHHHH----EEEEEE [60]
--------------- HHHHHHHHHHHHHHHHHHHHHHj-----------HHHHHH-HHHH- [120]
-------- 1----- HHHH— EE----- EH--- S E l E i E E ----- HHHH-HHH----- EEH [ 180 ]
------ E-H----- H----H----H-------------- EHHHHHHH — HHHHHHHH— [240]
--------- EHHHH— HHH-------------- HH— H~HEHHHHH-|EEE|HHHHHBHH [300]
HE--------------------------------- EE-----------------------------[360]
------ H------------------------------EH----------EEE---EEEE----- [420]
------------EE----------------- E----- HHHHH------ EE----- EEE---- [480]
------------HH---- HHHHHHHHHHH---HHHH----------EEEEEEEEEEEEEEEE [ 540]
EEEEEHEEH--------------------------  [573]
0128KS01GA5:

turns) :

Secondary structure prediction (H = a-helix, E = P strand,
—  HH|EHHHHE-------HHHHHH-H--HHH-HHHHHHHH----EEEEEE [60]
--------------- HHHHHHHHHHHHHHHHHHHHHHl---------- HHHHHH-HHHH-[ 120 ]
-------- 1----- HHHH--EE----- EH---|E|e|eE----- HHHH-HHH----- EEH [180]
------ E-H----- H----H---- H-------------- EHHHHHHH---HHHHHHHH---[2 40]
--------- EHHHH— HHH-------------- HH--H-HEHHHHH-|EEE|HHHHH|HH [300]
HE--------------------------------- EE-----------------------------[360]
------ H------------------------------EH----------EEE---EEEE----- [420]
------------EE----------------- E----- HHHHH------ EE----- EEE---- [480]
------------HH----HHHHHHHHHHH---H H | ----------EEEEEEEEEEEEEEEE [5 4 0]
EEEEE|EEH--------------------------  [573]
D540GA7;
Secondary structure prediction (H = a-helix, E — P-strand,
— — ----HH|eM h HHE------- HHHHHH-H--HHH-HHHHHHHH----EEEEEE [ 60 ]
--------------- HHHHHHHHHHHHHHHHHHHHHH!-----------HHHHHH-HHHM- [120 ]
-------- 1----- HHHH--EE----- EH---|e| e|e E----- HHHH-HHH----- EEH [180]
------ E-H----- H----H---- H-------------- EHHHHHHH---HHHHHHHH---[2 40]
--------- EHHHH— HHH-------------- HH — H-HEHHHHH-|EEE|HHHHHHHH [ 300]HE-------------------------------------------- EE-------------------------------------- [360]
------ H------------------------------EH----------EEE---EEEE----- [420]
------------EE----------------- E----- HHHHH------ EE----- EEE----[480]
------------HH----HHHHHHHHHHH HHHH--------- EEEEEEEEEEEEEEEE [54 0 )
EEEEEHEEH--------------------------  [573]
D707SAA1:

tu r n s ]  :

tu m s j :

Se^ndary structure prediction (H = a-helix, E »= p-strand, - “ turns; :
— kr-Stl--- H H U M  IHHB------ HHHHHH-H--HHH-HHHHHHHH---- EEEEEE [60]
----------------HHHHHHHHHHHHHHHHHHHHHH!-----------HHHHHH-HHHH- [ 120]
-------- 1----- HHHH--EE----- EH---|E|e|eE----- HHHH-HHH----- EEH [18 0]
------ E-H----- H----H---- H-------------- EHHHHHHH---HHHHHHHH---[240]
--------- EHHHH— HHH--------------HH— H-HEHHHHH |e e e |HHHHH||HH [ 300 ]
HE---------------------------------EE------- ■ ------------------ [360]
------ H------------------------------EH----------EEE---EEEE----- [420]
------------EE----------------- E----- HHHHH------ EE----- EEE----[480]
------------HH----HHHHHHHHHHH---H H | ----------EEEEEEEEEEEEEEEE [ 540 ]
EEEEEHEEH--------------------------  [573]

http://www.cmpharm.ucsf.edu/~nomi/nnpredict.html


Figure 4.4, continued
VR341SAA1:
Secondary structure prediction (H - a-heltx, E = 0-strand,
— 1 5 S --- H H ^ H h HHE--------HHHHHH-H--HHH-HHHHHHHH----EEEEEE [60]
--------------- HHHHHHHHHHHHHHHHHHHHHHl-----------HHHHHH-HHHH- [12 0]
-------- 1-----HHHH— EE----- EH |E|e|eE------HHHH-HHH----- EEH [180]
------ E-H----- H----H---- H-------------- EHHHHHHH---HHHHHHHH---[240]
--------- EHHHH— HHH-------------- HH— H-HEHHHHH-|EEE|HHHHHHHH [300]
HE--------------------------------- EE-----------------------------[360]
------ H------------------------------EH--------- EEE---EEEE----- [420]
------------EE----------------- E----- HHHHH------ EE----- EEE---- [480]
------------HH--- HHHHHHHHHHH--- HHlj----------EEEEEEEEEEEEEEEE [ 540 ]
EEEE|iHEE|--------------------------  [573]
B:
B1 prototype strain:
Secondary structure prediction (H = a-helix, E = 0-strand,
--EEHHHHHHHEHHHHHHHHEH------ HHHHHHH--- HHH-HHHHHHHH--- EEEEEE [ 60 ]
--------------- HHHHHHHHHHHHHHHHHHHHHHH-------H— HHH--------- H- [120]
--------------- HHHH--EE-----EH---EEEEEEE----- HHHH-HHHH----EEH [18 0]
------ E-H------------------------------- EHHHHHHH---HHHH--------[240]
--------- HHHHH--HHH-------------- HH--HHHEHHHHH--EEEEHHHHHHEEE [300]
-E---E------------------------------ EE----------------------------[360]
------ H------------------------------ E----------EEE----EEEE-----[420]
------------EE------------------ E------ HHH--------E------EEE--- [480]
------------HH----HHHHHHHHHHH-H-H--------------EEEEEEEEEEEEEEEE [540]
EEEEEHEEH--------------------------  [573]
0258KSAB1:
Secondary structure prediction (H = a-helix, E = 0  strand,
--EE|HHHHHEHHHHHHHHEH------ HHHHHHH--- HHH-HHHHHHHH---EEEEEE [ 60 ]
--------------- HHHHHHHHHHHHHHHHHHHHHHH-------H— HHH--------- H- [120]
--------------- HHHH--EE-----EH---EEEEEEE----- HHHH-HHHH---- EEH [180]
------ E-H--------------------------------EHHHHHHH---HHHHBH*--- [240]
------- --HHHHH— HHH-------------- HH— HHHEHHHHH— EEEEHHHHHHEEE [ 300 ]
-E— E - W --------------------------- EE--------------------------- [360]
------ H------------------------------ E----------EEE----EEEE-----[420]
------------EE------------------ E------ HHH-------- E------EEE--- [480]
------------HH----HHHHHHHHHHH-H-H------------ EEEEEEEEEEEEEEEE [540]
EEEEEHEEH------------------- ■-----  [573]
V800SAB2:
Secondary structure prediction (H = a-helix, E  = 0-strand,
—  EeI B C T h HEhBh HHHHHEH-----HHHHHHH----HHH-HHHHHHHH----EEEEEE [ 60 ]
--------------- HHHHHHHHHHHHHHHHHHHHHHH------- H— HHH--------- H- [ 120)
--------------- HHHH— EE----- EH--- EEEEEEE-----HHHH-HHHH EEH [180]
------ E-H--------------------------------EHHHHHHH---HHHH^HB--- [240]
--------- HHHHH— HHH-------------- HH— HHHEHHHHH— EEEEHHHHHHEEE [ 300]
-E---E------------------------------ EE--------------------------- [360]
------ H-------------------------------E----------EEE---- EEEE-----[420]
------------EE------------------ E------ HHH--------E------EEE--- [400]
------------HH----HHHHHHHHHHH-H-H-------------■£££££££££££££££[ 540 ]
EEEEEHEEH------------------- ■-----  [573]
0072KSAB3:
Secondary structure prediction (H = a -helix, E = ^-strand,
—  EE|HHBHHEHlHHHHHHEH-----HHHHHHH----HHH-HHHHHHHH----EEEEEE [ 60 ]
--------------- HHHHHHHHHHHHHHHHHHHHHHH-------H— HHH--------- H- [ 12 0 ]
--------------- HHHH— EE------EH--- EEEEEEE---- HHHH-HHHH EEH [18 0]
------ E-H------------------------------- EHHHHHHH HHHHIIB [240]
--------- HHHHH —  HHH-------------- HH— HHHEHHHHH— EEEEHHHHHHEEE [300]
-E---E-------------------------------EE--------------------------- [360]
------ H-------------------------------E----------EEE— EEEE------[420]
------------EE------------------ E------ HHH--------E------EEE--- [480]
------------HH----HHHHHHHHHHH-H-H------------ EEEEEEEEEEEEEEEE [540]
EEEEEHEEH------------------- 1-----  [573J
VR192SAB3:
Secondary structure prediction (H = a-helix, E  = 0 strand,
—  EE|HHBHHEH|HHHHHHEH----- HHHHHHl-- IEE||— HHHHHHH--EEEEEE [60]
--------------- HHHHHHHHHHHHHHHHHHHHHHH-------H— HHH---------H- [ 120 ]
--------------- HHHH— EE------EH--- EEEEEEE---- HHHH-HHHH— — EEH [ 180]
------ E-H------------------------------- EHHHHHHH H H H H U  [240]
--------- HHHHH —  HHH------------- HH— HHHEHHHHH — EEEEHHHHHHEEE [ 300 ]
-E---E-----------------------------EE----------------- -----------[360]
------ H------------------------------E-----------EEE---EEEE----- [420]
------------EE----------------- E------ HHH-------- E----- EEE----[480]
------------HH----HHHHHHHHHHH-H-H------------ftEEEEEEEEEEEEEEE [54 0]

------------------- 1 -----  t573]

turns)

turns)

• turns)

turns)

t u r n s )

t u r n s )

EEEEEHEEH-



turns;
Figure 4.4, continued
D1656SAB4:
Secondary structure prediction (H = a-helix, E — fj
--EE§HH|*B^E^^iKHHEH------HHHHHHH---HHH-HHHHHHHH-----EEEEEE [60]
--------------- HHHHHHHHHHHHHHHHHHHHHHH------- HHH------------H- [12 0]
--------------- HHHH--EE----- EH---EEEEEEE----- HHHH-HHHH----EEH[180]
------ E-H--------------------------------EHHHHHHH---HHHHHHHH--- [240]
--------- HHHHH— HHH--------------HH— HHHEHHHHH- -EEEEHHHHHHEEE [ 300 ]
-E— E-|-------------------------- EE----------------------------- [360]
------ H------------------------------E-----------EEE---EEEE----- [420]
------------EE----------------- E------ HHH-------- E----- EEE---- [480]
------------HH----HHHHHHHHHHH-H-H------------HEEEEEEEEEEEEEEE [ 5 4 0 ]
EEEEEHEEH------------------- 1-----  [573]
D941GB3:
Secondary structure prediction (H = a- helix, E  = fi- strand, - =
— e e| h hH h h e h|h h h h h h e h ------h h h h h h h ---h h h -h h h h h h h h -----e e e e e e [60]
--------------- h h h h h h h h h h h h h h h h h h h h h h h -------H —  HHH-------- 1- [ 12 0 ]
--------------- HHHH— EE-----EH---EEEEEEE----- HHHH-HHHH----EEH [180]
------ E-H--------------------------------EHHHHHHH---H H H H H H  [240]
--------- HHHHH— HHH--------------HH— HHHEHHHHH--EEEEHHHHHHEEE (300 ]
-E---E----------------------------- EE---------------------------- [360]
------ H----------------------------- E-----------EEE---EEEE------[420]
------------EE----------------- E------ HHH-------- E----- EEE---- [480]
------------HH----HHHHHHHHHHH-H-H----------------- HEEEEEEEEEEEEEEE [540]
EEEEEHEEH------------------- 1-----  [573]
D796GB3:
Secondary structure prediction (H = a- helix, E at strand, - =
—  EE|h h B h|EH§HHHHHHEH-----HHHHHHH----HHH-HHHHHHHH---- EEEEEE [60]
--------------- HHHHHHHHHHHHHHHHHHHHHHH------- H — HHH-------- H-[120]
--------------- HHHH— EE-----EH EEEEEEE----- HHHH-HHHH----EEH [180]
------ E-H--------------------------------EHHHHHHH---HHHhB B I  [240]
--------- HHHHH— HHH--------------HH— HHHEHHHHH —  EEEEHHHHHHEEE [ 30 0 ]
-E---E----------------------------- EE---------------------------- [360]
------ H----------------------------- E-----------EEE---EEEE------[42 0]
------------EE----------------- E------ HHH-------- E----- EEE---- [480]
------------HH---- HHHHHHHHHHH-H-H----------------- ®EEEEEEEEEEEEEEE [540]
EEEEEHEEH------------------- 1-----  [573]
D468GB4:
Secondary structure prediction (H * a- helix, E  = {)- strand, - =
--EE|HHBHHEH|HHHHHHEH-----HHHHHHH----HHH|HHHHHHHH---- EEEEEE [60]
---------------HHHHHHHHHHHHHHHHHHHHHHH------- H— HHH-------- H- [ 120]
--------------- HHHH —  EE-----EH EEEEEEE-----HHHH-HHHH----EEH [18 0]
------ E-H--------------------------------EHHHHHHH---H H H H U U --- [240]
--------- HHHHH— HHH-------------- HH--HHHEHHHHH—  EEEEHHHHHHEEE [300]
-E---E---------------------------- EE----------------------------- [360]
------ H------------------------------E---------- EEE---EEEE----- [420]
------------EE----------------- E------ HHH-------- E----- EEE---- [480 ]
----------- HH---- HHHHHHHHHHH-H-H------------ BEEEEEEEEEEEEEEE [ 5 4 0 I
EEEEEHEEH------------------- ■-----  [57 3]
D1107GB4:
Secondary structure prediction (H — a- helix, E — /}- strand, - =

lHHEH|HHHHHHEH-----HHHHHHH----HHH|HHHHHHHH---- EEEEEE [60]
------HHHHHHHHHHHHHHHHHHHHHHH------- H — HHH-------- H- [12 0]
------ HHHH--EE----- EH EEEEEEE-----HHHH-HHHH----EEH [18 0]
H--------------------------------EHHHHHHH---HHHHIHHI---[240]
-HHHHH — HHH--------------HH--HHHEHHHHH--EEEEHHHHHHEEE [300]
-------------------------- EE----------------------------- [360]
---------------------------- E---------- EEE---EEEE------[420]
-- EE----------------- E------ HHH-------- E----- EEE---- [48 0]
-- HH---- HHHHHHHHHHH-H-H|-|--------------■£££££££££££££££ [540]

—  EE

EEEEEHEe J - [ 5 7 3 ]

■strand.
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turns) :

turns) :

turns) :



4 2.3.2 Coiled coil prediction

Previous studies suggested that the F-protein is a trimeric coiled coil based on 

analysis of the prototype strains A2, Long (subtype A) and CH-18537 (subtype B) 

(Lambert et a!., 1996; Matthews et a!., 2000). Heptad repeat (HR) regions are 

sequence motifs suggestive of coiled coil structures (Buckland & Wild, 1989; 

Chambers et al., 1990; Singh et al., 1999). To determine if the amino acid variation 

observed in the F-protein (of the South African genotypes relative to the prototype 

strains) influence the secondary structure of the F-protein, the coiled coil regions 

were predicted.

Three HR regions with probabilities of 100% were identified in the F-protein using 

the LearnCoil-VMF prediction algorithm (Berger & Singh, 1997; Singh et a i\ 1999) 

(Figure 4.5). One HR was situated in the F2-subunit C-terminal (residues 66 to 100) 

(HR3), while two were located in the Fl-subunit, one next to the fusion peptide 

(residues 155 to 202) (HR1) and one next to the transmembrane region (residues 

486-534) (HR2). HR1 was predicted to be trimeric (probability = 10%), HR2 was 

trimeric (probability < 10%), while there were strong indications that HR3 was 

dimeric in subtype A (probability = 30%) and trimeric in subtype B (probability = 

20%), using MultiCoil (Wolf et al., 1997). Matthews and colleagues found that HR1, 

HR2 and HR3 were trimeric, dimeric/trimeric and dimeric, respectively, for the CH- 

18537 strain (Matthews et al., 2000). Three amino acid changes that were 

conserved within each subtype were noted in HR3 among the South African strains. 

These changes were located at amino acid position 67 (asparagine (N) for subtype 

A and threonine (T) for subtype B), position 74 (alanine (A) for subtype A and 

threonine (T) for subtype B) and position 99 (serine (S) for subtype A and 

asparagine (N) for subtype B). These results suggested that there might be a slight 

difference within the F-protein coiled coil structure between subtypes A and B, 

probably due to subtype-specific amino acid variation.
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A:
L a a r n C e 11 m i o r  — 4 o r -  n  7 B 7  3  eta  i

B: C:
HuUiCoil score for SUM'1717 HultiColl soc-. lor S:il

Figure 4.5 Prediction of coiled coils in the secondary structure of the fusion protein. A) The LearnCoil 
program (Singh et al., 1999) was used to predict possible heptad repeat regions. The x-axis shows the amino 
acid residues and the y-axis indicates the probability of a coiled region. B) To predict the probability that the 
fusion amino acid sequence forms a trimeric or a dimeric coiled coil, the MultiCoil program (Wolf et al., 1997) 
was used. The x-axis shows the residue location and the y-axis represents the probability that the residues 
form a coiled coil (a probability of 1 equals 100%). The probability of a dimeric coiled coil is shown in blue, 
while the trimeric probability is shown in red. The total coiled coil probabilities, (the sum of the dimeric and 
trimeric probability), is plotted in black. The three heptad repeat regions (HR) are indicated bellow the graph. 
All the predictions were identical within subtypes A and B, thus Figure A represents the analysis for both 
subtypes, while B and C represents the analysis of genotpes SAA1, and SAB1, respectively.
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4.2.4 Prediction of antigenic sites

The positions of possible antigenic sites within the F-protein were predicted with 

Antheprot 2000 version 5.2 (Deleage et al., 1988) (Figure 4.6) and by the 

hydrophilic/hydrophobic status of the individual amino acid residues (Figure 4.7). In 

Figure 4.6, multiple antigenic (Parker et al., 1986), hydrophilic (Kyte & Doolittle, 

1982) and solvent accessibility peaks (Boger et al., 1986) are distributed evenly 

throughout the F-protein alignment. Two hydrophilic peaks were slightly higher and 

more distinct, namely the two peaks between amino acids 97 and 137. However, all 

these regions suggested the presence of multiple antigenic sites in these regions. 

These regions were also shown to be hydrophilic in the alignment in Figure 4.7.

In Figure 4.7, only a few amino acid changes within the South African genotypes 
relative to the prototype strains resulted in hydropathic changes.

Figure 4.6 Prediction of possible antigenic sites within the fusion protein by means of 
physicochemical profiles. The different physicochemical profiles were created with Antheprot 2000 
version 5.2 (Deleage et al., 1988) with a window size of 7 amino acid residues. These included 
predictions of the antigenicity (Parker et al., 1986, Welling ef al., 1985), hydrophobicity (Kyte & 
Doolittle, 1982), hydrophilicity (Hopp and Woods, 1981), transmembrane regions (Von Heijne, 1992) 
and solvent accessibility (Boger et al., 1986). Each method is indicated next to the graph. A: 
antigenicity by Parker et al. (1986); B: hydrophobicity; C antigenicity by Welling et al. (1985); D; 
hydrophilicity; E: helical membranous regions; F: Solvent accessibility.
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Figure 4.7 Hydropathic profiles per amino acid residue (see previous page). The profiles were 
created with Genedoc version 2.6001 (www.psc.edu/biomed/genedoc). The amino acid alignment is 
relative to the A2 prototype strain (Collins et al., 1984). The hydrophobic residues (L, I, V, M, A) are 
indicated in red, hydrophilic residues (D, E, H, K, R, N, Q, S, T) in blue and special amino acids 
involved in secondary folding (C, G, P) are indicated in yellow. The specimen name and specific 
genotype are shown on the left of the sequences. Structural features common to Pneumoviruses are 
indicated above the sequence.
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4.2.5 Epitope analysis

4.2.5.1 Prediction of CTL epitopes

CTL algorithms (BIMAS CTL algorithms (BIMAS (Parker et al., 1994) and 

SYFPEITHI (Rammensee et al., 1999)) were used to predict possible CTL epitope 

positions within the South African F-protein sequences. Only the HLA types shown 

to be dominant in at least 10% of the different ethnic groups of South Africa were 

used in the predictions (Venter et al., 2003; Hammond et al., 1997; personal 

communication, Dr A Puren, NICD). In Table 4.4, the predicted epitopes with the 

highest score-results for each algorithm are shown for the different HLA types. Many 

of the predicted epitopes were located in overlapping regions In Figure 4.8, the 

epitopes predicted with the BIMAS algorithm are plotted on the F-protein amino acid 

alignment of the South African and prototype strains. Six of these predicted epitopic 

sites were conserved between RSV subtypes, and the changes noted in the other 

predicted areas were mostly subtype-specific. A few genotype-specific amino acid 

changes were also identified within the amino acid sequence of the predicted 

epitopes: for GA7 at position 129, SAB1 at position 312, SAB2 at position 290 and 

SAB4 at position 312.

Table 4.4 Possible CTL epitopes predicted by SYFPHEITHI and BIMAS algorithms for the 
South African HLA types (See Table on the following page). Only the top scoring nine mer 
peptides are included in this Table for the different South African HLA types (A good score result in 
CTL prediction for SYFPEITHI ranges between 15 and 30 (Rammensee et al., 1999), while a good 
score in BIMAS ranges from 50 (Parker et al., 1994). Only HLA types were included in the 
predictions that were present in at least 10% of the major ethnic groups of South Africa ((Venter et 
al., 2003), personal communication, Dr A Puren, NICD).

http://www.psc.edu/biomed/genedoc


Table 4.4. See previous page for legend
HLA TYPE ETHNIC GROUP ALGO RITHM SCO RE RESULT S TA R T POSITION SEQUENCE

B*3501 Caucasian BIMAS 60 111 LPRFMNYTL

Cw*0401 African/ Caucasian BIMAS 240 249 TYMLTNSEL

A*60.1 African BIMAS 120 126 NVTLSKKRK

A*68.1 African BIMAS 120 413 IVSCYGKTK

A *68 1 African BIMAS 100 127 VTLSKKRKR

A *68 1 African BIMAS 60 57 ITIELSNIK

B*07 Caucasian BIMAS 800 111 LPRFMNYTL

R*07 Caucasian BIMAS 120 551 KARSTPVTL

A*68 1 African BIMAS 180 218 ETVIEFQQK

B*3501 Caucasian BIMAS 180 388 NPKYDCKIM

A *68 1 African BIMAS 240 543 AVGLLLYCK

B‘4403 Caucasian BIMAS 480 109 RE LPRFMNY

B*5801 African BIMAS 88 129 LSKKRKR RF

B*5801 African BIMAS 79 106 RARRELPRF

Cw*0301 Caucasian BIMAS 125 301 VQLPLYGVI

Cw*Q301 Caucasian BIMAS 50 373 LTLPSEINL

Cw‘0401 African/ Caucasian BIMAS 440 85 KYKNAV7EL

A*01 Caucasian BIMAS 113 470 KGEPIINFY

B*08 Caucasian BIMAS 80 164 VNKIKSALL

A*0201 African/ Caucasian BIMAS 81 273 LMSNNVQIV

A*01 Caucasian BIMAS 50 383 NVDIFNPKY

A*0201 African/ Caucasian BIMAS 267 191 KVLOLKNYI

A*0201 African/ Caucasian BIMAS 257 170 ALLSTNKAV

A*0201 African/ Caucasian BIMAS 178 140 FLLGVGSAI

A*0201 African/ Caucasian BIMAS 138 536 VILLSLIAV

A*0201 African/ Caucasian BIMAS 135 272 KLMSNNVQI

A*0201 African/ Caucasian BIMAS 129 250 YMLTNSELL

A*68.1 African BIMAS 150 356 ETCKVQSNR
A*Q2Q1 African/ Caucasian BIMAS 84 107 VLTSKVLDL

Cw*Q401 African/ Caucasian BIMAS 200 222 EFQQKNNRL
A*02Q1 African/ Caucasian BIMAS 81 525 IM ITT 11IV :
A*0201 African/ Caucasian BIMAS 77 451 SVGNTLYYV i
A*0201 African/ Caucasian BIMAS 64 498 KINQSLAFI ;

A*0201 African/ Caucasian BIMAS 57 114 FMNYTLNNT |
A*0205 African/ Caucasian BIMAS 54 191 KVLDLKNYI
A*03 Caucasian BIMAS 180 77 KLIKQELDK

A *68 1 African BIMAS 240 307 GVIDTPCWK
A*0201 African/ Caucasian BIMAS 124 394 KIMTSKTDV

Cw‘0401 African/ Caucasian BIMAS 200 504 AFIRKSDEL
Cw*0401 African/ Caucasian BIMAS 88 111 LPRFMNYTL
Cw*04Q1 African/ Caucasian BIMAS 75 487 EFDASISQV
Cw‘ 0401 African/ Caucasian BIMAS 50 298 AYWQLPLY
Cw*0401 African/ Caucasian BIMAS 50 136 RFLGFLLGV
Cw*0401 African/ Caucasian BIMAS 380 365 VFCDTMNSL

A*01 Caucasian SYFPEITHI 25 541 LIAVGLLLY
A‘02C1 African/ Caucasian SYFPEITHI 26 187 VLTSKVLDL
A*0201 African/ Caucasian SYFPEITHI 26 525 IMITTIIIV
A‘0201 African/ Caucasian SYFPEITHI 26 536 VILLSLIAV
A‘02Q1 African/ Caucasian SYFPEITHI 25 173 STNKAWSL
A*0201 African/ Caucasian SYFPEITHI 25 538 LLSLIAVGL
A*Q201 African/ Caucasian SYFPEITHI 25 540 SLIAVGLLL
A*01 Caucasian SYFPEITHI 29 470 KGEPIINFY
A *01 Caucasian SYFPEITHI 28 383 NIDIFNPKY

A*0201 African/ Caucasian SYFPEITHI 26 159 HLEGEVNKI
A*01 Caucasian SYFPEITHI 26 90 VTELQLLMQ
R*08 Caucasian SYFPEITHI 25 466 SLYVKGEPI

B*0702 Caucasian SYFPEITHI 22 111 LPRFMNYTL I
A*Q1 Caucasian SYFPEITHI 27 450 VSVGNTLYY

A*0201 African/ Caucasian SYFPEITHI 26 10 AITAILAAV
A*0201 African/ Caucasian SYFPEITHI 28 533 VIIVILLSL
A*0201 African/ Caucasian SYFPEITHI 28 180 SLSNGVSVL
B*44Q2 Caucasian SYFPEITHI 26 109 RELPRFMNY
B*08 Caucasian SYFPEITHI 25 73 DAKVKLIKQ

| B‘08 Caucasian SYFPEITHI 26 152 VAVSKVLHL
B*08 Caucasian SYFPEITHI 26 121 NAKKTNVTL

j B*C8 Caucasian SYFPEITHI 28 187 VLTSKVLDL
B‘08 Caucasian SYFPEITHI 31 164 VNKIKSALL
B*08 Caucasian SYFPEITHI 32 130 SKKRKRRFL
A*03 Caucasian SYFPEITHI 25 512 LLHNVNAGK
A‘03 Caucasian SYFPEITHI 26 307 GVIDTPCWK
A*03 Caucasian SYFPEITHI 29 413 IVSCYGKTK
A*03 Caucasian SYFPEITHI 29 77 KLIKQELDK

A*0201 African/ Caucasian SYFPEITHI 28 530 IIIVIIVIL
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4.2.5.2 Published CTL epitopes

The F-protein CTL epitopes identified in humans to date include HLA*B57 and Cw*12-restricted 

eptiopes (amino acids 106-114, 542-550, respectively) (Brandenburg et al., 2000) and HLA- 

A*01-restricted (amino acids 109-119) (Rock & Crowe, 2003). Possible H LA-restricted CTL 

epitopes tested by Rock and Crowe (2003) for which the restriction has not been determined, 

include amino acids 8-18, 93-103, 260-270, 273-283, 285-295, 374-384, 388-398, 519-520, 521- 

531 (Rock & Crowe, 2003). These are indicated in pink in Figure 4.8. A H-2K-restricted CTL 

epitope (amino acid 92 -106) and two H-2-restricted T-helper cell epitopes identified in mice 

(amino acids 205-225, 255-278) (Corvaisier et al., 1997; Corvaisier et al., 1993) were also 

included and are indicated by yellow.

The RSV F-protein specific HLA B*57-restricted (Brandenburg et al., 2000), and HLA-A*01- 

restricted (Rock & Crowe, 2003) CTL epitopes, were conserved for subtype A, but differed in at 

least 3 positions between subtype A and B. A single amino acid change was also noted at 

position 113 (glutamine (Q) changed to histidine (H)) in one GB3 isolate (GB3SA98D941) 

relative to the other subtype B sequences. This mutation resulted in amino acids of different 

biochemical classification groups. A genotype-specific amino acid mutation was identified in 

subtype A sequences of the GA5 genotype in the HLA Cw*12-restricted CTL epitope 

(Brandenburg et al., 2000) that changed a leucine (L) to phenylalanine (F) (GA5) at position 547 

relative to the prototype strain. A single subtype-specific mutation is also visible in all subtype B 

isolates in position 544 that changed a valine (V) in subtype A to an isoleucine (I) in subtype B 

Most of the putative CTL epitopes identified by Rock and Crowe (Rock & Crowe, 2003) were 

conserved within subtype A with single amino acid changes in all subtype B isolates with the 

exception of two that were located at amino acids 8 to 18 and 93 to 103, that differed between 

the South African sequences and the prototype strains.

The H-2K-restricted CTL epitope identified in BALB/c mice (Jiang et al., 2002) also contained 

conserved subtype- specific changes (amino acid 92 -106). Both an antibody epitope and a T- 

helper cell epitope have been identified between amino acids, 205 to 225 in BALB/c mice 

(Corvaisier et al., 1997). Subtype-specific amino acid changes are visible at position 209 (K-> Q) 

and 213 (S—»R) between subtype A and B, which may affect recognition of these epitopes. The 

T-helper cell epitope at position 255-278 (Corvaisier et al., 1993) was conserved between both 

subtypes.
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Figure 4.8 The position of CTL and neutralising epitopes on the South African F -p r o te in  

sequences (see previous page). P u b lis h e d  n e u tra lis in g  e p ito p e s  (7 C 2 ,  R S - 3 4 8 ,  4 7 F ,  L 4 ) a re  

s h o w n  in g r e e n  (T r u d e l  e f  a /., 1 9 8 7 ;  L o p e z  e t  a /., 1 9 9 0 ;  M a r t in -G a l la r d o  e t  a /., 1 9 9 1 ;  C o r v a is ie r  e t  a /., 
1 9 9 3 )  a n d  H L A  B * 5 7 , C w * 1 2  a n d  H L A -A * 0 1  -re s tr ic te d  C T L  e p ito p e s  a r e  s h o w n  in b lu e  (B ra n d e n b u rg  
e t  a t ,  2 0 0 0 ;  R o c k  &  C r o w e , 2 0 0 3 ) .  T -c e ll  h e lp e r  e p ito p e s  a r e  in d ic a te d  in y e l lo w  (C o r v a is ie r  e t  a /., 
1 9 9 3 ;  C o r v a is ie r  e t  at. ,  1 9 9 7 )  a n d  p o s s ib le  C T L  e p ito p e s  a r e  in d ic a te d  in p in k  (R o c k  &  C r o w e , 2 0 0 3 )  

T h e  e p ito p e  id e n tif ic a tio n  n a m e  is s h o w n  in b o ld  b e tw e e n  h u rd le  b a rs . A m in o  a c id  p o s itio n s  id e n tif ie d  

in e s c a p e  m u ta n ts  a r e  s h o w n  in re d . P o te n t ia l C T L  e p ito p e  s ite s  p re d ic te d  w ith  B IM A S  a re  b o x e d  

a n d  th e  H L A -r e s tr ic t io n s  a r e  in d ic a te d  a b o v e  th e  s e q u e n c e  (s e e  T a b le  4.4 fo r  m o re  d e ta il) .  T h e  
is o la te  n a m e  a n d  g e n o ty p e  a r e  s h o w n  a t  th e  le ft  o f th e  s e q u e n c e s .
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4.2.5.3 Amino acid sequence analysis within known neutralising epitopes

To further look at evolution in epitopic domains, the position of published 

neutralising epitopes were plotted on the South African F-protein alignment (Figure 

4 8). The following F-protein specific neutralising epitopes were included, 7C2 

(amino acids 221 to 236) (Trudel et at., 1987), 47F (amino acids 262 to 268) (Lopez 

et al., 1990), L4 (amino acids 289 to 298) (Martin-Gallardo et al., 1991) and RS-348 

(amino acids 205 to 225) (Corvaisier et al., 1993)

The analysis shows that RS-348 and 7C2 were conserved within the RSV subtypes 

and 47F and L4 were highly conserved between and within both subtypes. In L4, a 

single amino acid change from isoleucine (I) to valine (V) was identified in SAB2 at 

position 291. However, these amino acids have the same biochemical classification 

group, and may not necessarily alter epitope recognition.

4.2.5.4 Escape mutants

In Figure 4.8, the amino acid point mutations previously identified in escape mutants 

(Arbiza et al., 1992, Lopez et al., 1998) are plotted. However none of the South 

African F-protein sequences were changed in these positions relative to the 

prototype strains.



4.3 DISCUSSION

In this Chapter, subtype-specific primers were designed for the amplification of the 

precursor F-protein by RT-PCR. The F-protein of each G-protein genotype identified 

in South Africa to date, was amplified, sequenced and compared to the prototype 

strains A2 (Collins et a/., 1984) and B1 (Karron et a i, 1997) for subtypes A and B, 

respectively.

Evidence from studies conducted on isolates from the rest of the world, suggested 

that the F-protein is highly conserved between subtypes A and B, with an amino 

acid sequence homology of 91% (Johnson & Collins, 1988; Johnson et a/., 1987). 

Because the F-protein is the focus of prophylactic antibody and vaccine research, it 

is important to establish the extent of conservation between the various genotypes 

identified in South Africa to date and to determine if immune selection occurs in the 

antibody and CTL epitopes. In general, the F-protein was found to be highly 

conserved within the South African genotypes Subtypes A and B shared 82% 

nucleotide identity within the F-protein of the South African genotypes. More 

nucleotide variation was present within the subtype A genotypes (P=0.02) than the 

subtype B genotypes (P=0.01). For the F-protein, transitions were more prevalent 

than transversions and in contrast to the G-protein, synonymous substitutions (Ks) 

exceeded nonsynomous substitutions (Ka), with an overall Ka/Ks ratio of 0 12 for 

both subtypes. This suggested an absence of positive selection within this antigenic 

protein.

Most nucleotide changes resulted in silent mutations and the amino acid sequence 

identity was 90% between RSV subtypes A and B, which corresponded with 

previous reports (Johnson et a i, 1987). The higher level of nucleotide variation 

compared to the amino acid variation in the South African F-proteins, suggested 

that silent mutations were prevalent within this protein. The proportion of nucleotide 

substitutions resulting in amino acid changes among the F-protein sequences was 

10% and 3% for subtypes A and B, respectively.

Phylogenetic analysis between members of the subfamily, Pneumovirinae, showed 

a close relationship between human and ovine or bovine RSV, with 18-19% amino 

acid differences between the the F-proteins, of the different host restricted RSVs

Chapter 4: Antigenic variability within the RSV fusion protein during annual epidemics Page 107



(Figure 4.9). The phylogenetic analysis combined with the distance data of the F- 

protein, showed a close relationship between human, ovine and bovine RSV 

(bootstrapped values of 81 -  100%). The avian and human metapneumoviruses 

clustered together with a bootstrap value of 100%. Mice pneumovirus grouped with 

the metapneumoviruses. When looking at structural features common to 

Pneumovirinae fusion proteins (Chambers et a/., 1992, Plows & Pringle, 1995), it 

was apparent that the signal domain (residues 1 -  23) was the most variable (26% 

identity) between subtypes A and B and the fusion related domain was the most 

conserved (97% identity), confirming previous reports (Chambers etal., 1992, Plows 

& Pringle, 1995). The F1-subunit also proved to be more conserved than the F2- 

subunit in this analysis. Plows and Pringle (1995) suggested that the variability in 

the F2-subunit may be because of the greater number of potential glycosylation 

sites within this subunit.

Gruber and Levine (1983) had shown that the inactive precursor F-protein is 

glycosylated and proteolytically processed to generate the two subunits (F1 and F2) 

which are linked by sulphide bridges (Gruber & Levine, 1983). Rixon et at. (2002) 

showed that multiple glycosylated forms of the RSV F-protein are expressed in virus 

infected cells. The biological significance of this is unclear, although the authors 

suggested that these subtle differences could affect some aspects of the F-protein 

function (Rixon et at., 2002). When the South African amino acid sequences were 

compared to the A2 (Collins et at., 1984) and B1 (Karron et at., 1997) prototype 

strains, subtype-specific mutations and a few intergenotypic mutations were 

observed across the F-protein. In the South African subtype A and B genotypes, 

amino acid changes occurred relative to the prototype strains (A2 and B1, 

respectively). These changes at residues 25 (G—>S), 102 (P—>A), 103 (T->A) and 

122 (A—>T) in subtype A and at residue 529 (T—>A) in subtype B, might potentially 

affect the secondary structure since the mutations resulted in amino acids with 

different biochemical classification groups. Similar amino acid changes were also 

reported in the F-proteins of isolates from South Birmingham (Plows & Pringle, 

1995). In the South African genotypes, all the cysteine residues positions, as well as 

the six N-glycosylation sites (one in the F1-subunit and five in F2-subunit) were 

conserved within the subtypes. The F1 terminus was conserved between both 

subtypes.
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A few amino acid changes resulted in conformational changes (a-helices, (3-strands 

and turns) within the F-proteins of South African genotypes. The conformation 

predictions in the signal domain varied between the South African genotypes, 

probably due to the high level of amino acid variation present in this region. The 

amino acid mutations in position 344 of specimen D707SAA1 (D—>E) and in position 

518 of specimen D1107GB4 (A-»T), resulted in putative predicted changes from 

turns to a-helices relative to the prototype strain. The mutations in position 547 of 

specimens 0128KGA5 and D1131GA5 (L-*F), and in position 39 of specimen 

VR192SAB3 (A—>V) resulted in changes from an a-helix to a p-strand relative to the 

prototype strains. In SAB1, the substitution of (P—»H) in position 312 relative to the 

prototype resulted in a change from a turn to a p-strand. These changes in 

conformation of the F-protein correlated with changes observed in the hydropathic 

profiles. These results suggested that the minor amino acid changes observed 

between the F-proteins of the different genotypes may result in subtle changes in 

the secondary structure of the protein.

Fusion proteins of various viruses have trimeric structures that are centered around 

a trimeric coiled coil of three HR regions. These include gp41 of the simian 

immunodeficiency virus (SIV) (Caffrey et al., 1998) and human immunodeficiency 

virus (HIV) (Chan et al., 1997), hemagglutinin (HA) from influenza A (Bullough et al., 

1994), F from simian virus 5 (SV5) (Baker et al., 1999), etc. HR regions are 

sequence motifs suggestive of coiled coil structures (Buckland & Wild, 1989; 

Chambers et al., 1990; Singh et al., 1999) that can associate with lipids and might 

assist in the fusion mechanism (Peisajovich et al., 2000). In these proteins the HR2 

region interacts in an antiparallel manner with the HR1 region. Previous studies also 

suggested that the F-protein of RSV is a trimeric coiled coil for the prototype strains 

A2, Long and CH-18537 (Lambert et al., 1996; Matthews et al., 2000; Zhao et al., 

2000). To determine if the amino acid variation observed in the South African F- 

protein sequences relative to the prototype strains, influence the structure of the F- 

protein, the position of coiled coil regions were predicted with MULTICOIL (Wolf et 

al., 1997). The position of the HR regions were also characterised within the South 

African F-protein sequences. Consistent with findings from previous structural 

studies for RSV, one HR region was identified in the F2-subunit (HR3) and two in 

the F1-subunit (HR1 and HR2) (Matthews et al., 2000; Zhao et al., 2000). The HR1
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was predicted to be trimeric and contained a significant amount of a-helices, which 

corresponds with reports that the core of the F-protein is a trimeric coiled coil 

(Matthews et al., 2000; Zhao et a i, 2000). The HR2 was dimeric in both subtypes, 

but HR3 was strongly dimeric in subtype A and trimeric in subtype B, confirming 

previous reports (Matthews et al., 2000). This might be due to subtype-specific 

amino acid variation within this region. According to Matthews et al. (2000), even 

though the HR3 region does not contribute to the core of the protein it may still have 

a structural function, possibly through interaction with non-HR regions (Matthews et 

al., 2000). These results may suggest the existence of slight structural differences in 

the F-proteins of subtypes A and B.

The F-protein is the major target for the RSV protective immune response (Lopez et 

al., 1988) and provides cross-protection against both RSV subtypes A and B in 

experimental animals (Taylor etal., 1984; Walsh eta!., 1984). It is also an important 

target for cytotoxic T lymphocytes (Cherrie et al., 1992). These properties make this 

protein an important target for vaccine development. Various potential antigenic 

sites that may contain possible B-cell epitopes, could be predicted within the South 

African F-protein sequences (Figure 4.6). The predicted areas had high scores in 

antigenicity and solvent accessibility prediction plots, and low levels of 

hydrophobicity (Boger et al., 1986; Kyte & Doolittle, 1982; Parker et al., 1986). 

Antigenic sites predicted between amino acids 200 and 300, correspond with the 

locations of known B-cell epitopes (47F epitope (Lopez et al., 1990), L4 epitope 

(Martin-Gallardo et al., 1991), RS-348 epitope (Corvaisier et al., 1993) and 7C2 

epitope (Trudel et al., 1987)). Evidence suggests that the F1-subunit is more 

antigenic than the F2-subunit (Plows & Pringle, 1995).

Previous reports suggested that a single amino acid substitution can influence the 

neutralisation response of foot-and-mouth disease virus (Hernandez et al., 1992) 

hepatitis B virus (Howard, 1995) and human T-cell leukaemia virus type 1 

(Blanchard et al., 1999), or the CTL response in HIV (Takahashi et al., 1989), 

lymphocytic choriomeningitis virus (Salvato et al., 1991) and influenza virus 

(Terajima et al., 1999). It is therefore important to investigate amino acid changes 

within the F-protein epitopes of RSV. To investigate immunological pressure on 

specific epitopes, the position of F-protein cytotoxic T-cell epitopes were first
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predicted, using CTL algorithms (BIMAS and SYFPEITHI (Parker et al., 1994; 

Rammensee et al., 1999)) to identify the position of potential nine-mer CTL epitopes 

within known South African HLA types (Table 4.4) (Venter et al., 2003; Hammond et 

al., 1997, personal communication, Dr A Puren, NICD). The predicted CTL epitopes 

identified with the BIMAS algorithm are shown in Figure 4.8. Many of the predicted 

nine-mers overlapped and most of these predicted epitopes were located in the 

highly conserved F1 subunit.

Previously identified CTL epitopes were also plotted on the South African F-protein 

sequence alignment in Figure 4.8. Three CTL epitopes previously identified in 

subtype A (restricted to HLA B*57, HLA Cw*12 (Brandenburg et al., 2000) and HLA- 

A*01 (Rock & Crowe, 2003)) were mostly conserved for subtypes A although 

subtype-specific changes were visible in subtype B. A genotype-specific amino acid 

substitution was identified at position 547 of the GA5 genotype of the HLA Cw*12- 

restricted CTL epitope which is located at an anchor residue of this epitope. The 

substitution of a phenylalanine (L—F), which contains an aromatic ring, in this 

anchor position may influence the binding of this CTL epitope by the MHC class I 

molecule. At least 3 amino acid changes are visible in subtype B relative to subtype 

A in the HLA B*57, and HLA-A*01 restricted epitopes. A point mutation that resulted 

in amino acids with different hydropathic character, was also identified in the HLA 

B*57- and HLA-A*01-restricted epitopes at position 113 (Q-»H) in subtype B. The 

HLA Cw*12-restricted CTL epitope contains a subtype-specific change in all 

subtype B strains that may also influence binding of this epitope to the MHC class I 

molecule. These results suggest that the CTL directed against subtype A-specific 

epitopes may not necessarily recognize subtype B strains The GA5 genotype- 

specific amino acid change in the Cw*12 restricted epitope may also reduce the 

efficiency of recognition of this epitope by CTL specific to other subtype A 

genotypes and prevents the complete exclusion of the possibility of immune 

selection within this CTL epitope. Most of the putative CTL epitopes identified by 

Rock and Crowe (Rock & Crowe, 2003) were conserved within subtype A, but had 

subtype-specific changes in subtype B. The H-2K-restricted CTL epitope identified 

in BALB/c mice (amino acid 92 -106) (Jiang et al., 2002) was also only conserved 

for subtype A with subtype-specific changes in subtype B. These findings were also 

reflected in the putative CTL epitopes predicted for common South African HLA
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types, suggesting that reinfection with different subtypes may evade memory CTL to 

certain F-protein specific CTL epitopes.

These results suggests that CTL epitopes that have sofar been mapped using 

subtype A-specific peptides may not be recognised as efficiently in subtype B 

viruses. This should be taken into consideration when these epitopes are used to 

measure the CTL response during vaccine trials. Future F-protein CTL mapping 

studies should also be directed towards the subtype B viruses or attempt to identify 

peptides that are conserved between the subtypes.

When looking at previously identified B-cell epitopes, the conformational 47F 

epitope (Lopez et al., 1990) and the linear L4 epitope (Martin-Gallardo et a/., 1991) 

were highly conserved between both subtypes. A genotype-specific amino acid 

substitution (I—A/) is visible in the L4 epitope for SAB2 (Figure 4.8), however this 

mutation resulted in an amino acid of the same biochemical classification group and 

may not necessarily interfere with epitope recognition. Since the L4 and especially 

the 47F epitope was highly conserved between subtypes, these epitopes may be 

useful for the development of synthetic mimotope vaccines or the development of 

prophylactic monoclonal antibodies The RS-348 epitope (Corvaisier et al., 1993) 

and linear 7C2 epitope (Trudel et al., 1987)) were conserved within the subtype A 

genotypes. Two amino acid substitutions are visible in the RS-348 epitope of all 

subtype B genotypes at position 209 (K-» Q) and at position 213 (S—>R). These 

mutations resulted in amino acids of different biochemical classification groups. 

Both substitutions at position 209 and 213, may therefore alter the antibody binding 

site of epitope RS-348 which induces a subtype B-specific neutralising antibody 

response (Corvaisier et al., 1997). This illustrates one of the potential risks of a 

subunit vaccine against RSV that does not include both subtypes Connor et al. 

(2001) found that subtype-specific antibody responses may be due to differences 

between subtype A and B F-protein sequences at residues 200, 201, 209 and 213 

that are clustered within a 16 amino acid loop (200 -216 aa), and that at least two 

mutations are necessary for antibody escape (Connor et al., 2001). In support of 

this finding, when examining the South African F-protein sequence conformational 

predictions, the amino acid change in the F-protein sequence between subtypes A



and B at position 200 (D-»N) resulted in an a-helix in subtype A and a turn in 

subtype B.

The B-cell and a T-helpercell epitopes identified between amino acids 205 and 225 

(Corvaisier et al., 1997), were conserved within the South African subtype A and B 

genotypes, respectively. Corvaisier et al. (1993) found that the amino acid 

substitutions identified at position 209 (K-» Q) and 213 (S—>R) in subtype B, may 

not be critical for the maintenance of the T-cell epitope, since a strong cross­

reactivity was obtained with in vitro lymphocyte proliferation assays. The authors 

also found that at least one of the amino acids in 205 to 209 or 210 to 214 is 

necessary for the epitope function in subtype A (Corvaisier et al., 1993). None of the 

amino acid changes identified in escape mutants (Arbiza et al., 1992; Lopez et al., 

1998) was found within the South African F-protein sequences. The T-helper cell 

epitope residing between amino acids 255 to 278 (Corvaisier et al., 1993) was found 

to be conserved between all genotypes of both subtypes (Figure 4.8).

Previous reports suggest that positive selection occurs in the G-protein of RSV over 

consecutive seasons in South Africa (Venter et al., 2002; Venter et al., 2001). In 

contrast to this sequence analysis of the N-protein suggested that recently identified 

dominant CTL epitopes remain conserved and that positive selection does not occur 

in the CTL epitopes of RSV (Venter et al., 2003). Evidence of immune driven 

selective pressure by CTL in the Nef gene of the viral population of acutely infected 

HIV-1 patients has been reported (Price et al., 1997). It has been reported that 

immune selection does occur in the CTL epitopes of the highly conserved influenza 

virus nucleoprotein (Boon et al., 2002; Price et al., 2000; Voeten et al., 2000) and 

this implies that regular updating will be needed in vaccines containing these CTL 

epitopes. With the exception of a few mutations in known epitopes, most of the 

amino acid differences identified in this Chapter, in both the B-cell and T-cell 

epitopes of the F-protein were conserved within the subtypes, which does not 

suggest immune selection. However, the conformational changes identified within 

the South African F-protein sequences relative to the prototype strains, may 

influence conformational epitopes residing in the F-protein. Although the F-protein is 

much more conserved than the G-protein, group-specific neutralisation epitopes
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have also been identified (Corvaisier et al., 1997) which may affect subunit vaccine 

development based on the F-protein.

In summary, the F-protein sequences were highly conserved within and between 

South African genotypes, with most variability occuring at the nucleotide level. The 

prevalence of synonymous substitutions indicated the absence of positive selection 

within the protein. The F2-subunit was more variable than the F1-subunit and this 

might be due to the greater number of potential glycosylation sites in the F2-subunit 

(Plows & Pringle, 1995). The secondary structure predictions suggested that the 

protein structure might slightly differ between subtype A and B F-proteins and amino 

acid substitutions were identified that may result in conformational changes that 

could affect neutralisation epitopes. Most of the amino acid differences identified 

within neutralising and CTL epitopes were conserved within the subtypes, and 

therefore does not indicate immune selection. However, one genotype-specific 

amino acid difference was identified within one CTL epitope that may require further 

investigation. This event prevents the complete exclusion of the possibility of 

immune selection in this particular epitope. Further analysis over more seasons may 

be needed to clarify this. These results also suggest that most of the identified CTL 

epitopes are subtype A-specific and may not be recognised by subtype B 

viruses.This is the first study conducted in South Africa to determine the antigenic 

variation within the F-protein and might contribute to vaccine development.
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CHAPTER 5

CONCLUDING REMARKS
There is currently no effective vaccine available for RSV, and even though the 

prophylaxis, Palivizumab (Synagis), has been shown to be highly effective in 

reducing RSV hospitalisations, administration is too costly for developing countries 

(Meissner et al., 1999). RSV is responsible for one-fifth of lower respiratory tract 

infections in infants worldwide (Stensballe et al., 2003). In general, the mortality rate 

is low, however, in developing countries, RSV mortality is significantly higher than in 

developed countries (Stensballe et al., 2003). Primary RSV infection can occur in 

young infants in the presence of maternally derived antibodies (Glezen et al., 1981) 

and reinfection can occur throughout life, probably due to incomplete protection 

(Graham, 1996). The role of antigenic diversity in RSV epidemiology is not yet 

completely understood, however it may partly explain the susceptibility to reinfection 

throughout life and the variation in the severity of epidemics within communities 

each year (Reviewed by Dudas & Karron, 1998).

Limited data about the molecular epidemiology of RSV are available from 

developing countries, especially Africa (Cane et al., 1999; Roca et al., 2001; Venter 

et al., 2002; Venter et al., 2001). Venter et al. (2001) characterised the molecular 

epidemiology of RSV over four consecutive seasons (1997-2000) at the Chris Hani 

Baragwanath hospital in Soweto South Africa. One of the questions that arose from 

this study was that during 1999 and 2000, one genotype (GA2) remained dominant 

over both seasons which appeared to be unusual when considering other studies 

conducted worldwide that have shown that different genotypes dominate each year 

(Cane et al., 1994; Choi & Lee, 2000; Peret etal., 1998).

In this thesis, the phylogenetic analysis of the 2001 outbreak in Soweto was 

described to elucidate the transmission dynamics of RSV during an epidemic in a 

single community, and further elucidate the molecular epidemiology over 

consecutive seasons in South Africa. The evolution of RSV antigenic proteins (F- 

and G-protein) of known South African genotypes, were analysed to determine if



immune selection occurred in the epitopic domains of these proteins. The results 

obtained in this thesis will be summarised in the following section.

In Chapter 3, the molecular epidemiology of a RSV outbreak that occurred at the 

Chris Hani Baragwanath hospital in Soweto 2001 was described. A total of 82 RSV- 

positive specimens were subtyped and sequenced. It was found that both subtypes 

A and B co-circulated during 2001, however subtype B dominated with 89%. The 

genetic variability of the RSV G-protein was characterised using distance-based 

(neighbor-joining) and character-based (maximum likelihood) trees. Genotyping 

methods previously described (Peret et al., 2000; Peret et al., 1998; Venter et al., 

2002; Venter et al., 2001) were used to assign the Soweto 2001 sequences to 

genotypes. It was found that three subtype A genotypes (GA2, GA5 and SAA1) and 

three subtype B genotypes (GB3, SAB1 and SAB3) were present in the 2001 

Soweto outbreak. The dominant subtype A genotype (GA2) from 1999 and 2000 

was replaced by the SAB3 genotype during 2001, which dominated with 69% 

followed by SAB1 with 18%. Only one SAB1 isolate had been identified in Soweto 

before in the year 2000. This may suggest that rare strains from one season may 

become prominent outbreak strains in later seasons in an immunological naive 

population. Cane (2001) suggested that genotype switching in each epidemic is 

driven by herd immunity to the particular dominant strain.

A total of 24 unique nucleotide sequence groups (seven subtype A and 17 subtype 

B) could be identified within the Soweto 2001 outbreak, demonstrating the high level 

of genetic variability that may occur during a single confined outbreak. The outbreak 

was dominated by four strains (one SAB1 and three SAB3), which circulated from 

the start up until the end of the epidemic. These four strains might have been the 

initial SAB1 and SAB3 outbreak strains, since they were isolated in the beginning of 

the outbreak and infected numerous individuals throughout the entire epidemic. The 

other SAB1 and SAB3 strains may have resulted because of possible immune 

driven selection in the dominant outbreak strains.

The role of positive selection in the G-protein was further investigated by analysing 

the nucleotide and amino acid sequences of the different outbreak strains. It was 

found that in both RSV subtypes, the mean amino acid P-distance (0.13 and 0.09
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for subtype A and B, respectively) exceeded the mean nucleotide P-distance (0.07 

and 0.05 for subtype A and B, respectively). Nonsynonymous substitutions 

exceeded synonymous substitutions (Ka/Ks ratios of 1.75 and 2 for subtype A and 

B, respectively) and transitions were more prevalent than transversions. Collectively 

these results suggest that positive immune selection occurred within the outbreak. 

This may account for the emergence of different strains later observed in each 

genotype These results agree with findings from studies conducted in other parts of 

the world (Reviewed by Cane, 2001, Sullender, 2000).

G-protein amino acid sequence alignments revealed the existence of 22 different 

amino acid sequence groups in the 2001 outbreak, relative to 24 nucleotide 

sequence groups, suggesting some of the nucleotide mutations resulted in similar 

amino acids. Differences in the length of the G-protein were also observed with 

subtype A sequences showing limited variation in protein length, while subtype B 

proteins had more variable protein lengths, corresponding to previous findings 

(Martinez et a i, 1999). Changes in the termination codons are thought to affect 

strain-specific epitopes residing in the C-terminal of the G-protein (Rueda et ai, 

1991; Rueda et a i, 1995; Martinez et ai, 1997). Strain-specific epitopes have been 

mapped within the C-terminal of the G-protein of subtype A sequences (Reviewed 

by Melero et a i, 1997). Amino acid changes associated with epitope loss identified 

in either escape mutants or natural occurring strains (Cane & Pringle, 1995; Garcia 

et al., 1994), were present in some of the Soweto 2001 subtype A sequences 

Alterations in the antigenic structure of the G-protein may provide a way for the virus 

to effectively evade the immune recognition (Melero et a i, 1997).

To further investigate the evolution in RSV antigenic proteins, the antigenic 

variability within the F-protein of each South African G-protein genotype, was 

studied in Chapter 4. The F-protein is the major focus of prophylactic antibody and 

subunit or recombinant vaccine research (Reviewed by Meanwell et a i, 2000). It is 

therefore important to determine the extent of variation between the various 

genotypes identified in South Africa to date and to determine if immune selection 

occurs in the antibody and CTL epitopes.
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A total of 18 clinical specimens were selected from each of the subtype A and B 

genotypes identified in South Africa to date. A RT-PCR using subtype specific 

primers was developed for the amplification of the precursor F-protein (1-1729bp) 

and successfully amplified all the South African genotypes. Nucleotide sequence 

analysis showed that the F-protein of subtypes A and B shared 82% identity, which 

agreed with previous findings (Johnson & Collins, 1988; Johnson et al., 1987). 

Transitions were more prevalent than transversions and in contrast to the G-protein, 

for the F-protein synonymous substitutions (Ks) exceeded nonsynomous 

substitutions (Ka) (Ka/Ks=0.12 for both subtypes). The Ka/Ks ratios suggested an 

absence of positive selection within this antigenic protein (Hurst, 2002).

Most nucleotide changes resulted in silent mutations and the amino acid sequence 

identity was 90% between both subtypes. When considering structural features 

common to Pneumovirinae fusion proteins (Chambers et al., 1992; Plows & Pringle., 

1995), results obtained here suggested that the F2-subunit of the F-protein was 

more variable than the F1-subunit for South African specimens, confirming the 

studies of the prototype isolates (Chambers et al., 1992; Plows & Pringle, 1995). It 

has been suggested that the higher variability in the F2-subunit may be due to the 

greater number of potential glycosylation sites within this subunit (Plows & 

Pringle,1995).

When the secondary structure (a-helices, p-strands and turns) was predicted for the 

F-protein of each South African genotype, it was found that some amino acid 

differences resulted in conformational changes, which might affect the antigenic 

structure of the F-protein. Previous findings showed that the F-protein of RSV exists 

as a trimeric coiled coil for the prototype strains A2, Long and CH-18537 (Lambert 

et al., 1996; Matthews et al., 2000, Zhao et al., 2000). Similar results were obtained 

for the F-protein sequences of the South African genotypes, regardless of the amino 

acid variation observed relative to the prototype strains.

The F-protein is the major target for the protective immune response (Lopez et al., 

1988) and is an important target for cytotoxic T lymphocytes (Cherrie et al., 1992) 

and neutralising antibody response (Walsh et al., 1985). When four previously 

identified B-cell epitopes were plotted on the South African F-protein sequences,
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two epitopes (47F (Lopez etal., 1990), L4 (Martin-Gallardo et a i, 1991)) were highly 

conserved between both subtypes, while the other two epitopes (RS-348 (Corvaisier 

et a i, 1993), and 7C2 (Trudel et a!., 1987)) were conserved only within the subtype 

A genotypes.

When three CTL epitopes previously identified in subtype A (restricted to HLA B*57, 

HLA Cw*12 (Brandenburg et a i, 2000) and HLA-A*01 (Rock & Crowe, 2003)) were 

plotted on the South African F-protein sequences, all three were conserved within 

subtype A and B, although subtype specific differences were identified. One 

genotype-specific amino acid mutation (L—>F) was observed at position 547 of GA5 

in the FILA Cw*12-restricted CTL epitope. This observation mutation prevents the 

complete exclusion of the possibility of immune selection within this CTL epitope. 

These results suggest that most of the identified CTL epitopes are subtype A- 

specific and may not be recognised by subtype B viruses, while the HLA Cw*12 

restricted epitope may also not be recognized efficiently in GA5 strains. This is the 

first study that addresses variation in CTL epitopes of the F-protein.
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Of the two T-helper cell epitopes identified in mice, one (amino acids 255 to 278) 

(Corvaisier et al., 1993) was found to be conserved between both subtypes A and 

B, while the other epitope (amino acids 205 and 225) (Corvaisier et a i, 1997), was 

conserved within the subtype A and B, respectively. None of the amino acid 

changes previously identified in escape mutants of RSV (Arbiza et a i, 1992; Lopez 

et a i, 1998) were found within the F-proteins of South African clinical specimens.

Previous studies conducted over consecutive seasons in South Africa (Venter et ai, 

2002; Venter et a i, 2001); as well as extensive analysis of a single epidemic in this 

study (Chapter 3) suggested that positive selection occurs in the G-protein, which is 

one of the neutralising antigens of RSV. However, most of the amino acid 

differences identified in both the B-cell and T-cell epitopes of the F-protein from the 

South African genotypes, were conserved within the subtypes, which suggest that 

immune selection does not occur in this important antigen (Chapter 4). Some 

subtype-specific differences in the antibody and CTL epitopes do however suggest 

that both subtypes A and B should be represented in subunit vaccines for effective 

protection. One genotype-specific mutation was observed in a CTL epitope that may



require further investigation over more seasons to completely rule out the possibility 

of selection in these epitopes over the long term. An absence of immune selection 

in the CTL epitopes of the N-protein has also been demonstrated (Venter et al., 

2003).

Since the protective immune response is directed to the F- and G-proteins, these 

antigens are the major targets for subunit vaccine development (Crowe, 2002). The 

development of a synthetic peptide epitope-based (mimotopes) vaccine to induce 

virus-neutralising antibodies against the more conserved RSV F-protein is also 

under investigation. However, the potential role of antigenic variation in RSV's ability 

to escape the immune response and to establish infections as illustrated in this and 

previous studies emphasises the importance of evolutionary investigations of RSV 

antigenic proteins (F- and G-protein) for future vaccine development.
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Appendix B

Partial sequences used in phylogenetic analysis of the Soweto 2001 G-protein (Chapter
3). Unpublished refer to unpublished data of M. Venter.

SUBTYPE A SUBTYPE B
Sequence Accession

number
Genotype Sequence Accession

number
Genotype

A2 M11486 GA1 B1 AF013254 GB1
M048 AF233914 Wv15291 M73542
NY108 AF233917 Ch10 9747732
SA98V173 AF348806 GA2 Mon389 9934694
AB28CT00 unpublished Wv4843 M73540
AB4026B01 AY146435 CH93-9B AF065251 GB2
SA0004 unpublished Mon 7 89 9934694
AB4029B01 AY146436 Mad 1-91 9934694
SA99V1229 unpublished SA98D796 unpublished GB3
SA0020 unpublished SA97D934 AF348817
SA0019 unpublished SA97D1887 unpublished
M013 AF233911 GA3 AI197941 AF233925
CN2395 AF233905 TX69208 AF233933
CH09 AF065254 GA4 NY97 AF233932
AB5076PT01 AY146437 GA5 SA0025 AF348825 SAB1
SA97D852 unpublished Abb17BI AY146438
SA99V1395 unpublished SA99V800 AF348821 SAB2
Ab81J00 AY146426 SA99V1325 AF348822
SA0012 unpublished Moz/198/99 AF309676
SA97D1131 unpublished SA99V429 AF348813 SAB3
AB3059CT01 AY146433 SA98D1656 AF348826 SAB4
SA97D804 AF348802 18537USA D00394
WV97343 M55633 Swed8 60 M73545
CN3114 AF233908
NY20 AF233918 GA6
AL19452-2 AF233901
SA97D540 unpublished GA7
CN1973 AF233904
SA98D707 AF348810 SAA1
SA97D669 AF348809
SA99V640 unpublished
SA99V1484 unpublished
AG38-00 AF548797
SA98V341 unpublished
SA99V1239 AF348808



Appendix C

Nucleotide alignment of the unique subtype A (A) and B (B) sequences identified in the Soweto 2001 
outbreak. The alignments are relative to the prototype strains (blue) (A2 for subtype A and B1 for subtype B), 
indicated above the reference sequences. The isolate name is shown on the left of the sequences and the genotype 
and sequence group to the right Genotypes are marked in different colours. Identical nucleotides are indicated by 
(*) symbols

Subtype A:

A2
ISJ69KS01
157KS01
0240KS01
G148S01
G160S01
G58S0I
VGJ 4 3S01

A2
0069KS01
157KS01
0240KS01
G148S01
G160S01
G58S01
VG143S01

A2
0069KS01
157Kf.ni
0240KS01
G148S01
G160S01
G58S01
VG143S01

A2

157KS01
0240KS01
G148S01
G160S01
G58S01
VG143S01

AAAAAAGATCCCAAACCTCAAACCACTAAATCAAAGGAAGTACCCACCACCAAGCCCACA
AAAAAAGATCCCAAACCTCAAACCACAAAACCAAAcGAAGTACTCACCACCAA'. 
AAAAAAGATCCCAAACCTCAAACCACAAAACCAAAGGAAG'! AC7CACCACCAAGC ' CACA 
AAAAAAGATCTCAAACCTCAAACTACAAAACCAAAGGAAGCACCTACCACCAAGCCCACA 
AAAAAAGATCTCAAACCTCAAACTACAAAACCAAAGGAAGCACCTACCACCAAGCCCACA 
AAAAAAGATCTCAAACCTCAAACTACAAAACCAAAGGAAGCACCTACCACCAAGCCCACA 
AAAAAAGATCTCAAACCTCAAACCACAAAACCAAAGACAGAACCTACCACCAAGCCCACA 
AAAAAAGATCTCAAACCTCAAACCACAAAACCAAAGGAAGTACCTACCACCAAGCCCACA 
* * * * * * * * * *  * * * * * * * * * * * *  ** ■* + ■* + ■*■* + ■* +* + * * * * * * * * * * * * * * * *

GAAGAGCCAACCATCAACACCACCAAAACAAACATCATAACTACACTACTCACCTCCAAC
GAAAAGCCAACCATCAACACTIACCAAAACAACCATCAGAA'ITACAC'T'G7" 7.V. 7 
GAAAAGCC.Jj:c;ATCAACACCACCAAAACAAC ’a t c a g a a c t a c a c rc-ci CAr • 
GAAAAGCCAACCATCAACATCACCAAACCAAACATCAGAACTACACTGCTCACCAACAGT 
GAAAAGCCAACCATCAACATCACCAAACCAAACATCAGAACTACACTGCTCACCAACAGT 
GAAAAGCCAACCATCAACATCACCAAACCAAACATCAGAACTACACTGCTCACCAACAGT 
GACAAGCCAACCATCAACATCACCAAACCAAACATCAGAACTACACTGCTCACCAACAGT 
GAAAAATCAACCATCAACACCACCAAGACAAACATCAGAACTACTCTGCTCACCAACAAC 
++ * ************ ****** *** ***** ****** •• ****** **

a c c a c a g g a a a t c c a g a a c t c a c a a g t c a a a t g g a a a c c t t c c a c t c a a c t t c c t c c g a a
ACCACAGGAAAT"CAGAACACACAA : "A"' a - " ' 7  ~ ;t ‘A7777~
ACCACAGGAAATCCAGAACACACAAGTCAAAAi XiAAACCCTCCACTSARCCACCT'V g.AA
a o c a c a g g a a a t c t a g a a c a c a c a a g t c a a g a g g a a a c c c t c c a t t c a a c c t c c t c c g a a  
a c c a c a g g a a a t c t a g a a g a c a c a a g t c a a g a g g a a a c c c t c c a t t c a a c c t c c t c c g a a  
a c c a c a g g a a a t c t a g a a c a c a c a a g t c a a g a g g a a a c c c t c c a t t t a a c c t c c t c c g a a  
a c c a c a g g a a a t c t a g a a c a c a c a a g t c a a g a g g a a a c c c t c c a t t c a a c c t c c t c c g a a  
a c c a c a g g g a a t c c a g a a c a c a c a a g t c a a a a g g a a a c c c t c c a c t c a a c c t c t t c c g a a  
++++*+++ * * + + ***** ******** * ******* **++ * *++ * ******

g g c a a t c c a a g c c c t t c t c a a g t c t c t a c a a c a t c c g a g t a c c c a t c a c a a c c t t c a t c t

GGCAATCTAAGCCCTTCACAAGTCTATACAACATGCOAGTACcTATCACAATCTCTArc:
GGCAATACAAGCCCTTCACAAATCTATACAACATCCGAGTACCTATCACAACCTCCATCT
g g c a a c a c a a g c c c c t c a c a a a t c c a t a c a a c a t c c a a g t a c c t a t c a c a a c c t c c a t c t  
g g c a a t a c a a g c c c t t c a c a a a t c t a t a c a a c a t c c g a g t a c c t a t c a c a a c c t c c a t c t  
g g c a a t a c a a g c c c t t c a c a a a t c t a t a c a a c a t c c g a g t a c c t a t c a c a a c c t c c a t c t  
g g c a a t c c a a g c c c t t c a c a a g t c t a t a c a a c a t c c g a g t a c c t a t c a c a a c c c c c a t c t  
•**■*★* •* ■*•*■*:*; •* ★ * +■* *■*■*-'***•*••*•★•* ★ * ★ + * * *★★**★* * -**•*-*

60 GA1

60
60 GA5 IV
60 GAS V
60 GA5 VI
60 SAA1 VII

120 GA1

120 GA5 III
120 GAS

G A ?  VI
120 SAA1 VII

180 GA1

GA5 III
180 GA5 IV

GA5 V
180 GA5 VI
i80 SAA1 VII

240 GA1

240 GAS
240 GAS IV
240 GA5 V
240 GA5 VI
240 SAA1. VII

A2
OU u i# i\S u  ±
157KS01
0240KS01
G148S01
G160S01
G58S01
VG143S01

CCACCCAACACACCACGCCAGTAGTTACTT 2 7 0
GCATCCAACACAACAAAGTr ■ ' \ ' I ''
CCATCCAACACAACAAAGTGGTAGTCA"TA 7 7 
CCATCCAACATAACAGACCAGTAGTCATTA 270 
CCATCCAACATAACAGACCAGTAGTCATTA 270 
CCATCCAACATAACAGACCAGTAGTCATTA 270 
CCATCCAACATAACAGACCAGTAGTCATTA 270 
CCATCCAACACAACAAACTAGTAGTCATTA 270

GA1

GA5 III 
GAS IV 
GA5 V 
GA5 VI 
SAA1 VII

■it +  -k -k k  -ir •k -k -it ★  *  ★ + * + * * *



Appendix C continues
Subtype B:

B1
0137KS01
G19S01
V0041KS01
193KS01
0227KNS
G36S01
G7S01
G31S01
V2004KS01
G42S01
G68S01
VG72S01
0112KS01
G102S01
0140KS01
0219S01
G154S01

AAAAGAGACCCAAAAACACCAGCCAAAACGACGAAAAAAGAAACTACCACCAACCCAACA 60 
AAAAGAGACCCAAAAATACTAGCCAAAACACTGAAAAAAGAAAACACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACCAGCCAAAACGCTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACCAGCCAAAACGCTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACCAGCCAAAACGCTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACCAGCCAAAACGCTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGAC C CAAAAACACTAGC CAAAACAC T GAAAAAAGAAAC CAC CAC CAAC C CAACA 60 
AAAAGAGACCCAAAAACACTAGCCAAAACAC T GAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACTAGCCAAAACACTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAG ACCCAAAAACACCAGCCAAAAC ACTGAAAAAAGAAAC CACCACCAACC CAAC A 60 
AAAAGAGACCCAAAAACACTAGCCAAAACACTGAAAAAAGAAAC CACCACCAACC CAAC A 60 
AAAAGAGACCCAAAAACACTAGCCAAAACACTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACCAGCCAAAACACTGAAAAAAGAAAC CACCACCAACC CAAC A 60 
AAAAGAGAC C C AAAAACACT AGC CAAAACAC T GAAAAAAGAAAC CAC CAC CAAC C CAAC A 6 0 
AAAAGAGACCCAAAAACACTAGCCAAAACACTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACTAGCCAAAACACTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACTAGCCAAAACACTGAAAAAAGAAACCACCACCAACCCAACA 60 
AAAAGAGACCCAAAAACACTAGCCAAAACACTGAAAAAAGAAACCACCACCAACCCAACA 60

G B i
GB3_VIII 
SAB1_IX 
SAB1_X 
SABI_XI 
SAB1_X11 
SAB3_XIII 
SAB3 XIV 
SAB3 XV 
SAB3_XVI 
SAE3_XVII 
SAB3XVIII 
SAB3 XIX 
3AB3XX 
SAB3XXI 
SAB3 XXII 
SAB3 XXIII 
SAB3 XXIV

B1
0137KS01
G19S01
V0041KS01
193KS01
0227KNS
G36S01
G7S01
G31S01
V2004KS01
G42S01
G68S01VG72S01
0112KS01
G102S01
0140KS01
0219S01
G154S01

AAAAArtCCAAuCi-rCACGAC ̂AC-KG*~iAA^jAoACAGv_Ao\-A^CTCACAri±cCA C TGTG —TC 
AAAAAACCAACCCCTAAGACCACAGAAAGAGACACCAGCACCTCACAATCCATTGTGCTC 
AAAAAACTAACCCTCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACTAACCCTCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACTAACCCTCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACTAACCCTCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAAC CAACC T CCAAGAC CACAG AAAG AG AC AC C AGCACCCC AC AAT CCACTGT GCT C 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACTTCACAATCCACTGTGCTC 
AAAAAACCAATCCCCAAGACCACAGAAAGAGACACCAGCACTTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAGGAGACACCAGCACCCCACAATCCACCGTGCTC 
AAAAAACCAACCCCCAAGATCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACCTCACAATCCACTGTGCTC 
AAAAAACCAACCCCCAAGACCACAGAAAGAGACACCAGCACCTCACAAICCACTGIGCTC

*************  *f***r**r**r*r ******
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GB1
GB3_VIII
SABI IX 
s a e : _ x

S A B I_ X I  
SAB1_XII 
SAB3XIII 
SAB3XIV 
SAB3 XV 
SAB3XVI 
SAB3 XVII 
SAB3XVIII 
SAB3 XIX 
SAB 3 XX 
SAB3 XXI 
SAB3XXII 
SAB3XXIII 
SAB3 XXIV

B1
0137KS01
G19S01
V0041KS01
193KS01
0227KNS
G36S01
G7S01
G31S01
V2004KS01
G42S01
G68S01
VG72S01
0112KS01
G102S01
0140KS01
0219S01
G154S01

GACACAACCACATTAGAACACACAATCCAACAGCAATCCCTCCACTCAACCACCCCCGAA 13 0 
GACACAACCACATCAAAACACACAATCCAACAGCAATCCCTCCACTCAACCACCCCCGAA 180 
GACACAACCACATCAAAACACACAACCCTACAGCAATCCCTCCACTCAACTACCCCCGAA 180 
GACACAACCACATCAATACACACAGCCCTACAGCAATCCCTCCACTCAACTACCCCCGAA 180 
GACACAACCACACCAAAACACACAACCCCACAGCAATCCCTCCACTCAACTACCCCCGAA 180 
GACACAACCACATCAAAACACACAACCCTACAGCAATCCCTCCACTCAACTACCCCCGAA 180 
GACACGGCCACATCGGGACACACAATCCAACAGCAATCCCTCCACTCAACCACCCCCGAA 1 BO 
GACACAGCCACATCGGGACACACAATCCAACAGCAATCCCTCCACTCAACCAACCCCGAA 180 
GACACAGCCACATCGGGACACACAATCCAACAGCAATCCCTCCACTCAACCAACCCCGAA 1H0 
GACACGACCACATCGGGACACACAATCCAACAGCAATCCCTCCACTCAACCACCCCCGAA 180 
GACACGGCCACATCGGGACACACAATCCAACAGCAATCCCTCCACTCAACCACCCCCGAA 180 
GACACAGCCACATCGGGACACACAATCCAACAGCAATCCCTCCACTCAACCAACCCCGAA 180 
GACACAGCCACATCGGGACACACAATCCAACAGCAATCCCCCCACTCAACCACCCCCGAA 180 
GACACGGCTACATCGGGACACACAATCCAACAGCAATCCCTCTACTCAACCACCCCCGAA 180 
GACACGGC C ACACCGGGACACACAATC C AA.CAGCAAT CCCT CCAC T C AAC CAC CC CC GAA 180 
GACACAGCCACATCGGGACACACAATCCAACAGCAATCCCTCCACTCAACCAACCCCGAA 180 
GACACGGCCACATCGGGATACACAATCCAACAGCAATCCCTCCACTCAACCACCCCCGAA 1 80 
GACACAGCCACATCAGGACACACAATCCAACAGCAATCCCTCCACTCAACCAACCCCGAA 180

B1
GB3 VIII
SAB1IX 
SAB1_X 
SABIXI 
SABI XII 
SAB3 XIII 
SAB 3 XIV 
SAB3 XV 
SAB3 XVI 
SAB3 XVII 
SAB3XVIII 
SAB3 XIX 
SAB3 XX 
SAB3 XXI 
SAB3 XXII 
SAB3_XXIII 
SAB3 XXIV
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Appendix C continues

B1
0137KS01
G19S01
V0041KS01
193KS01
0227KNS
G36S01
G7S01
G31S01
V2004KS01
G42S01
G68S01
VG72S01
0112KS01
G102S01
0140KS01
0219S01
G154S01

AACACACCCAACICCACACAAACACCCACAGCATCCGAGCCCTCTACATCAAATTCCACC 240 
AACACACCCAACTCCAAACAAACACCCACATCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCAAACTTCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCAAACTTCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCAAACCTCACACAAACACCCACAGCATCCGAGCCCTCCACATTAAATTCCACC 240 
AAAACACCAAACTTCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAATACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCTTCAACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 24 0 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAACTCCACC 240 
AACACACCCAACTCCAAACAAACACCCACAGCATCCGAGCCCCCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAATACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAACACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240 
AACACACCCAACTCCACACAAATACCCACAGCATCCGAGCCCTCCACATCAAATTCCACC 240

GB3_v:n 
GB3 VIII 
SABI IX 
SAB l" X 
SABl' XI 
SABI XII 
SAB3 XIII 
SAB3 XIV 
SAB3 XV 
SAB3 XVI 
SAB3 XVII 
SAB3 XVIII 
SAB3 XIX 
SAB3 XX 
SAB3 XXI 
SAB3 XXII 
SAB3 XXIII 
SAB3 XXIV
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CAAAAIACCCAATCACATGCTTAGTTATTC 270 
CAAAAACTCCAGTCATATGCTTAGTTATTC 270 
CAAGAAGCCTAGTCATATGCTTAGTTATTC 270 
CAAGAAGCCTAGTCATATGCTTAGTTATTC 270 
CAAGAAGCCTAGTCATATGCTTAGTTATTC 270 
CTAGAAGCCTAGTCATATGCTTAGTTATTC 270 
TAAAAACTCTAGTCATATGCTTAGTTATTC 270 
CAAAAACTCCAGTCATATGCTTAGTTATTC 270 
CAAAAACTCCAGTCATATGCTTAGTTATTC 270 
CAAAAACTCTAGTCATATGCTTAGTTATTC 270 
TAAAAACTCTAGTCATATGCTTAGTTATTC 270 
CAAAAACTCCAGTCATATGCTTAGTTATTC 270 
CAAAAACTCTAATCATATGCTTAGTTATTC 270 
CAAAAACTCCAGTCATATGCTTAGTTATTA 270 
CAAAAACTCTAGTCATATGCTTAGTTATTC 270 
CAAAAACTCCAGTTATATGCTTAGTTATTC 270 
TAAAAACTCTAGTCATATGCTTAGTTATTC 270 
CAAAAACTCCAGTCATATGCTTAGTTATTC 270

GB1
GB3 VIII
SAB1_IX 
SABI X 
SABI XI 
SABI XII 
SAB3 XIII 
SAB3 XIV 
SAB3 XV 
SAB3 XVI 
SAB3 XVII 
SAB3 _XVIII 
SAB3~XIX 
SAB 3 XX 
SAB3 XXI 
SAB3 XXII 
SAB3 XXIII 
SAB 3’ XXIV
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