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SUMMARY 

 

The role of a second RGD motif in the 1D protein of a Namibian SAT1 

foot-and-mouth disease virus for target cell attachment 

 

 

by 

 

PAMELA STOREY 

 

 

Supervisor:   Prof. J. Theron 

   Department of Microbiology and Plant Pathology 

   University of Pretoria 

 

Co-Supervisor: Dr H.G. van Rensburg 

   Division of Medical Biochemistry 

   University of Cape Town 

 

for the degree M.Sc 

 

 

Foot-and-mouth disease virus (FMDV), which is a member of the Aphthovirus genus of 

Picornaviridae, is an economically important animal virus that infects cloven-hoofed 

animals. At least two families of cell-surface receptors have been identified that mediate 

binding of FMDV to susceptible cells, i.e. integrins and heparan sulfate proteoglycans 

(HSPG). Whereas several tissue culture-adapted FMD viruses use heparan sulfate 

proteoglycans for internalization, field isolates of FMDV use integrins as receptors. A 

conserved amino acid sequence Arg-Gly-Asp (RGD), located in the surface-exposed flexible 

βG-βH loop of the viral outer capsid protein 1D, participates in binding FMDV to integrin 

receptors on the surface of susceptible cells. Sequence analyses of the 1D-encoding genome 

region of a SAT1 type FMDV field isolate, NAM/307/98, indicated the presence of a second 

RGD sequence upstream of the conserved G-H loop RGD sequence. Since FMDV is capable 

of binding to RGD-binding integrin receptors, the aim of this study was to investigate 

whether the second RGD motif in capsid protein 1D of NAM/307/98 may function as a 

ligand for receptor-binding in baby hamster kidney (BHK) cells.  

 

Towards this end, a cDNA copy of the genomic region encoding the external capsid proteins 

(1B-1D) of NAM/307/98 was cloned into pSAT2, a genome-length cDNA clone derived 
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from the SAT2 strain ZIM/7/83. Transfection of BHK-21 cells with in vitro-transcribed RNA 

derived from the chimeric pNAM/SAT2 clone resulted in the recovery of infectious chimeric 

virus particles. The availability of such an infectious chimeric cDNA clone greatly facilitated 

the introduction of specific, targeted mutations in the 1D capsid-encoding region of 

NAM/307/98 in order to investigate the functional role of the second RGD sequence. 

 

Using the chimeric SAT1/SAT2 cDNA clone as template, the RGD codons in the G-H loop 

of NAM/307/98 were replaced with codons specifying a KGE sequence by a polymerase 

chain reaction (PCR)-based method of site-directed mutagenesis. The mutated DNA fragment 

was introduced into the pSAT2 infectious cDNA clone, transcribed in vitro, and the resulting 

RNA transfected into BHK-21 cells. The transfected cells were analyzed for cytopathic effect 

(CPE). In contrast to cells transfected with non-mutated RNA transcripts, from which 

infectious virus could be recovered, cells transfected with the mutant RNA transcripts 

showed cell lysis, but no CPE could be observed upon subsequent passaging of the resultant 

viruses on BHK cells. Notably, subsequent replacement of the KGE sequence with an RGD 

sequence in the mutant clones led to recovery of infectious viruses. Furthermore, RNA 

replication could be demonstrated with the mutant and non-mutant chimeric viruses, 

suggesting that virus particles were indeed present in the tissue culture supernatants of all 

transfected cells. Based on the results obtained during the course of this investigation, it was 

therefore concluded that the second RGD motif, situated upstream of the conserved RGD 

motif in the G-H loop of capsid protein 1D of NAM/307/98, does not function as a ligand for 

receptor-binding in BHK-21 cells. 
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CHAPTER 1 

 

LITERATURE REVIEW 

 

 

1.1 GENERAL INTRODUCTION 

 

Foot-and-mouth disease (FMD), of which foot-and-mouth disease virus (FMDV) is the 

causative agent, is a highly contagious disease of cloven-hoofed animals. Its host range 

include domestic animals such as cattle, swine, sheep and goats, as well as more than 30 

species of wild ruminants (Thomson, 1994). FMD is one of the most important infectious 

animal diseases, as an outbreak could have a major economic impact on the livestock 

industry of an affected country. In the last decade, costly FMD outbreaks have occurred in 

Asia (India and the Philippines) (1996), Taiwan (1997), the Republic of Korea (2000 and 

2002), South Africa (KwaZulu-Natal) (2000), Japan (2000), South America (Argentina and 

Brazil) (2001) and the United Kingdom (2001) (Knowles and Samuel, 2003). Although 

mortality associated with FMD is usually low (less than 3%), the disease decreases livestock 

productivity and affected countries cannot participate in international trade of animals and 

animal products. This is particularly detrimental for developing countries, which rely on 

agricultural exports of animal origin for economic development. Other losses that may be 

incurred during an outbreak include a reduction in the production of meat, milk and other 

animal products (Thomson, 1994). Based on its major economic and international 

importance, FMDV has been categorized as a list A disease by the Office International des 

Epizooties (OIE) (Quinn and Markey, 2001; OIE Manual, 2004). List A diseases are 

transmissible diseases that have the potential for very serious and rapid spread, they have 

particularly serious socio-economic or public health consequences and are of major 

importance in the international trade of animals and animal products (OIE Manual, 2004).  

 

FMD spreads rapidly to susceptible animals with transmission of the disease being direct or 

indirect. The most common mode of transmission is through direct contact of susceptible 

animals with infected animals that excrete the virus, since virus particles are present in all 

secretions and aerosols during infection (e.g. saliva and semen). Indirect transmission of the 

disease can occur by mechanical carriage of the virus on vehicles, footwear, clothing and 

through contact with viral-contaminated animal products such as meat, offal and milk (Quinn 
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and Markey, 2001). Under favorable conditions of low temperatures, high humidity and 

moderate wind speeds, viral aerosols may spread 10 km or more over land (Quinn and 

Markey, 2001). In natural infections, the main route of virus entry is via the respiratory tract. 

Following virus multiplication in the pharynx epithelium, which leads to the production of 

primary vesicles (Burrows et al., 1981), the virus enters the blood stream and lymphatic 

system and spreads rapidly to different organs and tissues, resulting in the formation of 

secondary vesicles in the mouth and feet of infected hosts (Sobrino et al., 2001).  

 

The incubation period is generally short, ranging from two to eight days, but can last up to 13 

days. Whereas the earliest clinical signs of disease include fever, dullness, loss of appetite, a 

fall in milk yield and the cessation of rumination, it is shortly followed by signs more related 

to the development of lesions such as lameness, a disinclination to stand, salivation, smacking 

of the lips and grinding of the teeth (Fig. 1.1) (Thomson, 1994). The severity of the disease 

may vary with the level of immunity, the virus dose and strain, host species and between 

individuals of a given species. Asymptomatic, persistent infections can be found in ruminants 

for periods ranging from a few weeks to several years, depending on the animal species, 

during which virus can be isolated from the oesophagus and throat fluids (Van Bekkum et al., 

1959; Condy et al., 1985). Both naïve and vaccinated animals are capable of becoming 

persistently infected following an acute infection. The mechanisms that mediate virus 

persistence are unclear, but are likely to result from a dynamic equilibrium between the host 

immune system and the selection of viral antigenic variants at the mucosae of the upper 

respiratory tract (Gebauer et al., 1988; Salt, 1993). 

 

Countries free of FMD have restrictions on the movement of animals and animal products 

originating from countries where FMD occurs. In the event of a FMD outbreak, the first step 

is to confirm clinical diagnosis by laboratory tests. A quarantine area should immediately be 

declared and enforced, and the extent of the spread of the disease should be established. A 

stamping-out policy is then followed during which infected or susceptible in-contact animals 

are slaughtered. The carcasses are either buried or, more commonly, burnt (Quinn and 

Markey, 2001). In contrast, in countries where FMD is endemic, the disease is controlled by 

vaccination and zoosanitary measures, e.g. restrictions on the movement of animals and 

animal products from affected areas. Vaccines can help to contain the disease quickly if it is 

used strategically to create barriers between infected zones and disease-free zones. However, 

the immunity period that a vaccine offers is normally short (6 to 12 months) and annual 
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Fig. 1.1 Examples of foot-and-mouth disease lesions. (A) Raw lesions on the gum of a bovine, as 

indicated by a red arrow. (B) Ruptured lesion on the tongue (arrow) of a bovine that has 

already begun to heal. (C) A bovine salivating due to lesion within the mouth. (D) A lesion 

on the hoof of a bovine, indicated by a red arrow. (Pictures obtained from Dr Wilna 

Vosloo). 

 

 

(C) (D) 

(B) (A) 
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revaccination is required. A further complicating factor is that FMDV is subject to extensive 

antigenic variation and consequently, variants arise from which animals immunised with a 

particular vaccine may not be protected (Thomson, 1994). FMDV evolves independently and 

rapidly in different geographical areas, thus necessitating the development of vaccines that 

are custom-made to specific geographic areas in order for them to be effective (Doel, 2003).  

 

Another important aspect in the control of FMD concerns the rapid and accurate diagnosis of 

the disease. Since FMDV spreads rapidly and is highly infectious, the handling of the virus, 

as well as procedures relating to diagnosis of the disease is restricted to high-security 

laboratories (Thomson, 1994). The diagnosis of the disease is dependent on clinical 

assessments, identification of the virus or viral antigens during the early stages of infection, 

and serology in cases where the infection has lasted longer than two weeks (Thomson, 1994). 

Originally, the complementation fixation (CF) test was used for the routine detection of 

FMDV in clinical samples. In recent years this test has been replaced in many laboratories by 

enzyme-linked immunosorbent assays (ELISA) and the serum neutralisation tests (SNT) 

(Roeder and Le Blanc-Smith, 1987; OIE Manual, 2004). However, the development of 

reverse transcriptase-polymerase chain reaction (RT-PCR) techniques, coupled with 

automated nucleotide sequencing, has become an important tool for the efficient and rapid 

diagnosis of FMD (Collen, 1994; Sobrino et al., 2001).  

 

1.2 CLASSIFICATION OF FOOT-AND-MOUTH DISEASE VIRUS 

 

FMDV belongs to the family Picornaviridae (Semler and Wimmer, 2002) and is the 

prototype member of the Aphthovirus genus. Equine rhinitis A virus is also a member of the 

Aphthovirus genus due to its genomic structure being more closely related to FMDV than to 

any of the other picornaviruses (Li et al., 1996). Seven distinct FMDV serotypes (Type O, A, 

C, Asia-1 and the South African Territories [SAT] 1, 2 and 3) have been identified based on 

the lack of cross-protection following infection or vaccination (Domingo et al., 2002). Types 

O and A were recognized in the 1920s in France (Vallée and Carré, 1922; Waldmann and 

Trautwein, 1926) and have the broadest distribution, occurring in many parts of Africa, 

southern Asia, the Far East (excluding type A) and South America. Type C was discovered in 

1926 in Germany (Waldmann and Trauttwein, 1926) and appears to have become confined to 

the Indian sub-continent (Knowles and Samuel, 2003). This was followed by the discovery of 

the SAT types in the 1940s (Brooksby, 1958), which are generally confined to sub-Saharan 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 5

Africa, whilst the Asia-1 serotype, the last serotype to be discovered in Pakistan in 1954, is 

restricted to southern Asia (Brown, 2003). 

 

1.3 GENOME ORGANIZATION 

 

The FMDV genome is a positive sense single-stranded RNA molecule of ca. 8 450 

nucleotides in length (Bachrach, 1977). The viral RNA genome consists of a single open 

reading frame (ORF) flanked by two untranslated regions (UTRs), both of which display 

complex secondary structure (Fig. 1.2). 

 

Covalently linked to the 5’ UTR of the genome is the virus-encoded protein VPg (viral 

genome-linked protein) (Beck et al., 1983), which is encoded by the 3B-coding region in the 

viral genome. The VPg protein is thought to play a role in pathogenesis and host range 

determination of the virus (Mason et al., 2003). The first region of the 5’ UTR, known as the 

S fragment (S), is ca. 360 nucleotides in length and has a sequence that is capable of folding 

into a long stem-loop structure, but it does not encode proteins (Newton et al., 1985). 

Following the S fragment is an RNase T1-resistant tract composed of ca. 90% cytosine (C) 

residues, known as the poly-cytidylate tract (poly (C) tract) (Brown et al., 1974). Initial 

reports suggested that the length of the poly (C) tract played a role in virulence (Harris and 

Brown, 1977). However, viruses containing a poly (C) tract of only two C residues have been 

reported to be virulent in mice, but they display higher particle:infectious doses than viruses 

with a long poly (C) tract (Rieder et al., 1993). A cellular poly (C)-binding protein (PCBP), 

together with host and viral proteins, is postulated to bring together the 5’- and 3’-ends of the 

poliovirus genome in a structure that is capable of regulating the switch from translation to 

replication during the viral infectious cycle (Barton et al., 2001; Herold and Andino, 2001). 

For FMDV, the PCBP associates with the poly (C) tract, suggesting that the poly (C) tract 

might play a similar role in genome circularization (Mason et al., 2003). The poly (C) tract 

separates the S fragment from the large (L) fragment. The L fragment contains a number of 

highly conserved secondary structures, including tandem repeats of pseudoknots (PKs), a cis-

acting replication element (cre) and the internal ribosome entry site (IRES) (Clarke et al., 

1987; Martinez-Salas, 1999; Mason et al., 2002). Whereas the function of the pseudoknots is 

not yet known (Clarke et al., 1987), the cre, a short hairpin element containing a highly 

conserved AAACA pentanucleotide in the loop region, is required for picornavirus genome
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Fig. 1.2 Schematic diagram of the FMDV RNA genome. The 5’ and 3’ untranslated regions (UTR), the encoded polyproteins and the mature viral proteins 

are indicated. 
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replication (McKnight and Lemon, 1996; 1998). The highly structured IRES directs cap-

independent translation of the viral RNA (Martinez-Salas, 1999). 

 

The viral ORF encodes a single polyprotein (Forss et al., 1984), which can be divided into 

four different polyproteins, namely L, P1-2A, P2 and P3. The Leader proteinase (L
pro
) is 

encoded by the 5’-end of the ORF (Robertson et al., 1985). Within the L
pro
-encoding region 

of all seven FMDV serotypes are two in-frame AUG codons (Sangar et al., 1987), which 

initiate synthesis of two forms of the Leader (L) protein, Lab and Lb, respectively (Beck et al., 

1983; Sangar et al., 1987). Although both proteins have been detected in vitro and in infected 

cells (Clarke et al., 1985), it has been suggested that Lb is the major protein synthesised in 

vivo (Cao et al., 1995). Both Lab and Lb catalyse their proteolytic excision from the growing 

polyprotein at its carboxy (C)-terminus (Strebel and Beck, 1986; Vakharia et al., 1987) and 

initiate the cleavage of the eukaryotic translation initiation factor eIF-4G (Devaney et al., 

1988, Medina et al., 1993). The L protein is not only essential for pathogenesis and 

permitting virus transmission in livestock hosts, but it has also been associated with virus 

virulence (Mason et al., 2003). The P1 polyprotein is the precursor of the viral capsid 

proteins 1A, 1B, 1C and 1D (Domingo et al., 1990; Belsham, 1993). The polyprotein is 

rapidly cleaved into proteins 1AB, 1C and 1D by the 3C proteinase (Bablanian and Grubman 

1993). Upon encapsidation of the RNA, 1AB is autocatalytically cleaved into proteins 1A 

and 1B (Harber et al., 1991; Lee et al., 1993). 

 

Non-structural proteins derived from the P2- and P3-coding regions of the genome participate 

in RNA replication and in the folding and assembly of structural proteins. The P2 polyprotein 

precursor is proteolytically processed into the three mature polypeptides 2A, 2B and 2C 

(Rueckert and Wimmer, 1984). The 18-amino-acid peptide 2A (Robertson et al., 1985; 

Donnelly et al., 1997) remains associated with the P1 polyprotein precursor following 

primary cleavage (Vakharia et al., 1987) and appears to be an autoproteinase (Ryan et al., 

1991). Limited research has been completed on protein 2B of FMDV and the exact function 

of this protein is not known. However, picornaviral proteins 2B and 2C have been implicated 

in virus-induced cytopathic effect and protein 2B has been implicated in enhancing 

membrane permeability and blocking of protein secretory pathways (Doedens and 

Kirkegaard, 1995; Van Kuppeveld et al., 1997a;b; Jecht et al., 1998). Protein 2C of FMDV 

contains three nucleoside triphosphate-binding motifs (GXXXXGK, DXXG, NKXD) and 

helicase motifs (Dever et al., 1987; Dmitrieva et al., 1991). In addition, mutations that confer 
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resistance to guanidine hydrochloride, an inhibitor of viral RNA replication, are located in 

2C, thus implying a role for this protein in viral RNA synthesis (Saunders et al., 1985; Klein 

et al., 2000). Furthermore, protein 2C and its precursor 2BC are associated with cell 

membranes and induce cell membrane vesicle proliferation (Bienz et al., 1990). 

 

The P3 polypeptide precursor is proteolytically processed to yield the four mature proteins 

3A, 3B, 3C and 3D. The protein 3A of FMDV is longer than that of other picornaviruses (153 

amino acids (aa) as compared with 87 aa for poliovirus) (Mason et al., 2003) and is proposed 

to be the membrane anchor for the picornavirus replication complex (Xiang et al., 1997). It is 

associated to viral-induced membrane vesicles and contributes to the cytopathic effect and to 

the inhibition of protein secretion (Doedens and Kirkegaard, 1995). Three tandem, non-

identical copies of the 3B gene encode three copies of the VPg protein, which participate in 

the initiation of RNA synthesis and in the encapsidation of viral RNA (Hogle et al., 1985; 

Xiang et al., 1997; Barclay et al., 1998). The 3B genes display highly conserved sequences 

and each VPg contains a Tyr-3, which is known to be involved in phosphodiester linkage to 

the viral RNA (Forss and Schaller, 1982). Viable viruses can be recovered from infectious 

RNA carrying a single copy of the 3B gene, but the level of infectivity correlates with the 

number of 3B gene copies present in the RNA (Falk et al., 1992). The 3C proteinase (3Cpro
) 

is a serine protease (Bazan and Fletterick, 1988; Gorbalenya et al., 1989) and is responsible 

for catalyzing most of the proteolytic cleavage events necessary for polyprotein processing 

(Vakharia et al., 1987; Clarke and Sanger, 1988), the exceptions being the cleavage of L
pro
 

from P1, 2A from P1-2A, and the maturation cleavage of 1AB into 1A and 1B (Bablanian 

and Grubman, 1993). The 3C
pro
 is also responsible for the proteolytic processing of the 

histone protein H3, which leads to inhibition of host transcription in infected cells (Falk et al., 

1990; Tesar and Marquardt, 1990). As in other picornaviruses, protein 3D is the RNA-

dependent RNA polymerase (Polatnick and Arlinghaus, 1967; Newman et al., 1979) and is 

highly conserved both in nucleotide and amino acid sequence among the different FMDV 

serotypes (Martinez-Salas et al., 1985; George et al., 2001). 

 

The 3’-end of the genome contains a poly (A) tract that is separated from the 3D-encoding 

region by a short RNA sequence that is able to fold into a specific structure (Pilipenko et al., 

1992). The poly (A) tract is genetically encoded, unlike cellular mRNAs where the poly (A) 

tract is added post-transcriptionally (Dorsch-Hasler et al., 1975). The poly (A) tract plays a 

role in a variety of processes required for polyadenylated mRNAs, including genome 
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circularization that could play a role in RNA replication (Barton et al., 2001; Herold and 

Andino, 2001). 

 

1.4 THE VIRUS PARTICLE 

 

The FMD virions are ca. 30 nm in diameter and consist of 70% protein, 30% RNA and a 

limited amount of lipid (Bachrach et al., 1964). FMD virions are distinguished from other 

picornaviruses by their lability at pH values below 6.5 (Acharya et al., 1989). The viral RNA 

genome is enclosed in a non-enveloped protein capsid of icosahedral symmetry (Bachrach, 

1977). The capsid consists of 60 copies of each of the four capsid proteins, namely 1A, 1B, 

1C and 1D. The surface capsid proteins (1B-1D) have an eight-stranded antiparallel  β-barrel 

structure and are arranged in a sandwich of two four-stranded β-sheets (Fig. 1.3A). A single 

copy of each capsid protein assembles to produce a protomer (Fig. 1.3B), five protomers 

form a pentamer (Fig. 1.3C) and twelve pentamers form a complete icosahedral capsid that 

encloses the viral genome (Acharya et al., 1989) (Fig. 1.3D). 

 

The 1D proteins are located around the icosahedral five-fold axes and contribute most to the 

accessible surface of the virus particle. Protein 1D also contains a highly mobile loop 

protruding from its surface, known as the G-H loop (Acharya et al., 1989; Logan et al., 1993; 

Fry et al., 1999). This flexible external loop contains a highly conserved three-amino-acid-

sequence Arg-Gly-Asp (RGD) at its apex, which is involved in binding of FMDV to host 

cells (Fox et al., 1989; Logan et al., 1993; Lea et al., 1994; Mason et al., 1994; Curry et al., 

1996). Proteins 1B and 1C alternate around the two- and three-fold axes and it has been 

suggested that a histidine-rich region at the 1B/1C interface is responsible for acid-induced 

capsid disassembly. Protonation of these residues at a pH below 6.5 may cause electrostatic 

repulsive forces across the pentamer interface, thereby resulting in the capsid opening up 

(Acharya et al., 1989; Curry et al., 1995; Ellard et al., 1999). Multiple conformational- and 

non-conformational-dependant immuno-important regions present on 1B-1D have been 

identified for types A, O and C (Kitson et al., 1990; Crowther et al., 1993; Mateu et al., 

1995). In contrast to the above capsid proteins, protein 1A is located entirely at the inner 

surface of the capsid and is modified by a myristate group at its amino (N)-terminus, which 

has been reported to be essential for capsid assembly and stability (Chow et al., 1987; 

Acharya et al., 1989). 
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Fig. 1.3 Schematic view of the surface structure of FMDV capsid proteins, the subunits and the 

viral capsid. (A) Schematic representation indicating the eight-stranded β-sandwich core of 

proteins 1B, 1C and 1D. The β-strands are indicated as B, I, D, G, C, H, E and F and are 

joined through connecting loops. (B) The arrangement of the external capsid proteins (1B, 

1C and 1D) in a biological protomer. The location of the carboxy- and amino–terminal 

domain of 1D is indicated by a black ribbon. (C) Arrangement of five protomers into a 

pentamer. (D) Structure of the virion capsid, consisting of 60 protomers. Each protomer is 

composed of one copy of 1B, 1C and 1D. The two-fold, three-fold and five-fold axes are 

indicated, in blue by an ellipse (1), in red by a triangle (2) and in green by a circle (3), 

respectively. A pentamer is outlined in the capsid, and a protomer is indicated inside the 

pentamer. (Taken form Saiz et al., 2002). 
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1.5 THE VIRUS REPLICATION CYCLE 

 

Replication and translation of the FMDV RNA occurs in the cytoplasm of infected cells, and 

these processes are associated with cell membranes (Rueckert, 1996). The FMDV infectious 

cycle (Fig. 1.4) is initiated by the attachment of the virus to receptors exposed on the cell 

surface (Tamkun et al., 1986) via an RGD sequence found within the surface-exposed G-H 

loop of capsid protein 1D (Fox et al., 1989; Mason et al., 1994). Although the highly 

conserved RGD tripeptide is characteristic of the ligands of several members of the integrin 

family (Hynes, 1992), tissue culture-adapted FMDV strains can utilize other receptors such as 

heparan sulfate proteoglycans in an RGD-independent manner (Jackson et al., 1996; Sa-

Carvalho et al., 1997). Cellular receptors are discussed in more detail in Section 1.6.  

 

Following binding of the virion to the cell surface receptor, the virus-receptor complex is 

invaginated and internalized by endocytosis to form a clathrin-coated vesicle (endosome) 

(Madshus et al., 1984a;b). Acidification of the endosome leads to the release of protein 1A 

and unfolding of the hydrophobic regions buried inside the viral capsid (Curry et al., 1995). 

Fusion of the lipid bilayer with the hydrophobic regions of the exposed capsid proteins leads 

to the formation of a pore through which the viral RNA is transferred to the cytosol (Madshus 

et al., 1984a;b). In the cytoplasm, the VPg protein is released from the 5’ UTR of the viral 

RNA (Lee et al., 1977). The internal ribosome entry site (IRES) then forms a secondary 

structure, which is able to bind ribosomes and deliver them directly to the polyprotein 

initiation codon in a cap-independent manner. Translation initiation factors involved in cap-

dependent mRNA translation, such as the eukaryotic translation initiation factor eIF-4B 

(Meyer et al., 1995) and the cellular polypyrimidine tract-binding protein (PTBP) 

(Niepmann, 1996), have been reported to play a role in stimulation of the internal translation 

initiation at the picornaviral IRES. The RNA strand directs synthesis of the viral polyprotein, 

which is cleaved into individual proteins as synthesis progresses. 

 

The leader proteinase, which is the first protein to be synthesized, cleaves itself from the rest 

of the growing polyprotein before cleaving the eukaryotic translation initiation factor eIF-4G. 

Since eIF-4G is a component of the cap-binding complex required for translation of most 

cellular mRNAs (Meerovitch and Sonenberg, 1993), cleavage of eIF-4G thus results in the 

shutting-off of host cap-dependent mRNA translation (Devaney et al., 1988). Shut-off of host 
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Fig. 1.4 Overview of the poliovirus infectious cycle. (Taken from Ansardi et al., 1996). 
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cell translation is normally marked by a sharp decline in protein synthesis occurring ca. 30 

min after infection (Rueckert, 1996). Subsequently, the virus-induced decrease in cellular 

protein synthesis is followed by increased cap-independent synthesis of viral proteins.  

 

The single polyprotein encoded by the viral ORF undergoes several processing events to 

produce the three polyprotein precursors P1-2A, P2 and P3 (Domingo et al., 1990; Belsham, 

1993). The P1-2A polyprotein, which is the precursor for the capsid proteins, is obtained 

following the autocatalytic cleavage of L
pro
 from P1 (Strebel and Beck, 1986) and the 2A 

cleavage between P1-2A and 2B (Ryan et al., 1989). The P1-2A precursor is then cleaved by 

the 3C
pro
 to produce 1AB, 1C and 1D. Besides the cleavage of L

pro
 from P1, the cleavage of 

2A and the maturation cleavage of 1AB to 1A and 1B, all other cleavages are performed by 

3C
pro
 and results in several mature structural and non-structural proteins (Vakharia et al., 

1987; Clarke and Sanger, 1988; Bablanian and Grubman, 1993). The 3C
pro
 protein is also 

responsible for the cleavage of the cellular H3 histone protein, which may contribute to 

inhibiting host cell transcription (Grigera and Tisminetzky, 1984; Falk et al., 1990; Tesar and 

Marquardt, 1990). Thus, the cleavage of eIF-4G and histone H3 results in an almost complete 

breakdown of host cell functions during viral infection. 

 

One of the products produced by the cleavage of P3 is the RNA-dependent RNA polymerase 

(3D), which copies the positive sense viral RNA to produce complementary negative sense 

RNA. Progeny virus positive sense strands are synthesized repeatedly from these negative 

sense templates by a peeling-off mechanism (Joklik, 1980). The progeny positive sense RNA 

strands are either translated or packaged into progeny virions (Joklik, 1980; Rueckert, 1996). 

Virus assembly involves the formation of capsid protomers, five of which assemble into 

pentamers, followed by packaging of the positive sense VPg-RNA to form provirions 

(Guttman and Baltimore, 1977; Belsham, 1993). The final step in virion maturation involves 

the autocatalytic cleavage of 1AB into 1A and 1B, which is required for the formation of 

infectious virus particles (Harber et al., 1991; Lee et al., 1993; Knipe et al., 1997). The 

virions are then released from the host cells by lysis (Rueckert, 1996).  
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1.6 CELLULAR RECEPTORS FOR FOOT-AND-MOUTH DISEASE VIRUS 

 

Over the last few years, much progress has been made in identifying cellular receptors for 

FMDV. This has led to an improved understanding of how FMDV targets epithelial cells, the 

preferred cell type infected by FMDV, and of the mechanisms underlying disease 

transmission. Whereas field isolates of FMDV utilize integrin receptors for cell 

internalization, several tissue culture-adapted viruses have a higher affinity for heparan 

sulfate proteoglycans (Jackson et al., 1996; Sa-Carvalho et al., 1997). Consequently, both 

these cellular receptors and other alternate receptors used for FMDV internalization, will be 

discussed in more detail. 

 

1.6.1 INTEGRIN RECEPTORS 

 

Integrins are a family of α/β heterodimeric transmembrane glycoproteins that contribute to 

various different processes, e.g. cell-cell and cell-extracellular matrix adhesion, as well as the 

induction of signal transduction pathways that regulate various processes such as cell 

proliferation, morphology, migration and apoptosis (Hynes, 1992; Fernandez et al., 1998). 

Integrins consist of α and β subunits (Hynes, 1992), with each subunit possessing a large 

extracellular domain or ectodomain, a single transmembrane domain and a short cytoplasmic 

domain (Fig. 1.5) (Fernandez et al., 1998). In total, 18 α and eight β integrin subunits of 

mammalian origin have been described, which interact non-covalently to give rise to 24 

different integrins, each with its own ligand-binding specificity (Hynes, 1999). Although 

most integrins recognize their ligands by binding to short linear peptide sequences, several 

integrins do, however, bind their natural ligands via an RGD sequence (Ruoslahti, 1996).  

 

1.6.1.1 INTEGRIN ACTIVATION 

 

Integrins exist in one of two states: an active state, whereby they are able to bind ligands, and 

an inactive state, whereby they are unable to bind ligands (Springer, 1990). Conversion from 

an inactive to active state is thought to occur through "inside-out signaling", which comprises 

two different mechanisms. Whereas the first mechanism, termed avidity modulation, is 

mediated by clustering of heterodimers within the plane of the membrane, the second 

mechanism, termed affinity modulation, is mediated through conformational changes in the 

integrin ectodomain that allow more efficient ligand binding (Dedhar and Hannigan, 1996; 

Jackson et al., 2000a; 2002; Chan et al., 2000). 
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Fig. 1.5 A schematic representation of the structure of an integrin, indicating the α and β subunits, 

as well as the extracellular (ecto) domain, the transmembrane domain and the intracellular 

(cytoplasmic) domain of the integrin. FMDV is able to use the RGD-dependent integrin 

receptors αvβ1, αvβ3, αvβ6 and αvβ8 for binding to susceptible cells. (Taken from Rieder 

and Wimmer, 2002). 
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Although the molecular mechanism that regulates these processes in vivo has not yet been 

elucidated, it has been proposed that both of the integrin activation processes involve the 

cytoplasmic domains of the integrins, as well as cellular proteins (O’Toole et al., 1994; 1995; 

Dedhar and Hannigan, 1996; Zhang et al., 1996; Hughes et al., 1997). The GFFKR sequence 

of the α subunit, located only a few amino acids after the transmembrane domain on the 

cytoplasmic side, is thought to maintain an inactive state of the integrin, as mutations or the 

complete removal of this sequence led to active integrins (Briesewitz et al., 1995; 1996). 

Another sequence thought to play an important role in controlling integrin affinity, through 

its involvement in inside-out signaling and its interaction with cytoskeletal components, is the 

conserved cytoplasmic domain sequence NPXY found within 30 residues of the 

transmembrane domain of many β subunits (O’Toole et al., 1995; Ylane et al., 1995).  

 

A number of proteins, such as cytoplasmic proteins, calcium-binding proteins, membrane-

anchored proteins, as well as a number of signaling pathways have also been proposed to play 

a regulatory role in the ligand binding activity of integrins (Coppolino et al., 1995; Hannigan 

et al., 1996; Hemler et al., 1996; Shimizu and Hunt, 1996; Fenczik et al., 1997). Contact 

between the cytoplasmic domain of integrins and cellular proteins is proposed to promote a 

structural change within the integrin that is transmitted across the plasma membrane to the 

extracellular domain. Integrins are also proposed to move laterally within the extracellular 

membrane, clustering at distinct sites known as focal contacts, thus providing a link between 

the extracellular matrix proteins and the acticytoskeleton. This clustering effect may play an 

important role in regulating ligand binding (Fernadez et al., 1998). 

 

1.6.1.2 INTEGRIN BINDING 

 

As mentioned above, most integrins recognize their ligands by binding to short linear 

peptides, but several members of the integrin family recognize their ligands by binding to an 

RGD tripeptide. The G-H loop of the capsid protein 1D, containing an RGD sequence at its 

apex, has been shown to be important for binding FMDV to susceptible cells. Treatment of 

the virus with trypsin, which removes both the G-H loop and the C-terminus of protein 1D, 

resulted in virus particles that were less infectious compared to untreated virus. This effect 

was attributed to the inability of the virus to attach to cells, presumably through the disruption 

of the attachment site of the virus (Strohmaier et al., 1982; Wild and Brown, 1967; Wild et 

al., 1969). The first direct evidence that the RGD motif is involved in cell receptor 
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recognition was provided by Fox and co-workers (1989). By making use of synthetic peptides 

containing an RGD sequence, it was shown that infection of susceptible cells by FMDV 

could be inhibited by preventing cell attachment. The importance of the RGD sequence for 

virus interaction with its cellular receptor was finally confirmed by reverse genetics studies, 

in which genetically engineered viruses lacking the RGD sequence were found to be non-

infectious (Mason et al., 1994). 

 

1.6.1.3 INTEGRINS UTILIZED BY FMDV 

 

Several integrins, including αvβ1, αvβ3, αvβ5, αvβ6, α5β1, αvβ8 and α8β1, bind their ligands 

via an RGD sequence (Hynes, 1992; Nishimura et al., 1994; Schnapp et al., 1995; Jackson et 

al., 2003). However, despite the presence of an RGD sequence on capsid protein 1D, FMDV 

does not use all of these RGD-dependent integrin receptors for binding to host cells. For 

example, integrins α5β1 and αvβ5 are not used by FMDV to initiate infection of cultured cells 

(Neff et al., 1998; Baranowski et al., 2000; Jackson et al., 2000b), albeit that the virus and 

chimeric proteins that include the RGD motif, are ligands for purified preparations of α5β1 

(Chambers et al., 1996; Villaverde et al., 1996; Jackson et al., 2000a). The integrins that have 

been reported to function as receptors for cell attachment by FMDV will be discussed in 

more detail in the following sections. 

 

(A) ααααvββββ3 

 

Integrin αvβ3, also known as the vitronectin (VNR) receptor, was the first integrin receptor to 

be identified that functions as a receptor for FMDV (Berinstein et al., 1995). By making use 

of competition binding experiments, type A12 FMDV and the human enterovirus 

coxsackievirus A9 (CAV-9), which also has an RGD motif in its capsid protein 1D (Chang et 

al., 1989; Chang et al., 1992), were reported to both utilize αvβ3 as a receptor on LLC-MK2 

cells (a rhesus monkey kidney cell line) and on BHK-21 cells (baby hamster kidney cell line). 

It was subsequently shown that a polyclonal anti-VNR serum and a MAb prepared against the 

human αv subunit inhibited both FMDV binding and plaque formation in LLC-MK2 cells, 

whilst a MAb to the β3 subunit inhibited virus binding to the cells (Berinstein et al., 1995). 

Although this report was the first to provide direct evidence that an integrin can function as a 

receptor for FMDV, it also suggested that FMDV might use alternative RGD-dependent 

integrins, since it could bind and replicate in some cells that CAV-9 could not.  
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In a subsequent study, Jackson and co-workers (1997) reported that representatives of six 

FMDV serotypes bound to purified isolated human αvβ3 in an RGD-dependent manner in 

vitro. Similarly, Neff and co-workers (1998) reported that the human erythroleukemia cell 

line K562 and CHO-K1 cells, both of which do not express αvβ3, could not replicate FMDV 

type A12 unless the cells were transfected with cDNA encoding human αv and β3 integrin 

subunits. These results therefore indicated that type A12 replication was dependent on 

expression of the integrin αvβ3. Notably, analysis of two genetically engineered variants of 

type O1 Campos, namely vCRM4, which has a reduced virulence in cattle and binds to 

heparan-sepharose columns, and vCRM8, which is highly virulent in cattle and does not bind 

to heparan-sepharose, indicated that vCRM8, by contrast to vCRM4, replicated only in K562 

and CHO-K1 cells transfected with αvβ3 (Neff et al., 1998). These results suggested that 

virulent FMDV utilizes the αvβ3 integrin as a primary receptor for infection (Neff et al., 

1998). In contrast, adaptation of type O1 Campos to cell culture resulted in the ability of the 

virus to utilize heparan sulphate as a receptor (Refer to Section 1.6.2). 

 

The above-mentioned studies were performed with integrin αvβ3 from either simian 

(Berinstein et al., 1995) or human (Neff et al., 1998) origin. However, since FMDV is a 

livestock pathogen, Neff and co-workers (2000) subsequently investigated whether the 

bovine homologue of αvβ3 was efficiently utilized by FMDV. A panel of COS-1 cells were 

produced that expressed the human or the bovine αv and β3 integrin subunits, as well as cells 

expressing a combination of human αv and bovine β3 subunits and vice versa. The results 

obtained indicated that the bovine αvβ3 integrin receptor was more efficiently utilized by 

FMDV than the human homologue. Notably, the increased efficiency of the bovine receptor 

appeared to be associated with the bovine β3 subunit, since cells co-transfected with a human 

αv subunit and a bovine β3 subunit yielded similar results to those obtained with cells 

expressing the bovine αvβ3 subunits (Neff et al., 2000). Despite high levels of amino acid 

sequence similarity between the human and bovine αv and β3 subunits, the bovine sequence 

downstream from codon 488, encoding the C-terminal of the β3 subunit extracellular domain, 

appears to be responsible for the increased efficiency of the bovine receptor. This region is 

rich in cysteine residues, which may contribute to the overall structure of the integrin through 

disulfide bonding (Carrell et al., 1985). Therefore, the bovine αvβ3 may be expressed in a 

high-affinity ligand-binding state that permits a tighter virus binding to bovine αvβ3, thus 
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resulting in an increased rate of virus internalization. Furthermore, truncations, extensions or 

deletion of the cytoplasmic domains of the αv or β3 subunits have been reported not to affect 

the ability of the bovine αvβ3 integrin to function as a receptor for FMDV, since these 

integrins were utilized as well as intact integrins (Neff and Baxt, 2001).  

 

(B) ααααVββββ6 

 

The second integrin to be identified as a receptor for FMDV was αvβ6 (Jackson et al., 2000b), 

which is expressed exclusively on epithelial cells (Breuss et al., 1993; 1995). The β6 integrin 

subunit forms only a single heterodimer αvβ6, which is a receptor for the extracellular matrix 

proteins fibronectin (Weinacker et al., 1994), tenascin (Prieto et al., 1993), vitronectin 

(Huang et al., 1998) and for latency-associated protein 1 (LAP-1) (Munger et al., 1999). The 

pentapeptide DLXXL has been reported to be a high-affinity ligand for αvβ6 in the absence of 

an RGD motif (Kraft et al., 1999). This peptide shares sequence similarity with the region 

flanking the RGD motif (RGDLXXI) found in LAP-1 (Munger et al., 1999), and the residues 

flanking the RGD motif (RGDLXXL) of FMDV (Jackson et al., 2000a). Evidence indicating 

that αvβ6 is indeed utilized as a receptor by FMDV was provided by Jackson et al. (2000b). 

The human colon carcinoma cell line SW480, which is normally non-permissive for FMDV, 

became susceptible to infection by the type C virus C-S8c1 and a SAT3 isolate following 

transfection with the integrin β6 subunit and subsequent expression of αvβ6 at the cell surface. 

Furthermore, binding of FMDV and infection of the β6-transfected cells was inhibited 

(>90%) by an anti-αvβ6 MAb. In addition, an RGD-containing peptide with its sequence 

derived from the G-H loop of type O FMDV inhibited virus attachment and infection of the 

β6-transfected cells, indicating that the virus binds to αvβ6 through an RGD-mediated 

interaction. 

 

In contrast to αvβ3 integrins, the cytoplasmic domain of the β6 subunit of the αvβ6 integrin 

appears to play an important role in its functioning as a cellular receptor for FMDV. 

Truncation of the β6 cytoplasmic domain of the αvβ6 integrin resulted in receptors that, 

although expressed on the cell surface and able to bind FMDV, were unable to mediate 

infection (Miller et al., 2001). These results suggest that the αvβ6 integrin plays an important 

role in events subsequent to virus attachment. The cytoplasmic domains of each of the 

defective receptors lacked the sequence NPXY, which functions as a signal that directs 
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various membrane proteins into the clathrin-coated vesicles (Chen et al., 1990). The role of 

the β6-subunit NPXY sequence in integrin endocytosis is, however, not well defined 

(Vignoud et al., 1994; Van Nhieu et al., 1996) and further research is needed to determine 

whether this motif plays a role in αvβ6-mediated FMDV infection. 

 

Recently, Duque and co-workers (2004) analyzed the interaction of purified soluble integrins 

αvβ6 and αvβ3 with representative FMD viruses of serotypes A and O, immobilized on plastic 

plates. Soluble αvβ6 bound to the A24 virus, two O1 Campos viruses (vCRM8 and vCRM4), 

as well as a genetically engineered type A12 virus chimera containing the G-H loop from 

O1BFS (A/O), and inhibited viral replication significantly. In contrast, soluble αvβ3 was 

unable to bind to immobilized viruses of either serotype. Since the binding of the integrins in 

solution to immobilized ligands is a function of affinity (Smith et al., 1994), these results 

indicate that αvβ6 and αvβ3 act as high- and low-affinity receptors, respectively, for FMDV. 

Based on reports indicating that both these integrins serve as receptors for FMDV, Duque and 

co-workers (2004) proposed that the αvβ6 integrin might play a role in capturing the virus and 

aiding in initial virus replication within susceptible hosts, whilst the αvβ3 integrin plays a role 

in disseminating the virus within the host to distant replication sites. 

 

(C) ααααvββββ1 

 

The third integrin to be identified as a receptor for FMDV was αvβ1 (Jackson et al., 2002). 

This finding was based on the observation that CHO-B2 cells, which are normally non-

permissive for field strains of FMDV, became susceptible to FMDV infection following 

transfection with the human αv integrin subunit and subsequent expression of the αvβ1 

integrin at the cell surface. Furthermore, both virus attachment to and infection of the 

transfected cells were effectively inhibited (>98%) by function-blocking anti-αv MAbs, and 

by RGD-containing peptides (Jackson et al., 2002). However, integrin αvβ1 was found to be 

an ineffective receptor in the presence of physiological concentrations of calcium and 

magnesium, but virus binding and infection were greatly enhanced following integrin 

activation by manganese (Mn
2+
) ions or by an activating anti-β1 antibody. In contrast to αvβ1, 

αvβ6 appears to be expressed in a high affinity state on transfected CHO-B2 cells, as neither 

virus binding nor infection was enhanced by Mn
2+
, suggesting that different molecular 

mechanisms may regulate the affinities of αvβ1 and αvβ6 for FMDV (Jackson et al., 2002).  
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(D) ααααvββββ8 

 

Integrin αvβ8 is the most recently reported integrin receptor for FMDV (Jackson et al., 2004). 

Based on the similarity in the amino acid sequences immediately following the RGD motif of 

LAP-1 (RGDLXXI), LAP-3 (RGDLXXL) and FMDV (RGDLXXL), as well as the discovery 

that LAP-1 is a ligand for αvβ8 (Mu et al., 2002), Jackson and co-workers (2004) investigated 

whether αvβ8 could serve as a receptor for FMDV. SW480 cells, which normally express 

αvβ5 and α5β1 as their only RGD-binding integrins (Weinacker et al., 1994) and are non-

permissive for FMDV, became susceptible for FMDV following transfection with the β8 

integrin subunit and the stable expression of αvβ8 integrin at the cell surface. Furthermore, 

function-blocking MAbs specific either for the αvβ8 heterodimer or the αv subunit inhibited 

virus attachment to and infection of αvβ8-expressing cells by 60% and 80%, respectively. 

Infection of the cells was also inhibited by more than 90% with RGD-containing peptides 

whose sequence was derived from the FMDV RGD site. 

 

Jackson and co-workers (2004) also investigated the role of the β-subunit cytoplasmic 

domain in integrin-mediated infection and showed that the replacement of the cytoplasmic 

domain of β8 with the corresponding region of β6 had no effect on the expression of the 

chimeric αvβ8 integrin at the cell surface or on its ability to bind FMDV and mediate 

infection. However, a chimeric αvβ6 integrin containing the β8 cytoplasmic domain (αvβ6/β8) 

resulted in an integrin that bound FMDV, but was unable to mediate infection. These results 

confirmed that the cytoplasmic domain of the αvβ6 integrin plays an important role in its 

functioning as a receptor for FMDV (Miller et al., 2001), probably by maintaining the 

ectodomain of αvβ6 in a conformation that is necessary for high-affinity binding of FMDV 

(Miller et al., 2001; Jackson et al., 2004). Since the sequences required for integrin-mediated 

virus internalization are missing from the cytoplasmic domain of the β8-subunit and its 

primary sequence is almost completely divergent of the primary sequences found in the 

cytoplasmic domain of other integrin β-subunits, Jackson and co-workers (2004) proposed 

that αvβ8 mediates FMDV infection through a mechanism independent of its β-subunit 

cytoplasmic domain. 
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1.6.1.4 INTEGRIN SPECIFICITY 

 

The first and fourth residues that follow the RGD motif (RGD+1 and RGD+4 residues) may 

be of importance for recognition of RGD-dependent integrins by FMDV (Rieder et al., 1994; 

Mateu et al., 1996). A leucine residue is most commonly found at the RGD+1 position of the 

European FMDV serotypes and SAT1 (Vosloo et al., 1995; Mateu et al., 1996; Jackson et al., 

2000a), but some type A and SAT3 isolates have a methionine, whilst most Asia-1 and SAT2 

isolates have an arginine residue at this position (Vosloo et al., 1995; Mateu et al., 1996; 

Jackson et al., 2000a; Bastos et al., 2003). A leucine residue is highly conserved at the 

RGD+4 position, but an isoleucine has been noted occasionally at this position (Domingo et 

al., 1992; Mateu et al., 1996; Jackson et al., 2000a;b).  

 

Evidence suggesting that amino acid residues flanking the RGD triplet of FMDV may be 

important for differentiating between the binding specificities of αvβ1, αvβ3, αvβ6 and αvβ8, 

has been obtained by studies using different RGD-containing peptides. A short RGD-

containing peptide (GRGDSP) and a longer peptide (VPNLRGDLQVLA) have been reported 

to inhibit virus binding and infection mediated by αvβ1 (Jackson et al., 2002). These peptides 

also inhibited FMDV binding to purified αvβ3 in vitro (Jackson et al., 1997), and for both 

αvβ1 and αvβ3, the GRGDSP peptide was the more potent inhibitor. However, the GRGDSP 

peptide was largely ineffective in inhibiting virus binding and infection mediated by αvβ6 

(Jackson et al., 2002) and αvβ8 (Jackson et al., 2004). The similarity between the residues 

following the RGD motif of FMDV (RGDLXXL) and those of LAP-1 (RGDLXXI) and the 

observations that the pentapeptide DLXXL can inhibit ligand binding to αvβ6 (Kraft et al., 

1999), suggests that the conservation of the leucine residues at the RGD+1 and RGD+4 

positions in FMDV may be required for virus binding to its integrin receptors, especially 

αvβ6. Integrin receptor αvβ3 binds a broad range of RGD-containing ligands (Hynes, 1992) 

and is tolerant of several different amino acid residues immediately following the RGD motif, 

including those at the RGD+1 and RGD+4 positions (Springer, 1990; Healy et al., 1995). In 

contrast, integrin αvβ6 binds to relatively few ligands and has a more restricted set of amino 

acid residues at the RGD+1 and RGD+4 positions (Kraft et al., 1999). These findings have 

been substantiated by a recent report demonstrating that a type O virus, containing leucine 

residues at RGD+1 and RGD+4, bound more efficiently to αvβ6 compared with binding to 

integrins αvβ1 and αvβ3. In contrast, type A viruses containing various different amino acid 
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substitutions at RGD+1 and a leucine residue at RGD+4, utilized αvβ3 with the highest 

efficiency and αvβ6 to a lesser extent (Duque and Baxt, 2003).  

 

1.6.1.5 ROLE OF INTEGRIN RECEPTORS IN THE PATHOGENESIS OF FMDV 

 

From the preceding sections, it follows that FMDV can use four RGD-dependent integrins, 

αvβ1, αvβ3, αvβ6 and αvβ8, to initiate infection of cultured cells (Berinstein et al., 1995; 

Jackson et al., 2000b; Jackson et al., 2002; Jackson et al., 2004). Although the various RGD-

binding integrins have distinct tissue distributions, the role of the various integrin receptors in 

the pathogenesis of FMDV, however, remains unclear.  

 

The primary site of FMD virus replication is thought to be epithelial cells of the oropharynx 

and associated lymphoid tissues (Brown et al., 1991; 1992; Murphy et al., 1999; 

Alexandersen et al., 2001). During the development of the disease, the virus is spread 

throughout the body, with secondary sites of replication in many epithelial tissues (Burrows 

et al., 1981; Zhang and Kitching, 2000; Alexandersen et al., 2001). Due to a lack of specific 

antibodies, little is known about the in vivo cell type expression or tissue distribution of αvβ1. 

Although it is expressed on malignant cells in smooth muscle and in the central nervous 

system (Friedlander et al., 1996; Milner et al., 1996; Dahm and Bowers, 1998), it is unclear 

what role, if any, αvβ1 might play in in vivo infections with FMDV. Similarly, the αvβ3 

integrin may not have a major role during the initial infection of an animal, as it is only 

weakly expressed in bovine and porcine airway epithelium (Singh et al., 2001) and has a 

limited expression in lymphoid cells (Damjanovich et al., 1992; Mette et al., 1993). In 

contrast to integrins αvβ1 and αvβ3, expression of the αvβ6 and αvβ8 integrins are restricted to 

epithelial cells (Damjanovich et al., 1992; Mette et al., 1993; Fjellbirkeland et al., 2003; 

Cambier et al., 2000), and expression of αvβ6 has been observed on the epithelia of uterus, 

bladder, respiratory tract and salivary gland (Breuss et al., 1993). Expression levels of αvβ6 

are moderate to low in normally healthy adult epithelia, but are rapidly up-regulated at sites 

of tissue injury and inflammation (Breuss et al., 1995; Huang et al., 1996). Based on their 

exclusive expression on epithelial cells, including sites where initial virus replication is 

believed to occur, αvβ6 and αvβ8 have been proposed to be the most likely receptors used by 

FMDV during the initial phase of infection in an animal (Jackson et al., 2000b; 2004; Duque 

et al., 2004). 
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1.6.2 HEPARAN SULFATE PROTEOGLYCAN RECEPTORS 

 

Propagation of FMDV in cell culture may lead to the rapid selection of mutant viruses, which 

are characterized by multiple phenotypic alterations, including enhanced replication capacity, 

enhanced resistance to neutralizing MAbs, expanded cell tropism, binding to heparan and 

attenuation for cattle (Holland et al., 1991; Martinez et al., 1991; Baranowski et al., 1998; 

2000). These phenotypic traits have been found to be associated with a limited number of 

capsid alterations that confer to FMDV the capacity to use RGD-independent methods of cell 

binding such as utilization of heparan sulfate proteoglycan (HSPG) as receptors (Mason et 

al., 1993; Fry et al., 1999; Baranowski et al., 2000). HSPG is widely distributed in animal 

tissues, occurring on almost all cell types as part of the extracellular matrix (Kjellen and 

Lindahl, 1991). 

 

The FMDV type O virus O1BFS was the first FMD virus identified as being able to use 

HSPG as cellular receptors (Jackson et al., 1996). Subsequently, several other viruses 

representing other FMDV serotypes have been identified that also use HS as a cellular 

receptor (Baranowski et al., 1998; Fry et al., 1999). Initially, it was thought that FMDV 

infection was initiated by a two-stage attachment step, the first contact being with a low-

affinity HS proteoglycan receptor and the second with a high-affinity integrin receptor 

(Jackson et al., 1996). The HS was thought to concentrate the virus at the cell surface by 

restricting movement to two dimensions, so improving the probability of binding to a second 

integrin receptor used for internalization (Spear, 1993; Haywood, 1994). However, a 

functional link between HS and integrins has never been established.  

 

Binding to heparan sulphate, a highly sulfated polymer of disaccharide repeats carrying a 

negative charge (Kjellen and Lindahl, 1991; Fry et al., 1999), has subsequently been reported 

to involve the acquisition of positively charged amino acid residues at the FMDV capsid 

surface. Sa-Carvalho and co-workers (1997) demonstrated that serial passaging of FMDV 

strains in BHK and CHO cells led to alterations of specific amino acid residues that resulted 

in an increase of positively charged residues at the capsid surface. In the case of type O1BFS, 

these alterations comprised, amongst other, substitution of His-56 on protein 1C with an 

arginine. This alteration coincided with an increased affinity for HS. However, the location of 

the acquired positively charged residues appears to vary for different FMDV strains or even 
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for the same virus clone with different passage histories in cell culture (Baranowski et al., 

1998; Escarmís et al., 1998).  

 

Sulphated heparan is thought to bind to a shallow depression of the FMDV protomer, thus 

making contact with all three major capsid proteins. The three sides of the depression are 

formed by the β1 strand of protein 1C, the C-terminus of protein 1D and the αB helix of 

protein 1B (Fry et al., 1999). The base of the depression is formed by a 310 helix running in 

the same direction of the sugar. Notably, based on structural data, the RGD integrin 

recognition motif in the G-H loop of protein 1D is ca. 15Å from the closest sugar moiety (Fry 

et al., 1999). Thus, the integrin recognition site is unaffected by heparan binding and the two 

receptor binding sites therefore appear to be independent of each other. This may serve to 

explain why multiply passaged FMD viruses, despite having an enhanced affinity for HS as 

cell surface receptor, still maintain the ability to also use integrin cell receptors (Baranowski 

et al., 2000). 

 

1.6.3 POSSIBLE ALTERNATE RECEPTORS 

 

FMDV can enter susceptible cells through integrin- and HS-independent pathways. For 

example, antibody-complexed FMDV virus has been reported to enter cells that express the 

immunoglobulin Fc receptor in the presence of virus-specific antibodies (Mason et al., 1993; 

Baxt and Mason, 1995). The virus can also enter cells through genetically engineered 

receptors containing either portions of a virus-binding antibody (Mason et al., 1994) or by 

fusing the antigen-binding domain of an FMDV-specific antibody molecule (scAB) to the 

cell-surface molecule intracellular adhesion molecule 1 (ICAM1) (Rieder et al., 1996).  

 

Baranowski and co-workers (1998) reported that a genetically engineered derivative of a 

highly passaged (passaged 100 times on BHK cells) serotype C FMDV monoclonal antibody 

escape variant, containing an RGG-for-RGD mutation, had an enhanced affinity for HS. 

However, binding to cell-surface HS was not required for efficient replication in 

glycosaminoglycan (GAG)-deficient CHO cells. Baranowski and co-workers (2000) 

subsequently reported that biological selection allowed a complete reversion of the heparin-

binding motif phenotype of FMDV variants that lacked the RGD motif, and that these 

variants infected cells via a mechanism that was independent of integrin αvβ3 or HS. These 
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findings suggested that a possible third mechanism for cell recognition by FMDV, which 

excluded the use of HS and integrins, exists.  

 

Recently, Zhao and co-workers (2003) suggested the existence of a novel integrin- and HS-

independent FMDV cell-binding site, which functions in cell culture and in animals. Genetic 

and biochemical characterization of a BHK tissue culture-adapted derivative (vac-

O/CHA/90) of a Cathay topotype isolate of FMDV serotype O (O/CHA/90), led to the 

identification of several amino acid residues in the 1D viral capsid protein, including two 

aromatic amino acids (His-108 and Tyr-174) and two positively charged residues (Lys-83 and 

Arg-172), that were shown to extend the virus’ host range in cell culture and were required 

for growth in mutant CHO cells, in which cell-surface GAG expression is defective. These 

residues are distant from the RGD sequence that mediate binding of FMDV to integrins and 

from the sequences at the 1C/1D interface within the biological protomer that has been shown 

to participate in binding HS to the type O1 Campos capsid (Sa-Carvalho et al., 1997; Fry et 

al., 1999). Consequently, the participation of these residues in integrin-dependent cell 

binding was investigated by making use of genetically engineered viruses containing a non-

conservative KGE-for-RGD substitution. The results indicated that the KGE-derivatives of 

O/CHA/90 replicated well in cell culture, maintaining the KGE sequence during passage, and 

was found to cause a mild disease in pigs. The virus was also shown not to be inhibited from 

forming plaques on BHK cells by pretreatment with RGD- and KGE-containing peptides.  

 

Although the cell surface molecule utilized by the above-mentioned viruses has yet to be 

identified, Zhao and co-workers (2003) proposed that the cell surface molecules utilized 

could consist of one or more GAG molecules that bind the virus in a manner that is different 

to that previously described for type O1 Campos (Sa-Carvalho et al., 1997). Alternatively, 

during serial cytolytic infections of the above-mentioned viruses in tissue culture cell lines, 

mutations could arise within the capsid of the FMDV that altered the conformation of the G-

H loop, which, in turn, allowed these viruses to bind a different subset of integrin molecules 

present on CHO cells that are not able to interact with field viruses such as O/CHA/90. 
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1.7 AIM OF THE STUDY 

 

From the literature review, it is evident that two families of cellular receptors mediate binding 

of FMDV to susceptible cells, i.e. integrins and heparan sulfate proteoglycans. Several tissue 

culture-adapted FMD viruses acquire an affinity for heparan sulfate and, as a consequence, 

use heparan sulfate proteoglycans as receptors for attachment and subsequent internalization 

in an integrin-independent pathway (Jackson et al., 1996; Sa-Carvalho et al., 1997). By 

contrast, field isolates of FMDV use RGD-dependent integrins as receptors through an 

interaction mediated by the conserved surface-exposed arginine-glycine-aspartic acid (RGD) 

tripeptide in the G-H loop of capsid protein 1D (Acharya et al., 1989, Fox et al., 1989; Logan 

et al., 1993; Mason et al., 1994). Several studies have reported that the RGD sequence of this 

loop interacts with integrins, including αvβ3 (Berinstein et al., 1995), αvβ1 (Jackson et al., 

2002) αvβ6 (Jackson et al., 2000b) and αvβ8 (Jackson et al., 2004). However, the recent 

identification of FMDV mutants, which are able to enter cells via an integrin-independent and 

heparan sulfate-independent pathway (Zhao et al., 2003), indicates the existence of other 

receptor molecules and alternative mechanisms for FMDV entry into cells. It has been 

suggested that the use of different receptors may confer a functional flexibility on the virus 

that allows it to regulate its receptor usage in response to environmental modifications (Zhao 

et al., 2003). 

 

Prior to undertaking this investigation, a SAT1 type FMDV, designated NAM/307/98, was 

isolated from samples obtained from a buffalo in the West Caprivi game reserve in Namibia, 

during a routine survey. Upon partial nucleotide sequencing of the 1D-encoding region, a 

second RGD motif was noted upstream of the conserved RGD triplet on the G-H loop of 

protein 1D (Bastos et al., 2001). Based on the ability of field isolates of FMDV to use RGD-

dependent integrins as receptors, the potential role of this second RGD sequence in receptor 

recognition warranted further investigation. 

 

Therefore, the aim of this investigation was the following: 

 

To determine whether a second RGD sequence, located upstream of the G-H loop RGD 

sequence in capsid protein 1D of the SAT1 type virus NAM/307/98, can function as a ligand 

for binding the virus to susceptible tissue culture cells.  
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The research strategies for obtaining the primary objective involved the following: 

 

• Molecular characterization of the capsid-encoding region of NAM/307/98 (Chapter 2). 

 

• Engineering of a chimeric FMD virus by cloning the external capsid-encoding region of 

NAM/307/98 into a genome-length SAT2 cDNA clone, lacking the corresponding region 

(Chapter 2). 

 

• Site-directed mutagenesis of the RGD sequence in the G-H loop of capsid protein 1D of 

NAM/307/98 and engineering of mutant vNAM/SAT2 viruses (Chapter 3). 

 

• Investigation of the mutant and non-mutant chimeric viruses for their ability to use 

integrin receptors by serial passaging on BHK-21 tissue culture cells (Chapter 3). 
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 CHAPTER 2 

 

MOLECULAR CHARACTERIZATION OF THE CAPSID-ENCODING REGION OF 

NAM/307/98, A SAT1 TYPE FOOT-AND-MOUTH DISEASE VIRUS, AND 

ENGINEERING OF A CHIMERIC FMD VIRUS, vNAM/SAT2 

 

 

2.1 INTRODUCTION 

 

In 1998, a SAT1 type FMDV, NAM/307/98, was isolated from an African buffalo (Syncerus 

caffer) in the West Caprivi Game Reserve in Namibia. The African buffalo is known to be a 

maintenance host for FMDV (Thomson, 1996) and SAT type viruses are capable of 

persisting in an individual animal for at least five years and in an isolated herd for up to 24 

years (Condy et al., 1985). Consequently, numerous antigenic and genetic variants arise in 

such persistently infected animals (Vosloo et al., 1996). Upon sequencing of the 1D-encoding 

region of NAM/307/98, for epidemiology purposes, a second RGD triplet at amino acid 

residues 110-112, upstream of the RGD triplet in the G-H loop (residues 149-151), was 

identified (Bastos et al., 2001). It has been reported that field isolates of FMDV utilize RGD-

dependent integrins as receptors for cell binding (Fox et al., 1989; Mason et al., 1994), 

whereas several tissue culture-adapted viruses have been shown to utilize heparan sulfate 

proteoglycans (Jackson et al., 1996; Sa-Carvalho et al., 1997). Therefore, the presence of a 

second RGD motif in capsid protein 1D of NAM/307/98 is of particular interest, since it 

might potentially serve as an alternative ligand for integrin receptors.  

 

To investigate the functional importance of the second RGD sequence, an approach is 

required whereby specific mutations can be introduced into the FMDV RNA genome. 

Reverse genetics, a process whereby viral RNA genomes can be converted into 

complementary DNA copies and replicated as plasmid inserts in bacterial hosts, has provided 

a valuable tool for the manipulation of viral genetic material. The demonstration by 

Racaniello and Baltimore (1981) that RNA transcribed from a cloned full-length cDNA copy 

of the poliovirus genome produced infectious poliovirus particles upon transfection of 

permissive mammalian cell cultures, has provided the basis for all subsequent analyses of 

picornaviruses by reverse genetics. Infectious cDNA clones have since been engineered for 

several other picornaviruses, including rhinovirus (Mizutani and Colonno, 1985), hepatitis A 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 30

virus (Cohen et al., 1987) and coxsackie virus (Kandolf and Hofschneider, 1985). However, 

the construction of infectious cDNA clones of viruses belonging to the Cardiovirus-

Apthovirus group was initially hampered by the presence of a poly (C) tract at the 5’ end of 

the viral genome (Deng and Wu, 1981). In the case of FMDV, this problem was overcome by 

Zibert and co-workers (1990) who engineered an infectious genome-length cDNA clone of 

type O1 Kaufbeuren containing a synthetic poly (C) tract of 32 residues. Subsequently, 

several type A and O infectious genome-length cDNA clones have been engineered (Rieder 

et al., 1993; Beard and Mason, 2000), as well as chimeric cDNA clones between the genomes 

of closely and distantly related FMDV types (Sa-Carvalho et al., 1997; Baranowski et al., 

1998; Almeida et al., 1998; Van Rensburg et al., 2002a; 2004). 

 

The application of reverse genetics to FMDV has provided a powerful tool for studying 

processes relating to viral protein synthesis and processing, virus replication and 

encapsidation (Rieder et al., 1993; McKenna et al., 1995; Beard and Mason 2000; 

McLinerney et al., 2000; Tiley et al., 2003), and may represent a novel approach for the 

production of attenuated vaccines (Almeida et al., 1998; Rieder et al., 1994). In addition, 

reverse genetics has enabled investigations regarding viral proteins and sequences involved in 

the attachment and subsequent infection of permissive cells by FMDV. Using this approach, 

it has been reported that an infectious genome-length cDNA clone of the type A12 FMDV, 

containing a mutated RGD motif, was unable to bind to BHK cells (Mason et al., 1994). 

Towards determining whether the second, non-conserved RGD motif identified in the capsid 

protein 1D of NAM/307/98 may serve as a ligand for integrin receptors, the aims of this part 

of the study were (i) to molecularly characterize the capsid-encoding region of NAM/307/98, 

(ii) to construct a chimeric FMDV clone by insertion of the external capsid-encoding region 

of SAT1/NAM/307/98 into a genome-length cDNA clone of SAT2/ZIM/7/83 (Van Rensburg 

et al., 2004), lacking the corresponding region, and (iii) to determine whether viable 

infectious chimeric virus can be recovered following transfection of mammalian cell cultures 

with RNA derived from the constructed chimeric cDNA clone. The construction of such an 

infectious chimeric cDNA clone, would greatly facilitate subsequent mutagenesis procedures 

whereby the functionality of the second RGD sequence can be investigated. 
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2.2 MATERIALS AND METHODS 

 

2.2.1 Virus and cell cultures 

 

The SAT1/NAM/307/98 strain was isolated at the Exotic Diseases Division (EDD), 

Onderstepoort Veterinary Institute, from an oesophageo-pharyngeal specimen (probang) 

obtained from a buffalo (Syncerus caffer) in the West Caprivi Game Reserve in Namibia 

during a routine survey. The primary isolation was performed in primary pig kidney (PK) 

cells according to standard procedures. The isolated virus was passaged once on IB-RS-2 

cells and the strain obtained (passage history: PK1RS1) was used in all subsequent 

experiments. A bovine-outbreak virus strain originating from western Zimbabwe, 

SAT2/ZIM/7/83 (passage history: B1BHK5B1BHK3), was included as a control. Baby 

hamster kidney (BHK) cells, strain 21, clone 13 (ATCC CCL-10), were maintained in 

Eagle’s Basal Medium (BME; Invitrogen) supplemented with 10% (v/v) fetal calf serum 

(FCS; Delta Bioproducts), antibiotics, 1 mM L-glutamine (Invitrogen) and 10% (v/v) tryptose 

phosphate broth (TPB; Sigma). The Instituto Biologico Renal Suino cells (IB-RS-2; a pig 

kidney cell line) were maintained in RPMI medium (Sigma) containing 10% (v/v) FCS and 

antibiotics, and Chinese hamster ovary (CHO) strain K1 cells (ATCC CCL-61) were 

maintained in Ham’s F12 medium (Invitrogen) supplemented with 10% (v/v) FCS and 

antibiotics. 

 

2.2.2 Bacterial strains and plasmids 

 

Escherichia coli MAX Efficiency
 

DH5α competent cells (genotype: Fφ80dlacZ∆M15 

∆(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rk
-
, mk

+
) phoA supE44 λ-

 thi-1 gyrA96 

relA1), obtained from Life Technologies, were used as the transformation host in cloning 

experiments. pSAT2, a genome-length cDNA clone of SAT2/ZIM/7/83, has been described 

previously (Van Rensburg et al., 2004) and was used as the genetic backbone in the 

construction of chimeric cDNA clones.  

 

2.2.3 Oligonucleotides 

 

Oligonucleotides used in the cDNA synthesis, PCR amplification and nucleotide sequencing 

procedures were custom-synthesized by Inqaba
 
Biotechnical Industries, Invitrogen or Gibco-

BRL, and are described in Table 2.1. 
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Table 2.1: Oligonucleotides used in this part of the study 

 

Oligonucleotide ♦♦♦♦Sequence
 Reference Purpose 

WDA 5’-GAAGGGCCCAGGGTTGGACTC-3’ 

Beck and 

Strohmaier 

(1987) 

 

cDNA synthesis, 

PCR amplification, 

nucleotide 

sequencing 

L-internal 5’-GWTACGTCGATGARCC-3’ 
Van Rensburg 

(unpublished) 

PCR amplification, 

nucleotide 

sequencing 

VP2REV 5’-GTGGTCTGTGGGGAGTTC-3’ This study 

PCR amplification, 

nucleotide 

sequencing 

Seq 38 5’-GCGTCACCTACGGGTAC-3’ This study 

PCR amplification, 

nucleotide 

sequencing 

VP2-internal 5’-GAACTSCCCAMAGACCAC-3’ 
Van Rensburg 

(unpublished) 

Nucleotide 

sequencing 

Seq 37 5’-ACGGGCACGTGTACAAC-3’ This study 
Nucleotide 

sequencing 

VP1-internal 5’-GGGTTKRTACTTGCAG-3’ 
Van Rensburg 

(unpublished) 

Nucleotide 

sequencing 

cDNA-2A *5’CGCcccgggGTTGGACTCAACGTCTCC 3’ 
Van Rensburg 

(unpublished) 
PCR amplification 

cDNA-NAM *5’-CGGaatattGACCACCAGCCATGGTACCACCAC-3’ This study PCR amplification 

P621 5’-GGACATATCT TGTTGCATA-3’ 
Van Rensburg 

(unpublished) 

Nucleotide 

sequencing 

P622 5’-GCACTGACACCACGTCTAC-3’ 
Van Rensburg 

(unpublished) 

Nucleotide 

sequencing 

VP1UA 5’-CCACRTATTACTTYTGTGACCT-3’ Bastos (1998) 
Nucleotide 

sequencing 

 

♦ Abbreviations representing ambiguities are Y = C/T, R = A/G, W = A/T, S = C/G, M = A/C and K = T/G 

 

* In primer sequences, the restriction endonuclease sites are indicated in bold lower case letters; Xma I in 

oligonucleotide cDNA-2A and Ssp I in oligonucleotide cDNA-NAM 
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2.2.4 Plaque assay 

 

Cell monolayers of IB-RS-2, BHK-21 and CHO-K1 cells were seeded in 35-mm-diameter 

wells to achieve 100% confluence following incubation overnight at 37°C in the presence of 

5% CO2. Log10 dilutions of the NAM/307/98 and ZIM/7/83 viruses were prepared in BME 

medium, containing 1% FCS, antibiotics and 25 mM HEPES buffer (Invitrogen). Following 

aspiration of the medium, 200 µl of each dilution was added to the cell monolayers and 

incubated for 1 h at 37ºC in a CO2 incubator with shaking. Following incubation, 2 ml 

Tragacanth overlay (Appendix) was added to each well, and incubation was continued for 48 

h in a CO2 incubator. The cell monolayers were then stained for 3 h with 2 ml of a 1% (w/v) 

methylene blue stain (Appendix) to visualize plaques (Grubman et al., 1979). The plaque 

titration assays were performed in duplicate. 

 

2.2.5 Characterization of the capsid (P1)-encoding region of NAM/307/98 

 

2.2.5.1 RNA extraction  

 

RNA was extracted from NAM/307/98-infected cell cultures using a modified guanidinium 

thiocyanate (GuSCN)/silica method, as described by Boom et al. (1990). Briefly, the cells of 

a 200-µl cell culture sample were lysed by addition of L6 buffer (Appendix) containing 

GuSCN and an aliquot of a 4% silica suspension. Following incubation for 5 min at room 

temperature, the silica-bound nucleic acid was collected by centrifugation (13 000 rpm; 15 s) 

and rinsed with L2 wash buffer (Appendix), 70% ethanol and acetone, respectively, before 

being air-dried. The nucleic acid was eluted from the silica matrix at 56°C for 2 min in a final 

volume of 30 µl 1 × TE buffer (10 mM Tris-HCl, 2 mM EDTA; pH 7.4) containing RNasin

 

ribonuclease inhibitor (40 U/µl; Promega) and stored at -70ºC.  

 

2.2.5.2 cDNA synthesis  

 

The viral RNA was reverse-transcribed using a mixture of random hexanucleotides, together 

with the antisense oligonucleotide WDA, which anneals at the 2A/2B junction (Table 2.1). 

The reaction mixture contained ca. 1 to 3 µg of RNA, 0.23 µM of oligonucleotide WDA, 

4.55 µM of a random hexanucleotide mixture (Roche), 1 × AMV-RT buffer (50 mM KCl, 10 

mM MgCl2, 0.5 mM spermidine, 10 mM DTT), 0.34 mM of each dNTP (Roche), 2% (v/v) 

DMSO and 20 U RNasin

 (40 U/µl; Promega). Following denaturation of the RNA by 

incubating at 70°C for 3 min, 40 U AMV-Reverse Transcriptase (10 U/µl; Promega) was 
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added and the RNA was reverse transcribed at 42ºC for 2 h. After incubation, the enzyme 

was inactivated by heating to 80ºC for 2 min and the reaction mixtures were stored at 4ºC. 

 

2.2.5.3 Polymerase chain reaction (PCR) amplification of the capsid-encoding region of 

NAM/307/98  

 

A cDNA copy of the capsid (P1)-encoding region of the NAM/307/98 virus was amplified as 

two overlapping amplicons to facilitate its nucleotide sequence determination (Fig. 2.1). In 

the first PCR, oligonucleotides L-internal, which anneals in the L region, and VP2REV, 

which anneals in the 1B region, were used to generate a 900-bp L-1B amplicon. In the second 

PCR, oligonucleotides Seq 38, which anneals in the 1B region, and WDA were used to 

generate a 2-kb 1B-2A amplicon. The PCR reaction mixtures (50 µl) contained 3 µl of the 

cDNA reaction mixture, 0.5 µM of each the sense and antisense oligonucleotides, 1 × PCR 

buffer (50 mM KCl, 10 mM Tris-HCl [pH 8.3], 1.5 mM MgCl2), 0.2 mM of each dNTP 

(Roche) and 2.5 U Taq DNA polymerase (5 U/µl; Roche). The tubes were placed in a Hybaid 

thermal cycler and after initial denaturation at 94°C for 2 min, the reactions were subjected to 

30 cycles using the following temperature profile: denaturation for 30 s at 94°C, annealing 

for 30 s at 55°C (oligonuleotides L-internal - VP2REV) or 56°C (oligonucleotides Seq 38 - 

WDA), and elongation for 1 min at 72°C. After the last cycle, the reactions were kept at 72°C 

for 30 s to ensure synthesis of full-length products.  

 

2.2.5.4 Agarose gel electrophoresis 

 

The amplicons were analyzed by agarose gel electrophoresis on a 1.5% (w/v) agarose gel in 1 

× TAE buffer (40 mM Tris-acetate, 2 mM EDTA; pH 8) at 100 V. The gel was supplemented 

with 0.5 µg/ml ethidium bromide (EtBr) to allow visualization of the DNA by UV 

fluorescence on a transilluminator. The DNA fragments were sized according to their 

migration in the gel, as compared to that of standard DNA molecular markers, namely a 100-

bp DNA ladder (Promega) and phage lambda DNA digested with Hind III (Promega). The 

DNA bands of interest were excised from the agarose gel and purified using the Nucleospin

 

Extract kit (Macherey-Nagel) in accordance with the manufacturer’s instructions. 
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Fig. 2.1 Schematic representation of the (A) PCR amplification and (B) sequencing strategy used to 

obtain the complete nucleotide sequence of the capsid-encoding region of NAM/307/98. 

The oligonucleotide annealing positions and directions of sequencing are indicated in 

green. A scale bar indicating the approximate sizes of the respective protein-encoding 

genomic regions is indicated above the diagram. 
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2.2.5.5 Nucleotide sequencing and analysis 

 

The nucleotide sequence of the gel-purified amplicons was determined using 0.16 µM of the 

appropriate oligonucleotide (Table 2.1; Fig. 2.1) and the ABI PRISM BigDye 

Terminator Cycling Ready Reaction Kit v3.0 (Applied Biosystems). The extension products 

were resolved on an ABI PRISM 310 Genetic Analyser (Applied Biosystems). The 

nucleotide sequences obtained were assembled using DAPSA version 3.4.1 (Harley, 2001) 

and the deduced amino acid sequence was compared, using CLUSTALW (Thompson et al., 

1994), with the corresponding sequence of O1BFS (GenBank Acc. No: AY593815), a type O 

FMDV strain of which the three-dimensional structure of the capsid has been elucidated 

(Achayra et al., 1989). The P1 nucleotide sequence of NAM/307/98 has been submitted to 

GenBank under the accession number AY770519. 

 

2.2.6 Construction of chimeric clone pNAM/SAT2 

 

2.2.6.1 PCR amplification of the external capsid-encoding region of NAM/307/98 

 

The antisense oligonucleotide cDNA-2A (Table 2.1), which is situated in 2A, and the sense 

oligonucleotide cDNA-NAM (Table 2.1), which is situated in 1B, were designed to contain 

Xma I and Ssp I restriction endonuclease recognition sequences, respectively, in order to 

facilitate subsequent cloning procedures. The cloning strategy is indicated diagrammatically 

in Fig. 2.2. The external capsid-encoding region (1B-1D-2A) of NAM/307/98 was amplified 

using the Expand High Fidelity PCR system (Roche). The reaction mixture (50 µl) 

contained 3 µl cDNA (Section 2.2.5.2), 0.3 µM of each oligonucleotide, 1 × Expand High 

Fidelity buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP (Roche) and 2.6 U of High Fidelity 

Enzyme (3.5 U/µl). The reaction tubes were placed in a Hybaid thermal cycler. Following 

initial denaturation of 2 min at 94°C, the reactions were subjected to 25 cycles of 

denaturation at 94°C for 15 s, annealing at 57°C for 30 s and elongation at 72°C for 2 min. 

After the last cycle, the reactions were kept at 72°C for 7 min to complete synthesis of all 

strands. For control purposes, an identical reaction mixture but lacking template DNA was 

also included. Aliquots of the reaction mixtures were subsequently analyzed by agarose gel 

electrophoresis on a 1% (w/v) agarose gel in the presence of an appropriate DNA molecular 

weight marker and the amplicons were purified from the gel using the Nucleospin

 Extract 

kit (Machery-Nagel).  
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Fig. 2.2 Schematic representation of the cloning strategy used to clone the external capsid-encoding region of SAT1/NAM/307/98 into the Ssp I and Xma I 

sites of pSAT2, a genome-length cDNA clone derived from SAT2/ZIM/7/83. The Swa I restriction enzyme site, which facilitates linearization of 

pNAM/SAT2, is also indicated. The G-H loop RGD motif is indicated in red, whilst the second upstream RGD motif is indicated in a black box in 

yellow. 
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2.2.6.2 Restriction endonuclease digestion  

 

Restriction endonuclease digestions were performed in sterile Eppendorf tubes and contained 

the appropriate concentration of salt (using the 10 × buffer supplied by the manufacturer) for 

the specific enzyme and 1 U of enzyme per µg of DNA. The reaction mixtures were 

incubated at 37°C, except for those containing Swa I, which was incubated at 25°C. Upon 

digestion of DNA with both Xma I and Ssp I, the DNA was first incubated with Xma I after 

which the salt concentration was adjusted by the addition of 50 mM NaCl and the Ssp I 

enzyme added. Following incubation, the endonucleases were inactivated by the addition of 

2.5 µl RE STOP (consisting of 1 part 0.5 M EDTA, RNase A and 8 parts loading buffer; 

Promega) and incubated at room temperature for 5 min, after which the reaction mixture was 

stored at 4°C. The digestion products were typically analyzed on a 1% (w/v) agarose gel in 

the presence of appropriate DNA molecular markers. All restriction endonucleases were 

supplied by Promega or New England Biolabs.  

 

2.2.6.3 Preparation of the pSAT2 vector DNA 

 

pSAT2 (Van Rensburg et al., 2004) was used to engineer a chimeric construct containing the 

external capsid-encoding region of NAM/307/98. The external capsid-encoding region of 

pSAT2 was removed by digestion with both Xma I and Ssp I. Following digestion, the 

plasmid DNA was dephosphorylated by the addition of alkaline phosphatase, as described by 

Turner et al. (1997). Briefly, the digested vector DNA was incubated at 37°C for 30 min in a 

40-µl reaction volume containing 0.5 U alkaline phosphatase (1 U/µl; Roche). The ca. 8.8-kb 

DNA fragment, representing the pSAT2 backbone (excluding the external capsid-encoding 

region), was excised from an agarose gel following electrophoresis and purified using the 

Nucleospin

 Extract kit (Macherey-Nagel). The amplicon resulting from PCR amplification 

of the external capsid-encoding region using NAM/307/98 cDNA as template (Section 

2.2.6.1) was similarly digested and purified from an agarose gel. 

 

2.2.6.4 Ligation reactions and transformation of competent cells 
 

The purified digested PCR amplicon and the pSAT2 vector DNA were ligated for 10 min at 

room temperature using the Rapid DNA Ligation Kit from Roche. The reaction mixture (10 

µl) contained 5 µl of 2 × T4 DNA ligase buffer, 150 ng of insert DNA, 50 ng of pSAT2 

vector DNA and 1.25 U of T4 DNA ligase (2.5 U/µl). Competent E. coli MAX Efficiency
®
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DH5α cells were transformed using a modified heat-shock method (Sambrook and Russell, 

2001). Competent cells (25 µl) were mixed with 3 µl of the ligation mixture in a sterile     

1.5-ml Eppendorf tube and incubated on ice for 30 min. The cells were subsequently 

incubated for 40 s at 42°C and then chilled on ice for 2 min. Following addition of 175 µl 

pre-warmed (37°C) SOC medium (2% [w/v] tryptone, 0.5% [w/v] yeast extract, 0.05% [w/v] 

NaCl, 5 mM KCl, 20 mM glucose, 15 mM MgCl2; pH 7), the transformation mixture was 

incubated at 37°C for 1 h to allow the cells to recuperate and express the ampicillin resistance 

gene. Transformed cells were plated on LB agar plates (1% [w/v] tryptone, 0.5% [w/v] yeast 

extract, 1% [w/v] NaCl, 1.3% [w/v] agar; pH 7.4) supplemented with 50 µg/ml ampicillin 

and the agar plates were then incubated overnight at 37°C. 

 

2.2.6.5 Plasmid DNA extractions  

 

To facilitate rapid screening of a large number of transformants, plasmid DNA was extracted 

using a robust STET-boiling minilysate method (obtained from Dr P. W. Mason, Plum Island 

Animal Disease Center), with the following modifications. Colonies were picked from the 

agar plates with sterile toothpicks and inoculated into sterile 1.5-ml Eppendorf tubes 

containing 1 ml LB broth (1% [w/v] tryptone, 0.5% [w/v] yeast extract, 1% [w/v] NaCl; pH 

7.4) supplemented with ampicillin (50 µg/ml). Following incubation overnight at 37°C with 

shaking, the cells were harvested by centrifugation at 13 000 rpm for 2 min. The bacterial cell 

pellets were suspended in 250 µl STET buffer (Appendix) containing 1 mg/ml lysozyme, and 

lysed by boiling at 100°C for 1 min. The cellular debris was collected by centrifugation at   

13 000 rpm for 8 min and removed using a sterile toothpick. The plasmid DNA was 

subsequently precipitated from the supernatants by the addition of 250 µl isopropanol. The 

precipitated plasmid DNA was collected by centrifugation, as above, dried under vacuum and 

then suspended in 20 µl 1 × TE. Plasmid DNA constructs were subsequently characterized by 

restriction endonuclease digestion, followed by agarose gel electrophoresis and by nucleotide 

sequencing, as described below. A chimeric clone, designated pNAM/SAT2, was selected 

and used in subsequent procedures. 

 

2.2.6.6 Nucleotide sequencing and sequence analyses 

 

Plasmid DNA for sequencing and in vitro RNA transcription reactions was extracted and 

purified using the QIAprep

 Spin Miniprep Kit (Qiagen) according to the manufacturer’s 
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instructions. To verify successful cloning of the external capsid-encoding region of 

NAM/307/98 into pSAT2, the nucleotide sequence flanking the cloning sites was determined 

using 0.16 µM of oligonucleotides P621 and P622 (Table 2.1), which are situated in the 2B 

and 1A regions, respectively, of the pSAT2 clone. The sequencing reactions and sequence 

analyses were performed as described under Section 2.2.5.5. 

 

2.2.7 In vitro RNA synthesis 

 

2.2.7.1 Preparation of template DNA 

 

To facilitate RNA synthesis, 5 µg of the purified chimeric plasmid pNAM/SAT2 was 

linearized by restriction with Swa I for 10 h at 25°C (Fig. 2.2). The genome-length cDNA 

clone pSAT2 was included as a control and linearized by digestion with Not I for 10 h at 

37°C. Following digestion, the reaction mixtures were incubated at 55°C for 15 min with 20 

ng Proteinase K in the presence of 1 × STE buffer (10 mM Tris-HCl, 0.1 M NaCl, 1 mM 

EDTA; pH 8), 10 ng oyster glycogen (Sigma), 0.5 M EDTA and 0.2% (w/v) SDS. The 

endonucleases were subsequently inactivated by heating to 80°C for 15 min and the reaction 

mixtures deproteinized by a phenol and chloroform extraction. An equal volume (100 µl) of 

Tris-saturated phenol (pH 8) was therefore added to each sample, mixed and the organic and 

aqueous phases separated by centrifugation at 13 000 rpm for 2 min. The upper aqueous 

phase was recovered and extracted with an equal volume of chloroform, as above. The DNA 

was then precipitated from the aqueous phase by the addition of 2.5 volumes of 100% ethanol 

and incubation at -80°C for 20 min. The precipitated DNA was collected by centrifugation at 

13 000 rpm for 15 min, washed with 70% ethanol and dried under vacuum before being 

suspended in 10 µl RNase-free water. All chemicals and reagents used in these procedures 

were of RNA-grade.  

 

2.2.7.2 RNA transcription 

 

In vitro RNA transcription reactions were performed using the MEGAScript

 T7 kit 

(Ambion) at 39°C for 2 h. The transcription reaction mixtures contained 1 µg of purified 

linearized template DNA, 1 × transcription buffer, 7.5 mM of each ribonucleotide, 2 µl of the 

supplied enzyme mix and RNase-free water to a final volume of 20 µl. The integrity of the 

RNA was analyzed by electrophoresis of an aliquot of the reaction mixtures on a 1% (w/v) 

agarose gel in 0.5 × TBE buffer (45 mM Tris-borate, 1 mM EDTA; pH 8). 
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2.2.8 Recovery of infectious chimeric virus 

 

2.2.8.1 Transfection of BHK-21 and IB-RS-2 cells with synthetic RNA 

 

BHK-21 and IB-RS-2 cells were transfected with in vitro-synthesized RNA using the 

Lipofectamine 2000™ reagent (Invitrogen). The cells were seeded in 35-mm-diameter wells 

to reach 70% confluence (8.4 × 10
5
 cells/ml) within 24 h of incubation at 37°C in the 

presence of 5% CO2. For transfection, 3 µg of RNA was diluted in 250 µl serum-free D-

MEM medium (Invitrogen) that lacked antibiotics. Separately, 10 µl of the Lipofectamine 

2000 reagent was diluted in 250 µl serum- and antibiotic-free D-MEM. The two solutions 

were then mixed and incubated at room temperature for 20 min to allow the formation of 

RNA-lipofectamine complexes. The cell monolayers were subsequently prepared for 

transfection by rinsing the cells twice with serum- and antibiotic-free D-MEM, but containing 

0.1 mM non-essential amino acids (NEAA; Invitrogen). After addition of 500 µl of D-MEM 

medium containing 0.1 mM NEAA, the cells were overlayed with the RNA-lipofectamine 

complexes and incubated for 4 h at 37°C in a CO2 incubator. For BHK-21 cell monolayers, 

the medium was then aspirated and replaced with 3 ml BME medium containing antibiotics, 

25 mM HEPES and 1% FCS. For IB-RS-2 cell monolayers, the medium was aspirated and 

replaced with RPMI medium (Sigma) containing 25 mM HEPES, antibiotics and 1% FCS. 

Mock-transfected BHK-21 and IB-RS-2 cells, treated as above, were included as controls. 

The transfection plates were incubated at 37°C for 24 h in a CO2 incubator. 

 

2.2.8.2 Serial passaging of chimeric virus 

 

Following incubation, the cells were lysed by freezing the transfection plates at -80°C 

followed by thawing on ice. Aliquots of the thawed tissue culture lysate (10% [v/v]) were 

subsequently used to infect BHK-21 and IB-RS-2 cell monolayers in 35-mm-diameter wells. 

For BHK-21 cells, the tissue culture dishes were incubated at 37°C for 1 h in a CO2 incubator 

after which BME medium, containing antibiotics, 25 mM HEPES and 1% FCS, was added 

and the incubation continued for 48 h. For IB-RS-2 cells, the tissue culture dishes were 

similarly treated, except RPMI medium was added. The same procedure was used for serial 

passage of the viruses in BHK-21 and IB-RS-2 cells and the cells were monitored for 

cytopathic effect (CPE) by microscopy up to 48 h post-infection. Aliquots of the respective 

tissue culture lysates were stored at –80°C after each passage. 
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2.2.8.3 Characterization of recovered chimeric virus 

 

To characterize the recovered chimeric viruses, RT-PCR across the cloning junction in 2A, 

followed by nucleotide sequencing of the obtained amplicon, were performed. RNA was 

extracted from the tissue culture lysates by a modified guanidinium thiocyanate/silica method 

(Boom et al., 1990) and used as template for cDNA synthesis. The viral RNA was reverse-

transcribed using AMV-Reverse Transcriptase (Promega) and the antisense oligonucleotide 

P621. All of these procedures were performed in accordance with the methods described 

previously (Sections 2.2.5 and 2.2.7). Oligonucleotides P621 and VP1UA, which is situated 

in 1D, were used to amplify part of the 1D-2B genomic region spanning the insertion site and 

sequence encoding the two RGD motifs. The PCR reaction was performed as described 

earlier (Section 2.2.5.3), except that annealing of the oligonucleotides was performed at 55°C 

for 30 s. The resultant amplicon was purified from an agarose gel using the Nucleospin

 

Extract Kit (Macherey-Nagel) and the nucleotide sequence of the gel-purified amplicon was 

determined using 0.16 µM of oligonucleotide P621, as described previously (Section 2.2.5.5). 

 

 

2.3 RESULTS  

 

2.3.1 Plaque assays 

 

Field strains of FMDV have been reported to infect permissive cells by attaching to integrin 

receptors, whereas tissue culture-adapted strains can also use heparan sulfate proteoglycans 

(Jackson et al., 1996; Sa-Carvalho et al., 1997). Thus, to determine whether the SAT1 type 

FMDV field isolate NAM/307/98 (PK1RS1) is capable of utilizing heparan sulfate 

proteoglycans, in addition to integrin receptors, plaque assays on different tissue culture cell 

lines were performed. For this purpose, BHK-21, IB-RS-2 and CHO-K1 cells were used in 

the assays. Although CHO-K1 cells normally express two RGD-binding integrins, αvβ5 and 

α5β1 (Neff et al., 1998; You et al., 2001; Jackson et al., 2002), they are, however, non-

permissive for field strains of FMDV (Mason et al., 1993; Jackson et al., 1997; Neff et al., 

1998). In contrast, field strains of FMDV are able to utilize integrin receptors αvβ3, αvβ6, 

αvβ1 and αvβ8 and have been reported to replicate in BHK-21 and IB-RS-2 cells (Berinstein 

et al., 1995; Neff et al., 1998; Neff et al., 2001; Miller et al., 2001; Jackson et al., 2000b; 

Jackson et al., 2002; Duque and Baxt, 2003). In addition to the different cell lines, a tissue 

culture-adapted SAT2 type FMDV, ZIM/7/83 (B1BHK5B1BHK3), which is capable of 
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utilizing heparan sulfate as a receptor for cell binding (Van Rensburg et al., 2004), was also 

included in these assays.  

 

The plaque morphologies obtained following plaque titration on IB-RS-2, BHK-21 and 

CHO-K1 cells are indicated in Fig. 2.3. Although the NAM/307/98 and ZIM/7/83 viruses 

both displayed clear large plaques on IB-RS-2 cells, distinct differences were observed on the 

other tissue culture cell lines. Whereas ZIM/7/83 produced large clear plaques on BHK-21 

cells, the NAM/307/98 virus produced small turbid plaques, suggesting a slower rate of 

replication in these cells. In contrast to ZIM/7/83, which produced small clear plaques on 

CHO-K1 cells and is characteristic of viruses that use heparan sulfate proteoglycans as cell 

receptors, the NAM/307/98 virus was unable to produce plaques. Since NAM/307/98 was 

able to infect BHK-21 and IB-RS-2 cells but not CHO-K1 cells, it was therefore concluded 

that NAM/307/98 is capable of using integrins, and not heparan sulfate, as cellular receptors. 

Furthermore, the difference in plaque morphology of NAM/307/98 on the IB-RS-2 and BHK-

21 cells may be indicative of the passage history of the virus. NAM/307/98 was initially 

isolated in PK cells and passed once only on IB-RS-2 cells prior to performing these plaque 

assays. Since the virus had therefore already been “adapted” to these cells, the viral capsid 

was more efficient in interacting with the cells as opposed to BHK-21 cells. Consequently, 

large clear plaques could be seen on IB-RS-2 cells, and small turbid plaques on BHK-21 

cells. 

 

2.3.2 Nucleotide sequence and analysis of the capsid-encoding region of NAM/307/98 

 

The nucleotide sequence of the capsid-encoding region of NAM/307/98 was determined from 

two overlapping amplicons through primer walking using different oligonucleotides (Table 

2.1; Fig. 2.1). The sequences obtained were assembled to obtain the full-length nucleotide 

sequence from which the amino acid sequence of the viral proteins was deduced (Fig. 2.4).  

 

• Presence of two RGD motifs 

 

Analysis of the deduced amino acid sequence indicated the presence of a conserved RGD 

sequence (amino acid residues 149-151) located in a hypervariable region of the capsid 

protein 1D, as well as a second, upstream RGD sequence located at residues 110-112. This 

motif was stably retained upon passage on IB-RS-2 cells (PK1RS1) and was identical in 

sequence to that reported by Bastos and co-workers (2001) following primary isolation of the 
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Fig. 2.3 Plaque morphology of the field strain NAM/307/98 and the tissue culture-adapted 

ZIM/7/83 virus isolate on IB-RS-2, BHK-21 and CHO-K1 cells. 
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virus in PK cells (PK1). Immediately following the conserved RGD motif in the capsid 

protein 1D of NAM/307/98 are leucine residues at the RGD+1 and RGD+4 positions. In 

contrast, the second, upstream RGD sequence is followed by tyrosine at RGD+1 and 

phenylalanine at RGD+4 (Fig. 2.4). Although the presence of leucine residues following the 

RGD sequence has been reported to be associated with a higher binding affinity to certain 

integrin receptors (Mateu et al., 1996; Jackson et al., 2000a), these residues are not 

conserved. Some type A and SAT3 isolates have a methionine, whilst most SAT2 isolates 

have an arginine at the RGD+1 position (Crowther et al., 1993; Mateu et al., 1996; Jackson et 

al., 1997; Jackson et al., 2000a; Bastos et al., 2003).  

 

• Location of two RGD motifs 

 

In all FMDV serotypes, the RGD sequence located in the G-H loop of the capsid protein 1D 

is highly exposed to the surface (Baxt and Becker, 1990; Parry et al., 1990; Mason et al., 

1994; Jackson et al., 1997). To determine the location of the second, non-G-H loop RGD 

sequence on the viral capsid, the P1 polyprotein amino acid sequence of NAM/307/98 was 

aligned with that of type O1BFS using CLUSTALW. Whereas the RGD sequence located in 

the G-H loop was conserved, the upstream RGD sequence in NAM/307/98 aligned with a 

KAP sequence in type O1BFS (Fig. 2.5A). Based on the previously elucidated crystal 

structure of the type O1BFS virion (Acharya et al., 1989), the KAP sequence is located on a 

short surface-exposed loop between βF and βG (Fig. 2.5B). Thus, it was concluded that both 

RGD sequences in the capsid protein 1D of NAM/307/98 would be exposed to the surface 

and could therefore potentially interact with RGD-dependent cellular receptors. 

 

• Protease (3C
pro
) cleavage sites 

 

The capsid proteins form part of the P1-2A polyprotein precursor, which is cleaved by the 3C 

proteinase (3C
pro

) at the 1AB/1C, 1C/1D and 1D/2A junctions to yield proteins 1AB, 1C and 

1D (Palmenberg, 1990; Bablanian and Grubman, 1993). Protein 1AB is subsequently cleaved 

by autocatalysis into the mature capsid proteins 1A and 1B (Harber et al., 1991; Lee et al., 

1993). Since one of the aims was to engineer a chimeric SAT2 FMD virus containing the 

external capsid-encoding region of NAM/307/98, the P1-2A-encoding region of the 

NAM/307/98 isolate was also analyzed for 3C proteinase cleavage sites to determine their 

potential impact on the correct processing of the capsid proteins by the SAT2 3C
pro

. Although 

the dipeptide Gln-Gly is most prevalent at the 3C
pro

 cleavage sites (Seipelt et al., 1999), the 
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FMDV 3C
pro

 has been reported to also cleave different sites (Hanecak et al., 1982; 

Palmenberg, 1990) and it has the ability to cleave proteins of heterologous serotypes (Ryan et 

al., 1989). 

 

For NAM/307/98 (Fig. 2.4), the 1AB/1C cleavage site is Gln-Gly, which is identical to other 

SAT viruses (Van Rensburg et al., 2002b). At the 1C/1D junction, the cleavage site is Gln-

Thr, which is the same for most FMDV serotypes, with type O1 Kaufbeuren having a Glu-Thr 

cleavage site (Clarke and Sanger 1988; Van Rensburg et al., 2002b). At the 1D/2A junction, 

the cleavage site is Gln-Leu, which is the same for most FMDV serotypes (Van Rensburg et 

al., 2002b). The recognition of these processing sites is dependent on their position within the 

polyprotein and the regions flanking these 3C
pro

 cleavage sites may play an important role in 

the recognition process. A proline residue near to the cleavage site has been noted as being 

important in both FMDV and encephalomycarditis virus (EMCV) (Palmenberg et al., 1984; 

Van Rensburg, 2002b). In most FMDV serotypes, there is a conserved proline residue in the 

–4 position from the cleavage site. Some exceptions have been observed in types O and C, 

which have an alanine residue in this position at the 1C/1D cleavage site. A valine residue 

has also been observed in the –4 position at the 1D/2A cleavage site in SAT2 viruses 

(Palmenberg et al., 1984; Van Rensburg et al., 2002b). A proline residue was observed in the 

–4 position from all the 3C
pro

 cleavage sites in the P1-encoding region of NAM/307/98. 

Based on these analyses, it was concluded that the NAM/307/98 virus capsid proteins would 

be processed efficiently by the 3C
pro 

from the SAT2 virus ZIM/7/83. 

 

 

 

 

 

 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 47 

 G   A   G   Q   S   S   P   A   T   G   S   Q   N   Q   S   G   N   T   G   S   I   I   N   N   Y   Y  26
GGA GCA GGT CAG TCG TCG CCA GCC ACA GGG TCA CAA AAC CAA TCT GGT AAC ACT GGC AGC ATC ATC AAC AAC TAC TAC 

 M   Q   Q   Y   Q   N   S   M   D   T   Q   L   G   D   N   A   I   S   G   G   S   N   E   G   S   T  52
ATG CAG CAG TAC CAG AAC TCA ATG GAC ACC CAG CTT GGT GAC AAC GCC ATC TCG GGT GGT TCC AAT GAG GGG TCG ACC 

 D   T   T   S   T   H   T   N   N   T   Q   N   N   D   W   F   S   K   L   A   Q   S   A   F   S   G  78
GAC ACC ACC TCG ACC CAC ACC AAC AAC ACT CAG AAC AAT GAC TGG TTT TCC AAA TTG GCG CAA TCG GCT TTC TCC GGA 

 L   V   G   A   L   L   A   D   K   K   T   E   E   T   T   L   L   E   D   R   I   M   T   T   S   H  104
CTT GTT GGC GCG CTT TTG GCC GAC AAG AAA ACG GAG GAG ACC ACT CTG CTT GAA GAC CGT ATC ATG ACC ACC AGC CAT  

  

 G   T   T   T   S   T   T   Q   S   S   V   G   V   T   Y   G   Y   A   L   T   D   K   F   L   P   G  130
GGT ACC ACC ACG TCA ACC ACA CAG AGT TCG GTG GGC GTC ACC TAC GGG TAC GCC CTC ACT GAC AAG TTT CTC CCC GGT 

 P   N   T   N   G   L   E   T   R   V   E   Q   A   E   R   F   F   K   H   K   L   F   D   W   T   L  156   
CCA AAC ACC AAT GGA CTG GAG ACA AGA GTG GAA CAA GCA GAG AGG TTC TTT AAA CAC AAG CTT TTT GAT TGG ACA CTT 

  

 E   Q   Q   F   G   T   T   Y   V   M   E   L   P   T   D   H   K   G   I   Y   G   Q   L   V   D   S  182
GAA CAA CAA TTT GGC ACA ACT TAC GTG ATG GAA CTC CCC ACA GAC CAC AAG GGT ATC TAC GGG CAG CTG GTT GAC TCT  

 H   A   Y   I   R   N   G   W   D   V   Q   V   S   A   T   A   T   Q   F   N   G   G   C   L   L   V  208
CAC GCG TAC ATC CGC AAC GGA TGG GAC GTC CAG GTC TCT GCC ACT GCC ACC CAA TTC AAC GGA GGC TGC CTC CTG GTG 

 A   M   V   P   E   L   C   K   L   G   E   R   E   K   Y   Q   L   T   L   F   P   H   Q   F   L   N  234 
GCC ATG GTA CCC GAG CTC TGC AAA TTG GGT GAG AGG GAG AAA TAC CAA CTC ACT CTC TTC CCA CAC CAG TTC TTG AAC 

 P   R   T   N   T   T   A   H   I   Q   V   P   Y   L   G   V   D   R   H   D   Q   G   T   R   H   K  260
CCC CGC ACC AAC ACC ACG GCA CAC ATC CAA GTA CCG TAC TTG GGT GTC GAC AGA CAC GAC CAG GGG ACT CGC CAC AAA 

 A   W   T   L   V   V   M   V   L   A   P   Y   T   N   D   Q   T   I   G   S   T   K   A   E   V   Y  286
GCG TGG ACT CTA GTT GTG ATG GTG CTG GCG CCA TAC ACC AAT GAC CAG ACC ATA GGA TCT ACA AAA GCC GAG GTC TAC 

 V   N   I   S   P   T   N   V   Y   V   A   G   E   K   P   S   K   Q   G   I   F   P   V   A   V   S  312    
GTG AAC ATT TCA CCA ACC AAT GTT TAC GTG GCC GGT GAG AAG CCC AGC AAG CAA GGG ATT TTC CCC GTG GCC GTC TCC 

1A 

1C 

1B 
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 D   G   Y   G   G   F   Q   N   T   D   P   K   T   S   D   P   I   Y   G   H   V   Y   N   P   A   R  338
GAC GGT TAC GGC GGC TTC CAA AAT ACT GAC CCC AAA ACT TCG GAC CCC ATT TAC GGG CAC GTG TAC AAC CCG GCG CGC 

 T   L   Y   P   G   R   F   T   N   L   L   D   V   A   E   A   C   P   T   L   L   D   F   N   G   V  364 
ACG CTG TAC CCC GGC AGG TTC ACA AAC TTG CTG GAC GTG GCA GAA GCG TGC CCC ACA CTG CTT GAT TTC AAT GGG GTG 

 P   Y   V   Q   T   Q   N   N   S   G   S   K   V   L   T   C   F   D   L   A   F   G   H   K   N   M  390   
CCA TAC GTC CAA ACC CAG AAC AAC TCT GGT TCA AAG GTT CTC ACA TGT TTT GAT TTG GCA TTT GGA CAC AAA AAC ATG 

 K   N   T   Y   M   S   G   L   A   Q   Y   F   A   Q   Y   S   G   T   L   N   L   H   F   M   Y   T  416
AAA AAC ACA TAC ATG TCT GGT CTG GCC CAG TAC TTT GCA CAG TAC AGC GGC ACC CTC AAT CTT CAC TTC ATG TAC ACC 

 G   P   T   N   N   K   A   K   Y   M   V   A   Y   I   P   P   G   T   N   P   L   P   K   T   P   E  442 
GGC CCC ACC AAC AAC AAG GCC AAG TAC ATG GTG GCA TAC ATC CCA CCC GGC ACA AAC CCT CTC CCC AAA ACA CCG GAG 

 M   A   S   H   C   Y   H   A   E   W   D   T   G   L   N   S   T   F   T   F   T   V   P   Y   I   S  468
ATG GCA TCA CAC TGC TAC CAC GCC GAG TGG GAC ACT GGA CTG AAC TCG ACC TTC ACC TTC ACC GTG CCG TAC ATC TCG 

 A   A   D   Y   A   Y   T   Y   A   D   E   P   E   Q   A   S   V   Q   G   W   V   G   V   Y   Q   I  494
GCC GCG GAC TAC GCC TAC ACC TAC GCT GAC GAG CCT GAA CAG GCT TCA GTG CAA GGT TGG GTT GGT GTG TAT CAA ATT  

 T   D   T   H   E   K   D   G   A   V   V   V   T   V   S   A   G   P   D   F   E   F   R   M   P   I  520
ACT GAC ACA CAC GAG AAG GAC GGG GCC GTC GTC GTC ACC GTG AGT GCC GGC CCC GAC TTT GAG TTC AGG ATG CCC ATT 

 S   P   L   R   Q   T   T   S   A   G   E   G   A   E   P   V   T   T   D   A   S   A   H   G   G   S  546
AGC CCA TTG CGC CAG ACA ACC TCT GCA GGT GAA GGC GCG GAA CCA GTT ACC ACA GAC GCC TCC GCA CAC GGA GGC AGT 

 A   R   T   A   R   R   A   H   T   D   V   T   F   L   L   D   R   F   T   L   V   G   K   T   K   D  572
GCC AGG ACT GCA CGG CGG GCC CAC ACC GAC GTG ACA TTC CTT CTT GAC CGG TTT ACC CTG GTT GGG AAG ACC AAA GAC 

 N   K   L   V   L   D   L   L   S   T   K   E   K   T   L   V   G   A   L   L   R   A   A   T   Y   Y  598
AAC AAA CTG GTC CTG GAC CTC TTG AGC ACC AAG GAG AAA ACG CTG GTC GGC GCA CTC CTG CGC GCG GCC ACG TAC TAC  

 F   S   D   L   E   V   A   C   V   G   T   N   A   W   V   G   W   T   P   N   G   S   P   V   L   T  624
TTC TCT GAC CTG GAG GTG GCG TGT GTT GGG ACC AAC GCG TGG GTG GGC TGG ACT CCC AAC GGC AGT CCA GTG CTG ACG 

  

1D 
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 E   V   G   D   N   P   V   V   F   S               T   T   R   F   A   L   P   Y   T   A   P   H   R  650
GAA GTG GGC GAC AAC CCA GTC GTC TTC TCC CGT GGA GAC ACC ACT CGC TTC GCG CTC CCT TAC ACC GCA CCT CAC CGG 

 V   L   A   T   V   Y   N   G   D   C   K   Y   K   P   T   G   T   P   P   R   E   N   I   R   G  D  676

GTG CTC GCA ACA GTA TAC AAT GGT GAC TGC AAG TAC AAA CCC ACT GGC ACC CCG CCC CGC GAG AAC ATT CGC GGT GAC 

  

 L   A   T   L   A   A   R   I   A   S   E   T   H   I   P   T   T   F   N   Y   G   M   I   Y   T   Q  702
CTT GCA ACG CTG GCT GCG CGG ATT GCT AGT GAG ACC CAC ATT CCA ACG ACA TTC AAC TAT GGA ATG ATT TAC ACA CAG 

 A   E   V   D   V   Y   L   R   M   K   R   A   E   L   Y   C   P   R   P   V   L   T   H   Y   D   H  728 
GCA GAG GTG GAC GTG TAC CTG AGG ATG AAG AGG GCA GAA CTC TAC TGC CCC CGA CCT GTT CTC ACG CAC TAC GAC CAC  

S   G   K   D   R   Y   K   T   A   L   V   R   P   A   K   Q   L   C   N   F    D  L   L   K   L   A 754                       
AGC GGC AAG GAC CGT TAC AAG ACG GCT CTC GTT AGA CCT GCC AAA CAG CTG TGT AAC TTC GAC CTG TTA AAG TTG GCT  

  

 G   D   V   E   S   N   P   G   P   F  764 

GGA GAC GTT GAG TCC AAC CCT GGG CCC TCC 

Fig. 2.4 Nucleotide and deduced amino acid sequence of the capsid (1A-1D), 2A- and part of the 2B-encoding genomic regions of 

NAM/307/98. The 3Cpro cleavage sites are indicated by arrows. The RGD motif in the G-H loop of protein 1D is indicated in red, 

whilst a second, upstream RGD is indicated in yellow. The RGD+1 and RGD+4 positions for both RGD motifs are indicated in 

bold.  

R   G   D
+1 +4

+1 +4

2A 

2B 
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Fig. 2.5 (A) Amino acid sequence alignment between the C-terminus half of the capsid protein 1D 

of NAM/307/98 and that of O1BFS. The RGD motif in the G-H loop of 1D is indicated in 

red and the second RGD, which aligned to the KAP sequence of O1BFS, is indicated in 

yellow. The predicted secondary structure is indicated above the sequence with 'H' = α-

helix, 'E' = β-strand. The loops connecting the β-strands, corresponding to that determined 

for O1BFS, are also indicated. (B) Crystal structure of the O1BFS capsid viewed in 

Rasmol, indicating the position of the G-H loop RGD motif, as well as the KAP sequence 

that aligned to the second RGD sequence of NAM/307/98. 

-EEE- -----E ---- -----H HEEE  ------ ----------------HHHHHHHHH—

PTAYH KAPLTR LALP YTAPHR VLAT VYNGEC RYSRNAV-P--NLRGDLQVLAQKVA-R

.VVFS RGDT.. F... ...... .... ....D. K.KPTGTP.RE.NRGD.AT..ARI.SE
O1BFS 

NAM/307/98 

104 109 115 119 125 129 135

105 110 116 120 126 130 136

ββββF ββββG1 ββββG2 G-H loop 

 (A) 

 (B) 

RGD 

(situated at residues 145-147 for O1BFS) 

KAP  

(situated at residues 109-111 for O1BFS) 

1B 

1C 

1A 

1D 

KAP 

RGD 
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2.3.3 Construction of chimeric clone pNAM/SAT2 

 

2.3.3.1 Cloning of the external capsid-encoding region of NAM/307/98 into pSAT2 

 

Towards investigating the functional significance of a second, non-G-H loop RGD sequence 

in the capsid protein 1D of NAM/307/98, a chimeric clone containing the external capsid-

encoding region of NAM/307/98 in a stable SAT2 FMDV genetic backbone was constructed. 

Oligonucleotides cDNA-NAM (containing an Ssp I site) and cDNA-2A (containing an Xma I 

site) were used to PCR amplify the external capsid-encoding region from NAM/307/98 

cDNA, as described under Materials and Methods (Section 2.2.6.1). To minimize 

misincorporation errors during PCR amplification, a high fidelity DNA polymerase with 

3’→5’ exonuclease proofreading activity was used. An aliquot of the reaction mixture was 

analyzed by agarose gel electrophoresis and a single discreet amplicon of the expected size 

(ca. 2.2 kb) was obtained (Fig. 2.6, lane 3). In contrast, no amplification products were 

observed in the negative control in which template DNA was omitted (Fig. 2.6, lane 2). 

 

To construct the chimeric clone pNAM/SAT2, plasmid pSAT2 was digested with both Ssp I 

and Xma I to yield two DNA fragments of ca. 8.8 kb and 2.2 kb, respectively. The larger of 

the two DNA fragments, corresponding to the pSAT2 genetic backbone lacking the external 

capsid-encoding region, was purified from the agarose gel, dephosphorylated and used in 

subsequent ligation reactions. The PCR amplicon was digested with both Ssp I and Xma I, 

gel-purified and ligated to the prepared pSAT2 vector DNA. Following transformation of 

competent E.coli DH5α cells, plasmid DNA was extracted from ampicillin-resistant 

transformants and analyzed by agarose gel electrophoresis and restriction enzyme digestion. 

 

Digestion of recombinant plasmid DNA with Sac I, which cuts once in 1B of NAM/307/98 

and once in both 3C and 3D of pSAT2 (Fig. 2.7A), yielded DNA fragments of the expected 

sizes, corresponding to ca. 6.2, 3.8 and 1 kb, respectively (Fig. 2.7B, lanes 3 and 4). Non-

recombinant plasmid DNA, however, yielded DNA fragments corresponding to ca. 10 kb and 

1 kb (Fig. 2.7B, lanes 2 and 5). To furthermore confirm the successful construction of the 

recombinant plasmid, the plasmid DNA was digested with Kpn I, which cuts twice in 1B of 

NAM/307/98 and once in the IRES of pSAT2 (Fig 2.7A). In contrast to non-recombinant 

plasmid DNA, which was linearized (Fig. 2.7C, lanes 2 and 5), agarose gel electrophoresis of 

the digestion products from recombinant plasmid DNA indicated the presence of three DNA 

fragments of 9.6, 1 and 0.3 kb (Fig. 2.7C, lanes 3 and 4). The sizes of these DNA fragments 
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Fig. 2.6 Agarose gel electrophoretic analysis of the amplicon obtained by RT-PCR amplification of 

the external capsid-encoding region of NAM/307/98. Lane 1, DNA molecular weight 

marker; Lane 2, negative control reaction lacking template DNA; Lane 3, sample of the 

reaction mixture following RT-PCR. The sizes of the DNA molecular weight marker, 

phage λ DNA digested with Hind III, are indicated to the left of the figure. 
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Fig. 2.7A Plasmid map of the chimeric construct pNAM/SAT2. 
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Fig. 2.7B,C Agarose gel electrophoretic analysis of plasmid DNA from ampicillin-resistant 

transformants following digestion with (B) Sac I and (C) Kpn I. Lanes 1 and 6, DNA 

molecular weight marker; Lanes 2 and 5, restriction endonuclease-digested non-

recombinant plasmid DNA; Lanes 3 and 4, restriction endonuclease-digested 

recombinant plasmid DNA. The sizes of the molecular weight markers, phage λ DNA 

digested with Hind III (lane 1) and a 100-bp DNA ladder (lane 6), are indicated to the 

left and right of the figure, respectively. 
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were in agreement with those predicted from a map of the chimeric plasmid DNA (Fig. 

2.7A). These results therefore indicated that the external capsid encoding region of 

NAM/307/98 had been cloned successfully into the pSAT2 vector backbone. One of these 

chimeric clones, designated pNAM/SAT2, was selected and characterized by nucleotide 

sequencing.  

 

2.3.3.2 Nucleotide sequencing and analysis 

 

The integrity of the cloned DNA in the chimeric construct pNAM/SAT2 was verified by 

determining the nucleotide sequence through the cloning regions using automated DNA 

sequencing procedures. To facilitate insertion of the external capsid-encoding region of the 

NAM/307/98 strain into the SAT2 genetic backbone, the external capsid-encoding region of 

NAM/307/98 was amplified by PCR utilizing oligonucleotide cDNA-NAM, which had been 

engineered to incorporate an Ssp I site, and oligonucleotide cDNA-2A, engineered to 

incorporate an Xma I site. The engineered Ssp I site, codons 14 to 15 of protein 1B, 

introduces a silent mutation (Ile [ATC] to Ile [ATA]) at codon 14, and an amino acid change 

(Met [ATG] to Leu [TTG]) at codon 15. Oligonucleotide cDNA-2A containing a Xma I site 

was added by silent mutation (Pro [CCT] to Pro [CCC]) at the highly conserved sequence at 

codon 17 of protein 2A. Analysis of the nucleotide sequences (Fig. 2.8) and deduced amino 

acid sequence (Fig. 2.9) indicated that the sequences encoding the two RGD sequences in the 

capsid protein 1D of NAM/307/98 were retained in the chimeric clone. Except for the 

expected nucleotide changes introduced by the Ssp I site and Xma I sites, there was an 

additional nucleotide change at codon 60 of protein 1B that resulted in a silent mutation (Arg 

[AGG] to Arg [AGA]) (results not shown). 

 

2.3.4 Recovery of infectious vNAM/SAT2 chimeric viruses  

 

The chimeric pNAM/SAT2 clone was linearized and used as template for in vitro RNA 

synthesis reactions using T7 RNA polymerase. BHK-21 and IB-RS-2 cell monolayers were 

subsequently transfected with the derived synthetic RNA using Lipofectamine reagent. As a 

control, identically prepared RNA transcripts derived from pSAT2 were also used to transfect 

these cells. The supernatants obtained from the transfected cells were used to infect 

monolayers and monitored for signs of cytopathic effect (CPE) by comparison to mock-

infected cell monolayers. The results that were obtained are summarized in Table 2.2. 
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pNAM/307/98P1  CTGCTTGAAGAC CGTATCATG ACCACCAGCCAT GGTACCACCACGTCA  

pNAM/SAT2    CTGCTCGAGGAC CGAATATTG ACCACCAGCCAT GGTACCACCACGTCA  

                               ••  

pNAM/307/98P1  CTGTTAAAGT TGGCTGGAGA CGTTGAGTCC AACCCTGGGC CC-------- 

pNAM/SAT2      CTGTTAAAGT TGGCTGGAGA CGTTGAGTCC AACCCCGGGC CCTTCTTCTT

                          • 
 

 

Fig. 2.8 Nucleotide sequence alignment of the P1 region of pNAM/307/98 and the newly 

constructed pNAM/SAT2 chimeric clone. The Ssp I (A) and Xma I (B) restriction 

endonuclease sites used in cloning are indicated in italics. Partial nucleotide sequences are 

indicated; the pSAT2 sequence is indicated in blue and the P1 sequence of NAM/307/98 in 

red. Nucleotide differences to facilitate the introduction of the restriction enzyme sites are 

indicated by a black dot (•).  

 

 

 

 

 

pNAM/307/98P1 GDNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIRGDL ATLAARIAS 

pNAM/SAT2     GDNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIRGDL ATLAARIAS 

                                         **************************** 

Fig. 2.9 Amino acid sequence alignment of part of the 1D protein of the chimeric pNAM/SAT2 

clone indicating the presence of the two RGD sequences, underlined and in bold italics. 

The amino acid position is indicated to the right of the sequence, numbering starts with the 

first amino acid in the P1 region (as previously indicated in Fig. 2.4). The G-H loop is 

indicated by *, corresponding to amino acid residues 661-687 (residues 136-162 of 1D). 

 

 

(A) 

(B) 

G-H loop 

686 
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The BHK cells transfected with RNA derived from pSAT2 displayed 100% CPE after 48 h of 

incubation upon the first passage, which is in agreement with the results reported previously 

for the resultant vSAT2 virus (Van Rensburg et al., 2004). In contrast, no CPE was initially 

observed for BHK cells transfected with RNA derived from the chimeric pNAM/SAT2 clone, 

but subsequent passaging of the vNAM/SAT2 virus in BHK cells resulted in more severe 

CPE being observed. CPE of 90% was observed after 48 h of incubation on the third passage.  

Transfection of IB-RS-2 cells with RNA derived from pSAT2 and pNAM/SAT2, followed by 

infection of fresh cells with tissue culture lysate indicated a slower rate of recovery when 

compared to the results obtained in BHK-21 cells. Nevertheless, 100% CPE was observed for 

vSAT2 after 48 h of incubation on the third passage, whilst 90% CPE was observed for 

vNAM/SAT2 after the same number of passages. As no CPE was observed for mock-infected 

BHK-21 and IB-RS-2 cells, it was concluded that the observed cell lysis might be due to 

infectious viral particles having been generated from the RNA derived from the pSAT2 and 

the chimeric pNAM/SAT2 clones. 

 

The above results are in agreement with those presented in Fig. 2.3, in which the wild-type 

NAM/307/98 virus was shown to form plaques on both BHK-21 and IB-RS-2 cells. These 

results thus indicated that the characteristics conferred by the external capsid-encoding region 

of the wild-type NAM/307/98 virus are present in the chimeric vNAM/SAT2 virus. 

 

2.3.5 Confirmation of recovered vNAM/SAT2 chimeric viruses 

 

To verify that a chimeric virus between the SAT1 and SAT2 type viruses had indeed been 

recovered successfully, viral RNA was extracted from the vNAM/SAT2-infected tissue 

culture lysates (BHK-21 and IB-RS-2; passage 3) and reverse-transcribed. Oligonucleotides 

P621 and VP1UA were used to amplify an ca. 0.6-kb product comprising the region flanking 

the Xma I cloning site at the 3’ end of the cloned external capsid-encoding region. The 

nucleotide sequence of the gel-purified amplicons was determined and analysis of the 

sequences confirmed the presence of the capsid-encoding region of NAM/307/98 in the 

SAT2 genetic background, as well as the presence of the two RGD motifs in the capsid 

protein 1D of the chimeric viruses recovered in both BHK-21 and IB-RS-2 cells (Fig. 2.10). 
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Table 2.2: Cytopathic effect (CPE) observed during serial passage of the chimeric 

vNAM/SAT2 virus and vSAT2 virus in BHK-21 and IB-RS-2 cells 

 

Cells and passage 
*
CPE observed

 

 Mock-infection vNAM/SAT2 vSAT2 

 BHK p1 - 48 h - - ++++ 

 BHK p2 - 48 h - + ++++ 

 BHK p3 - 48 h - +++ ++++ 

 
 IB-RS-2 p1 - 48 h - - - 

 IB-RS-2 p2 - 48 h - - ++ 

 IB-RS-2 p3 - 48 h - +++ ++++ 

 
*- = No CPE observed 

 + = 10-30% CPE; ++ = 40-60% CPE; +++ = 65-90% CPE; ++++ = 100% CPE 

 

 

 

 

 

 

pNAM/307/98P1     GTNAWVGWTP NGSPVLTEVG DNPVVFSRGD TTRFALPYTA PHRVLATVYN 657  

vNAM/SAT2(BHK)    GTNAWVGWTP NGSPVLTEVG DNPVVFSRGD TTRFALPYTA PHRVLATVYN  

vNAM/SAT2(IB-RS)  GTNAWVGWTP NGSPVLTEVG DNPVVFSRGD TTRFALPYTA PHRVLATVYN 

pNAM/307/98P1     GDCKYKPTGT PPRENIRGDL ATLAARIASE THIPTTFNYG MIYTQAEVDV 707                                                    

vNAM/SAT2(BHK)    GDCKYKPTGT PPRENIRGDL ATLAARIASE THIPTTFNYG MIYTQAEVDV  

vNAM/SAT2(IB-RS)  GDCKYKPTGT PPRENIRGDL ATLAARIASE THIPTTFNYG MIYTQAEVDV  

              ******** ********** ********** 

Fig. 2.10 Amino acid sequence alignment of part of the 1D protein of NAM/307/98 and the 

recovered chimeric virus vNAM/SAT2 on BHK-21 (BHK p3) and IB-RS-2 (IB-RS-2 p3) 

cells, indicating that the two RGD motifs (bold) were maintained during passaging. The G-

H loop is indicated by *, corresponding to amino acid residues 661-687 (residues 136-162 

of 1D). 

 

G-H loop 
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2.4 DISCUSSION 

 

Many viruses initiate infection by attaching to cell surface molecules that are normal 

components of the plasma membrane. The elucidation of the crystal structure of several 

FMDV types (Acharya et al., 1989; Lea et al., 1994; 1995; Curry et al., 1996) has contributed 

greatly to the understanding of the molecular basis of the binding of FMDV to cellular 

receptors. The three-dimensional structures have revealed the presence of a surface protrusion 

comprised of a loop between the βG and βH strands of the capsid protein 1D (Acharya et al., 

1989; Logan et al., 1993; Fry et al., 1999), which not only contains the major 

immunodominant epitopes of the virion (Baxt and Becker, 1990; Jackson et al., 1997) but 

also a highly conserved RGD sequence (Fox et al., 1989; Mason et al., 1994; Curry et al., 

1996). Several approaches, e.g. inhibition of virus adsorption by RGD-containing synthetic 

peptides (Fox et al., 1989; Baxt and Becker, 1990; Jackson et al., 1997; 2002) and 

mutagenesis of the RGD-coding nucleotide sequences from infectious genome-length cDNA 

clones of FMDV (Mason et al., 1994; McKenna et al., 1995), have indicated that this loop 

interacts with RGD-binding integrins. FMDV has subsequently been reported to utilize 

multiple RGD-dependant integrins to initiate infection, including αvβ3 (Berinstein et al., 

1995), αvβ6 (Jackson et al., 2000b), αvβ1 (Jackson et al., 2002) and αvβ8 (Jackson et al., 

2004). However, FMDV can also enter cells through non-integrin-mediated pathways (Mason 

et al., 1993; Baxt and Mason, 1995; Rieder et al., 1996) and tissue culture-adapted viruses 

can use heparan sulfate as a receptor to bind to cells (Jackson et al., 1996; Baranowski et al., 

1998; Fry et al., 1999). More recently, it has become apparent that FMDV may also use 

receptors of unknown identity that are neither integrin nor heparan sulfate (Baranowski et al., 

1998; 2000; Zhao et al., 2003). 

 

To determine whether the SAT1 field isolate NAM/307/98 used in this investigation is 

capable of utilizing RGD-dependent integrins or heparan sulfate cellular receptors for cell 

binding, a plaque assay on different cell lines was performed. In contrast to BHK-21 and IB-

RS-2 cells, NAM/307/98 could not infect and form plaques on CHO-K1 cells. However, 

CHO-K1 cells were permissive for a SAT2 type virus ZIM/7/83 that has been adapted for 

growth in cultured cells and uses heparan sulfate proteoglycans as receptors (Van Rensburg 

et al., 2004). Thus, heparan sulfate could be ruled out as a receptor for NAM/307/98 and it 

was concluded that the virus uses integrin receptors for cell binding. A further extension of 

this line of thought includes the possibility that the two RGD-binding integrins αvβ5 and α5β1 
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have no role in infection of NAM/307/98 of cultured cells, as the virus could not replicate in 

CHO-K1 cells, which normally express these two integrins (Neff et al., 1998; You et al., 

2001; Jackson et al., 2002). These results are in agreement with those previously reported in 

the literature indicating that CHO-K1 cells are non-permissive for field strains of FMDV 

(Mason et al., 1993; Jackson et al., 1996; Neff et al., 1998). 

 

The nucleotide sequence of the capsid-encoding region of the NAM/307/98 strain was 

determined. Analysis of the deduced amino acid sequence indicated the presence of a highly 

conserved RGD sequence located in the G-H loop of capsid protein 1D (residues 149-151), as 

well as a second, upstream RGD sequence (residues 110-112) that is located in a short 

surface-exposed protrusion made up of a loop between the βF and βG strands of the capsid 

protein 1D. The residues that follow the RGD motif have been suggested to be of importance 

for recognition of certain RGD-dependent integrins by FMDV. Across the FMDV serotypes, 

the viruses have either a leucine, methionine or arginine residue immediately following the 

RGD motif (RGD+1), and a leucine residue at the RGD+4 position (Domingo et al., 1992; 

Vosloo et al., 1995; Mateu et al., 1996; Jackson et al., 2000a;b; Bastos et al., 2003). 

Although leucine residues are located at the RGD+1 and RGD+4 positions following the 

conserved RGD sequence in the G-H loop of NAM/307/98, the upstream RGD sequence 

contains tyrosine and phenylalanine, respectively, at these positions. Whereas tyrosine, like 

arginine, is a polar hydrophilic residue, phenylalanine, like leucine, is non-polar hydrophobic. 

Furthermore, the different integrins used by FMDV also appear to differ in their ligand-

binding specificity. For example, the αvβ3 integrin is a multifunctional receptor that binds a 

broad range of RGD-containing ligands (Jackson et al., 1996) and ligand-binding to αvβ3 has 

been shown to tolerate several different amino acids flanking the RGD, including those at the 

RGD+1 and RGD+4 positions (Hynes, 1992; Springer, 1990; Healy et al., 1995). In contrast, 

αvβ6 binds to relatively few ligands and serves as a high affinity receptor for LAP-1 

(RGDLXXI) of which the residues following the RGD motif are similar to those following 

the conserved RGD motif of FMDV (RGDLXXL) (Kraft et al., 1999). In addition, a short 

RGD-containing peptide (GRGDSP) has been reported to drastically inhibit FMDV binding 

and infection mediated by the αvβ1 integrin (Jackson et al., 2002). Based on the above, it 

seems possible that the surface-exposed non-G-H loop RGD sequence may serve as a 

receptor-binding site for NAM/307/98, despite the lack of leucine residues at the RGD+1 and 

RGD+4 positions, and thus warranted further investigation. 
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Towards investigating whether the second, non-G-H loop RGD sequence in the capsid 

protein 1D of NAM/307/98 is indeed utilized as a cell receptor binding site, a reverse 

genetics strategy was used to construct an infectious chimeric cDNA clone. The availability 

of such a chimeric cDNA clone would greatly facilitate the introduction of specific targeted 

mutations or deletions in the 1D capsid-encoding region of NAM/307/98 whereby the 

functional importance of the second RGD motif could be investigated. This approach has 

been used successfully to indicate that the RGD motif of type O1 and A12 viruses is essential 

for integrin-mediated infection of cultured cells (Mason et al., 1994; Neff et al., 1998). To 

this extent, the external capsid-encoding region of NAM/307/98 was cloned into pSAT2, a 

genome-length cDNA clone of the stable, tissue culture-adapted SAT2 type virus ZIM/7/83 

(Van Rensburg et al., 2004), of which the corresponding region had been removed. As the 

assembly of infectious chimeric virus particles is dependent on the efficient processing of the 

SAT1/NAM/307/98 external capsid proteins by the SAT2/ZIM/7/83-encoded 3C protease 

(3C
pro
), the 3C

pro
 cleavage sites in the external capsid-encoding region of NAM/307/98 was 

compared to those of ZIM/7/83. The results from this comparative analysis indicated that the 

cleavage sites at the lAB/1C, 1C/1D and 1D/2A junctions are conserved between these 

viruses. Using the chimeric pNAM/SAT2 construct as template, in vitro synthesized RNA 

transcripts were transfected into BHK-21 and IB-RS-2 cells. This resulted in the recovery of 

viable vNAM/SAT2 chimeric virus that was capable of replication in these cells, as 

evidenced by an increase in CPE upon passaging. However, differences in the recovery rates 

were observed (Table 2.2). This may have been due to differences in the concentration of 

RNA used in the transfections, differences in the efficiency of transfection and the condition 

of the cells. Sequence analysis of the external capsid-encoding region of chimeric viruses 

obtained from the highest passage cells confirmed that this region originating from 

NAM/307/98 was stably maintained in the SAT2 genetic backbone, and that both of the RGD 

motifs were present in the capsid protein 1D. 

 

The stable maintenance of the two RGD sequences is of particular interest, since a previous 

study has indicated that amino acid residues located at positions 110-112 of a SAT1 type 

FMDV are subject to mutations (Botha, 2002). Following infection of impala (Aepyceros 

melampus) and giraffe (Giraffa camelopardalis) with a tissue culture-adapted SAT1 vaccine 

strain SAR/9/88/1, a NRG-for-HRR substitution was observed at positions 110-112 in the 

capsid protein 1D of the viruses isolated from impala and giraffe. Subsequent infection of 

BHK-21 and IB-RS-2 cell monolayers with the wild-type and mutant viruses indicated that 
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distinct mutations were present at amino acid positions 110 to 112, depending on the cell 

culture used. In this study, both RGD sequences were maintained after passage of the 

NAM/307/98 virus isolate once in IB-RS-2 cells and by passing the chimeric vNAM/SAT2 

virus three times on BHK-21 and IB-RS-2 cells, respectively, in spite of this mutational “hot 

spot” region spanning residues 110-112 (Bastos et al., 2001). Based on it being stably 

maintained, these results lend further support to the hypothesis that the second, non-G-H loop 

RGD sequence may be utilized by RGD-binding integrin receptors. 
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CHAPTER 3 

 

A SECOND, NON-G-H LOOP RGD MOTIF IN CAPSID PROTEIN 1D OF THE SAT1 

TYPE FOOT-AND-MOUTH DISEASE VIRUS NAM/307/98 DOES NOT MEDIATE 

VIRUS ATTACHMENT TO BHK-21 CELLS 

 

 

3.1 INTRODUCTION 
 

The tripeptide Arg-Gly-Asp (RGD), originally identified as the sequence that mediates cell 

attachment of fibronectin (Yamada and Kennedy, 1984), is a major determinant in the 

interaction of a number of protein ligands with cell surface receptors of the integrin 

superfamily (D’Souza et al., 1991; Haas and Plow, 1994). In addition, the RGD motif has 

been reported to mediate recognition by cells and infectivity of a variety viruses, amongst 

other, adenovirus 2 (Wickham et al., 1993), coxsackievirus A9 (Roivainen et al., 1994), 

echovirus 22 (Stanway et al., 1994) and foot-and-mouth disease virus (FMDV) (Fox et al., 

1989; Baxt and Becker, 1990; Mason et al., 1994; Berinstein et al., 1995). The use of 

synthetic RGD peptides (Ruoslahti, 1988) and protein ligand mutants (Dennis et al., 1993) 

not only demonstrated the primary role and high specificity of the RGD motif in ligand 

binding to several integrins, but also provided new tools for identifying and characterizing the 

surface receptors of other matrix proteins. 

  

FMDV is able to attach to cells via a conserved RGD motif located at the tip of the surface-

exposed βG-βH loop of the capsid protein 1D (Fox et al., 1989; Mason et al., 1994). The 

RGD sequence is recognized by one of four RGD-binding integrins, i.e. αvβ3, αvβ6, αvβ1 and 

αvβ8 (Berinstein et al., 1995; Jackson et al., 2000b; Jackson et al., 2002; Jackson et al., 

2004). The integrin receptor and RGD motif interact at the cell surface via a ligand-binding 

domain that is composed of several regions of both the α and β integrin subunits (Fernandez 

et al., 1998). The role and importance of the RGD motif in binding FMDV to susceptible 

cells has been confirmed by blocking and competition-binding studies using synthetic RGD-

containing peptides (Berinstein et al., 1995; Mateu et al., 1996; Neff and Baxt, 2001; Jackson 

et al., 1997; 2000b; 2002; 2004) and by function-blocking antibodies against different 

integrins (Berinstein et al., 1995; Jackson et al., 2000b; 2002; 2004), as well as by site-

directed mutagenesis of the RGD sequence (Mason et al., 1994; McKenna et al., 1995; Mateu 
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et al., 1996). The results of these investigations have indicated that replacement of Arg or 

Asp reduced the infectiousness of FMDV to a significant level, whilst the Gly residue 

appeared to be more tolerable of substitutions. Furthermore, Mason and co-workers (1994) 

showed for A12 FMDV that deletion of the RGD sequence led to non-infectious viral 

particles. In addition to the RGD motif, flanking amino acid residues, especially the RGD+1 

and RGD+4 residues, which are located on the same face of the short helix neighbouring the 

RGD turn, have been proposed to participate in the specific recognition of some integrin 

receptors through modulation of the RGD triplet conformation (Acharya et al., 1989; 

D’Souza et al., 1991; Rieder et al., 1994; Mateu et al., 1996; Jackson et al., 2000b). 

 

Although cell adhesive activities of many different proteins have been linked to the presence 

of a RGD sequence, in other instances the RGD sequence appears to be functionally silent 

(D’Souza et al., 1991). The availability of an infectious cDNA clone of the SAT2 type 

FMDV ZIM/7/83 (Van Rensburg et al., 2004) provides a useful tool to investigate whether a 

second, non-G-H loop RGD motif present in the capsid protein 1D of the SAT1 type FMDV 

NAM/307/98 may serve as a ligand for integrin receptors. Therefore, the aims of this part of 

the study were (i) to alter the RGD motif on pNAM/SAT2 generated in Chapter 2 through a 

polymerase chain reaction (PCR)-based method of site-directed mutagenesis and (ii) to 

investigate the resulting mutant chimeric viruses for their ability to infect susceptible cells 

through serial passaging on BHK-21 cells. 

 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Cell cultures 

 

Baby hamster kidney (BHK) cells, strain 21, clone 13 (ATCC CCL-10), were maintained in 

Eagle’s Basal Medium (BME; Invitrogen) supplemented with 10% (v/v) fetal calf serum 

(FCS; Delta Bioproducts), antibiotics, 1 mM L-glutamine (Invitrogen) and 10% (v/v) tryptose 

phosphate broth (TPB; Sigma).  

 

3.2.2 Bacterial strains and plasmids 

 

Escherichia coli MAX Efficiency
 
DH5α competent cells (genotype: Fφ80dlacZ∆M15 

∆(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rk
-
, mk

+
) phoA supE44 λ-

 thi-1 gyrA96 
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relA1), obtained from Life Technologies, were used as the transformation host in cloning 

experiments. Plasmids pSAT2, an infectious genome-length cDNA clone of the SAT2 type 

FMDV ZIM/7/82, has been described previously (Van Rensburg et al., 2004) and 

pNAM/SAT2, an infectious chimeric cDNA clone containing the external capsid-encoding 

region of NAM/307/98 in the stable genetic backbone of pSAT2 (Chapter 2), were used in 

plasmid constructions. 

 

3.2.3 Oligonucleotides 

 

Oligonucleotides used in cDNA synthesis, PCR amplification, nucleotide sequencing and 

mutagenesis procedures were custom-synthesized by Inqaba
 
Biotechnical Industries, 

Invitrogen or Gibco-BRL, and are described in Table 3.1. 

 

Table 3.1: Oligonucleotides used in this part of the study 
 

Oligonucleotide Oligonucleotide sequence  Reference 
Polarity and purpose 

of oligonucleotide 

NAMmut1* 
 

5’-CGAGAACATTaaaGGTGAgCTTGCAACGC-3’ 

 
This study Sense, substitution 

NAMmut3* 5’-CGAGAACATTcgcGGTGAcCTTGCAACGC-3’ This study Antisense, substitution 

cDNA-2A# 5’-CGCcccgggGTTGGACTCAACGTCTCC-3’ 
Van Rensburg 

(unpublished) 

Antisense, situated in 

2A, PCR amplification 

cDNA-NAM# 5’-CGGaatattGACCACCAGCCATGGTACCACCAC-3’ This study 
Sense, situated in 1A, 

PCR amplification 

2B 5’-GACATGTCCTCCTGCATCTG-3’ 
Vangrysperre and 

De Clercq (1996) 

Antisense, situated in 

2B, cDNA synthesis 

VP1UB 5’-CCACGTACTACTTYTCTGACCTGGA-3’ Bastos (1998) 
Sense, situated in 1D,  

PCR amplification 

P621 5’-GGACATATCT TGTTGCATA-3’ 
Van Rensburg 

(unpublished) 
Nucleotide sequencing 

P622 5’-GCACTGACACCACGTCTAC-3’ 
Van Rensburg 

(unpublished) 
Nucleotide sequencing 

WDA 5’-GAAGGGCCCAGGGTTGGACTC-3’ 
Beck and 

Strohmaier (1987) 

cDNA, PCR 

amplification, 

Nucleotide sequencing 
 

* Mispaired bases are shown in bold lower case letters 

 

# The restriction endonuclease sites are underlined in lower case letters; Xma I in oligonucleotide cDNA-2A and 

Ssp I in oligonucleotide cDNA-NAM 
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3.2.4 Site-directed mutagenesis of the capsid protein 1D of NAM/307/98 

 

The RGD sequence located in the G-H loop of the capsid protein 1D of NAM/307/98 

(residues 149 to 151 of 1D) was mutated to KGE by a method in which three 

oligonucleotides and two PCR reactions were used (Landt et al., 1990). The “megaprimer” 

strategy used for introducing the site-specific mutations is indicated in Fig. 3.1, while the 

sequence of the oligonucleotides used, is shown in Table 3.1. The first PCR reaction (50 µl) 

contained 50 ng of pNAM/SAT2 as template DNA, 0.3 µM of the 3’-specific antisense 

oligonucleotide cDNA-2A, 0.3 µM of the sense mutagenic oligonucleotide NAMmut1, 1 × 

Expand High Fidelity buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP (Roche) and 2.6 U High 

Fidelity Enzyme (3.5 U/µl; Roche). The tubes were placed in a Hybaid thermal cycler and 

following initial denaturation at 94°C for 2 min, the reactions were subjected to 25 cycles of 

denaturation at 95°C for 20 s, annealing at 55°C for 20 s and elongation at 72°C for 30 s. 

After the last cycle, the reactions were kept at 72°C for 7 min to complete synthesis of all 

strands. Following electrophoresis on a 1% (w/v) agarose gel, in the presence of appropriate 

DNA molecular weight markers, the 270-bp amplicon was purified from the agarose gel 

using the Nucleospin
®
 Extract Kit (Machery-Nagel) according to the manufacturer’s 

instructions. The purified amplicon (1 µg) was used as a “megaprimer” along with 0.3 µM of 

the 5’-specific sense oligonucleotide cDNA-NAM in the second PCR reaction, as described 

above. The resultant 2.2-kb amplicon was used to replace the corresponding capsid-encoding 

region of pNAM/SAT2 to generate pmutNAM/SAT2 (Section 3.2.5). By making use of a 

similar approach, the mutant chimeric clone was subsequently used as template in a PCR to 

substitute the newly introduced KGE sequence for the RGD integrin-binding sequence. For 

this purpose, 0.3 µM of the sense mutagenic oligonucleotide NAMmut3 (Table 3.1) was used 

in the first PCR reaction. The PCR conditions used for both PCR reactions were identical to 

those indicated above. 

 

3.2.5 Construction of chimeric clones pmutNAM/SAT2 and pBmutNAM/SAT2 

 

All molecular cloning techniques employed in the construction of mutant and back-mutant 

chimeric clones were performed according to the procedures described previously (Chapter 2, 

Section 2.2.6). The two oligonucleotides cDNA-2A and cDNA-NAM were designed with 

Xma I and Ssp I restriction endonuclease cleavage sites, respectively, to facilitate cloning of 

the  amplified  mutated  external  capsid-encoding  region  into the infectious chimeric cDNA 
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Fig. 3.1 The megaprimer method of mutagenesis, which consists of two successive PCR reactions 

and utilizes three different oligonucleotides, was used to introduce point mutations into the 

external capsid-encoding region of NAM/307/98. In the first PCR reaction, 

oligonucleotide cDNA-2A and the mutagenic oligonucleotide NAMmut1 were used to 

produce a mutant amplicon (“megaprimer”). The megaprimer along with oligonucleotide 

cDNA-NAM was used in a second PCR reaction to produce an amplicon representing the 

external capsid-encoding region of NAM/307/98 containing the desired mutations (RGD→ 

KGE). 
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clone pNAM/SAT2, lacking the corresponding region (Section 2.2.6). Following restriction 

enzyme digestion of both the purified amplicon representing the RGD→KGE mutated 

external capsid-encoding region and plasmid pNAM/SAT2, the latter of which was 

subsequently dephosphorylated by the addition of alkaline phosphatase (Roche), ligation 

reactions were performed using the Rapid DNA ligation kit from Roche. An aliquot of the 

ligation reaction mixture (3 µl) was transformed into 20 µl competent E. coli MAX 

Efficiency
®
 DH5α cells. The plasmid DNA from several randomly selected ampicillin-

resistant transformants was extracted using the STET-boiling minilysate method and 

characterized by restriction enzyme digestion with Sac I and Kpn I. The resultant 

recombinant clones were designated pmutNAM/SAT2. A similar approach was followed in 

the cloning of the back-mutated (KGE→RGD) external capsid-encoding region, except that 

pmutNAM/SAT2 was used as source for the construction of the recombinant plasmid DNA. 

The resultant recombinant clones were designated pBmutNAM/SAT2. Prior to verifying the 

presence of the newly introduced mutations, the recombinant plasmid DNA was isolated 

using the QIAprep
®
 Spin Minprep Kit (Qiagen) according to the manufacturer’s instructions. 

The nucleotide sequences across the 5’ and 3’ cloning junctions were determined using an 

ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit v3.0 (Applied 

Biosystems) and 0.16 µM of oligonucleotides P621 and P622, which are situated in the 2B 

and 1A regions, respectively, of the pSAT2 clone (Table 3.1). The extension products were 

resolved on an ABI PRISM 310 Genetic Analyser (Applied Biosystems) and the 

sequencing data analyzed using DAPSA version 3.4.1 (Harley, 2001). 

 

3.2.6 Generation of mutant vNAM/SAT2 viruses 

 

3.2.6.1 In vitro RNA synthesis  

 

To facilitate RNA synthesis, 5 µg of the purified plasmids pNAM/SAT2, pmutNAM/SAT2 

and pBmutNAM/SAT2 were linearized by restriction with Swa I (New England Biolabs) for 

10 h at 25°C. The genome-length cDNA clone pSAT2 was included as a control and 

linearized by digestion with Not I (New England Biolabs) for 10 h at 37°C. Following 

digestion, the reaction mixtures were treated with Proteinase K and then deproteinized by a 

phenol and chloroform extraction (Section 2.2.7.1). In vitro RNA transcription reactions were 

performed using the MEGAScript
®
 T7 kit (Ambion) and the reaction mixtures were 

incubated at 39°C for 2 h. The reaction mixtures contained 1 µg of purified linearized 
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template DNA, 7.5 mM of each ribonucleotide, 2 µl of the supplied enzyme mix and 1 × 

transcription buffer. The integrity of the RNA was analyzed on a 1% (w/v) agarose gel 

following electrophoresis in 0.5 × TBE buffer (45 mM Tris-borate, 1 mM EDTA; pH 8).  

 

3.2.6.2 Transfection of BHK-21 cells and virus recovery 

 

BHK-21 cells, seeded in 35-mm-diameter wells to reach 70% confluence within 24 h of 

incubation at 37°C in the presence of 5% CO2, were transfected with in vitro-synthesized 

RNA using the Lipofectamine 2000 reagent (Invitrogen), as described previously (Section 

2.2.8.1). Briefly, the synthetic RNA and the lipofectamine reagent were each diluted 

separately in D-MEM medium (Invitrogen) without antibiotics or FCS, mixed and then 

incubated at room temperature for 20 min. The RNA-lipofectamine complexes were 

overlayed on the BHK cell monolayers, which had been pre-washed twice with D-MEM 

without antibiotics or FCS, but containing NEAA. Following incubation for 4 h at 37ºC in a 

CO2 incubator, the medium was aspirated and replaced with 3 ml BME medium containing 

antibiotics, 25 mM HEPES and 1% FCS. The transfection plates were incubated for 24 h at 

37°C in a CO2 incubator after which 10% (v/v) of the supernatant was used to infect fresh 

BHK-21 monolayers in 35-mm-diameter wells. The tissue culture dishes were incubated at 

37°C for 1 h in a CO2 incubator with shaking whereafter BME medium, containing 

antibiotics, 25 mM HEPES and 1% FCS, was added and incubation continued for 48 h. 

Following incubation, the cells were lysed by freezing the tissue culture dishes at -80°C 

followed by thawing on ice and 10% of the lysate was used to infect fresh BHK-21 cells. The 

same procedure was used for further passaging of the viruses in BHK-21 cells. Cells were 

monitored for cytopathic effect (CPE) up to 48 h post-infection. 

 

3.2.7 Characterization of recovered viruses 

 

An experiment was designed to not only characterize the recovered mutant chimeric viruses, 

but also to determine whether viral particles were present in cell monolayers and in tissue 

culture supernatants. Using the procedures described above, BHK-21 cell monolayers were 

transfected with in vitro-synthesized RNA derived from the respective mutant and non-

mutant chimeric clones and the resultant viruses were passaged four times on BHK-21 cells. 

These experiments were performed in duplicate and one set of the tissue culture plates were 
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used to monitor the cells for CPE, while the duplicate plates were used to prepare samples, as 

described below. 

 

3.2.7.1 Sample preparation 

 

Samples were prepared from the culture supernatant and cell monolayers as follows. The 

tissue culture lysate of the transfected cells was collected and clarified by centrifugation at    

2 000 rpm for 5 min and the resulting supernatant stored at 4°C. The remaining cell pellets 

were rinsed twice with 3 ml BME medium prior to being suspended in 1 ml of the same 

medium and then lysed by a single freeze-thaw cycle. The tissue culture supernatant of cells 

used in the first passage was removed and stored at 4°C. Since FMDV is susceptible to low 

pH-induced capsid disassembly (Curry et al., 1995), the cell monolayers used in the first 

passage were rinsed once with 3 ml MBS buffer (1 M MES, 1.45 M NaCl, pH 5.5) to remove 

cell-associated extracellular viral particles. The cells were then rinsed twice with 3 ml BME 

medium after which 3 ml of the same medium was added and the cells lysed as described 

above. The cell cultures used in subsequent passaging of the virus were lysed by freezing and 

thawing. An aliquot (10% [v/v]) of each sample obtained from the cell monolayers and 

supernatants, was incubated at room temperature for 45 min with 10 µl RNase A (10 mg/ml; 

Roche) and 1 µl RNase T1 (1 × 106 U/µl; Roche) to degrade endogenous cellular RNA and 

unpackaged viral RNA. The RNase enzymes were subsequently inhibited by the addition of 1 

× TE buffer containing 20 U RNasin® 
ribonuclease inhibitor (40 U/µl; Promega). 

 

3.2.7.2 RNA extraction  

 

RNA was extracted from the RNase-treated samples using Trizol (Gibco-BRL). To each of 

the RNase-treated samples in 2-ml sterile Eppendorf tubes, 750 µl of Trizol was added, 

vortexed briefly and incubated for 5 min at room temperature. Following incubation, 200 µl 

chloroform was added and the samples were vortexed for 15 s and then incubated at room 

temperature for a further 10 min. Following incubation, the samples were centrifuged for 15 

min at 12 000 rpm to separate the organic and aqueous phases. The aqueous phases were 

transferred to clean 2-ml Eppendorf tubes and the RNA was purified and concentrated using a 

silica suspension (Section 2.2.5.1) prior to cDNA synthesis.  
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3.2.7.3 cDNA synthesis  
 

Viral RNA was reverse-transcribed using the antisense oligonucleotide 2B, which anneals in 

the 2B region (Table 3.1), together with a mixture of random hexanucleotides. The reaction 

mixture contained ca. 1 to 3 µg of RNA, 0.23 µM of oligonucleotide 2B, 4.55 µM of a 

random hexanucleotide mixture (Roche), 1 ×××× AMV-RT buffer (50 mM KCl, 10 mM MgCl2, 

0.5 mM spermidine, 10 mM DTT), 0.34 mM of each dNTP (Roche), 2% (v/v) DMSO and 20 

U RNasin

 (40 U/µl; Promega). Following denaturation of the RNA by incubating at 70°C 

for 3 min, the RNA was reverse-transcribed at 42ºC for 2 h by the addition of 40 U AMV-

Reverse Transcriptase (10 U/µl; Promega). The enzyme was subsequently inactivated by 

heating to 80ºC for 2 min and the reaction mixtures were stored at 4ºC. 

 

3.2.7.4 PCR amplification and nucleotide sequencing 

 

Oligonucleotides WDA, which anneals at the 2A/2B junction, and VP1UB, a sense 

oligonucleotide situated in 1D (Table 3.1), were used to amplify part of the 1D genomic 

region inclusive of the sequence encoding the two RGD motifs. The PCR reaction mixtures 

(50 µl) contained 3 µl of the cDNA reaction mixture, 0.5 µM of each the sense and antisense 

oligonucleotides, 1 ×××× PCR buffer (50 mM KCl, 10 mM Tris-HCl [pH 8.3], 1.5 mM MgCl2), 

0.2 mM of each dNTP (Roche) and 2.5 U Taq DNA polymerase (5 U/µl; Roche). The tubes 

were placed in a Hybaid thermal cycler and after initial denaturation at 96°C for 20 s, the 

reactions were subjected to 32 cycles using the following temperature profile: denaturation 

for 20 s at 96°C, annealing for 30 s at 56°C and elongation for 30 s at 70°C. Reaction 

mixtures containing pNAM/SAT2 as template DNA and reaction mixtures lacking template 

DNA were also included as controls. The amplicons were analyzed by electrophoresis on a 

1.5% (w/v) agarose gel and the DNA bands of interest were excised and purified using the 

Nucleospin
®
 Extract kit (Macherey-Nagel). The nucleotide sequence of the gel-purified 

amplicons was determined using 0.16 µM of oligonucleotide WDA, as described previously 

(Section 3.2.5). 
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3.3 RESULTS 

 

3.3.1 Construction of chimeric clones containing mutated 1D-encoding regions of 

NAM/307/98 

 

3.3.1.1 Construction of pmutNAM/SAT2 

 

The RGD sequence situated in the G-H loop of capsid protein 1D of NAM/307/98 was 

mutated to KGE, since it has been reported previously that BHK-21 cells transfected with 

RNA containing this mutation produced FMD viral particles that although indistinguishable 

from wild-type virus, were unable to adsorb to and infect BHK cells (Mason et al., 1994). It 

was therefore reasoned that should the derived mutant virus be capable of infecting BHK 

cells, it may indicate that a second, upstream RGD motif located in capsid protein 1D of 

NAM/307/98 serves to bind the virus to these cells.  

 

Site-directed mutagenesis of the conserved RGD sequence in capsid protein 1D of 

NAM/307/98 was performed in a two-step PCR process, as indicated in Fig. 3.1. Using 

pNAM/SAT2 as template, and the PCR reaction conditions described in Section 3.2.4, an 

amplicon of ca. 2.2 kb was synthesized of which the size was in agreement with that of the 

external capsid-encoding region of NAM/307/98. Since each of the external flanking 

oligonucleotides used in the PCR contained an unique restriction endonuclease site, the 

amplicon was digested with both Xma I and Ssp I and cloned into pNAM/SAT2, thus 

resulting in clones in which the wild-type NAM/307/98 external capsid-encoding region was 

replaced with that corresponding to the mutated external capsid-encoding region. Plasmid 

DNA extracted from a number of ampicillin-resistant transformants was subsequently 

analyzed by restriction enzyme digestion and agarose gel electrophoresis. 

  

The recombinant plasmid DNA was digested with Sac I, which cuts once in 1B of the cloned 

insert DNA and twice in the pSAT2 genetic backbone (Fig. 3.2A). Despite the presence of 

partially digested DNA, agarose gel electrophoresis of the digestion products indicated the 

presence of three DNA fragments of 6.2, 3.8 and 1 kb (Fig. 3.2B, lanes 2 and 3). Subsequent 

digestion of the recombinant plasmid DNA with Kpn I, which cuts twice in 1B of the cloned 

insert DNA and once in the IRES of pSAT2 (Fig. 3.2A), yielded DNA fragments of 9.6, 1 

and 0.3 kb (Fig. 3.2C, lanes 2 and 3). The latter band was not clearly visible on the agarose 

gel, possibly due to diffusion of the small DNA fragment from the agarose gel during 
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Fig. 3.2A Plasmid map of pmutNAM/SAT2. The newly introduced RGD→KGE mutation in the 

G-H loop of capsid protein 1D is indicated in red, whilst a second, upstream RGD motif 

is indicated in blue. 

 

 

  (B)      (C) 

Fig. 3.2B,C Agarose gel electrophoretic analysis of pmutNAM/SAT2 plasmid DNA following 

digestion with (B) Sac I and (C) Kpn I. Lanes 1 and 4, DNA molecular weight markers; 

lanes 2 and 3, restriction endonuclease-digested recombinant plasmid DNA. The sizes of 

the molecular weight markers, phage λ DNA digested with Hind III (lanes 1) and a 100-

bp ladder (lanes 4), are indicated to the left and right of the figures, respectively. 
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electrophoresis. Since the sizes of these fragments were in agreement with those predicted 

from a map of the mutant chimeric plasmid DNA, these results confirmed that the amplicon 

had been cloned successfully into the pSAT2 vector. Two chimeric clones, designated 

1pmutNAM/SAT2 and 2pmutNAM/SAT2, were selected and characterized by nucleotide 

sequencing to verify the integrity of the desired mutation. Analysis of the nucleotide and 

deduced amino acid sequence indicated that the nucleotides encoding the RGD sequence in 

the G-H loop of capsid protein 1D of NAM/307/98, were replaced by nucleotides specifying 

a KGE sequence (Fig. 3.4).  Both these clones were used in all subsequent experiments. 

 

3.3.1.2 Construction of pBmutNAM/SAT2  

 

An additional clone in which the KGE sequence in the mutated 1D-encoding region was 

reverted to the wild-type RGD sequence, was also constructed. Thus, should the cell-

binding ability of the derived mutant viruses lacking a G-H loop RGD sequence be 

“rescued” through the re-introduction of the RGD sequence in capsid protein 1D of the 

derived viruses, it would provide strong supporting evidence as to the importance of the G-

H loop RGD sequence, but not the second RGD sequence, to facilitate binding of the virus 

to susceptible cells. 

 

The RGD-to-KGE mutation in the 1D-encoding region of the pmutNAM/SAT2 clones was 

substituted with the wild-type RGD sequence by a PCR-based site-directed mutagenesis 

approach similar to that described above, except that mutant chimeric clones 

1pmutNAM/SAT2 and 2pmutNAM/SAT2 were used as templates in PCR reactions. The 

resultant amplicons (ca. 2.2 kb) were subsequently cloned into the corresponding 

pmutNAM/SAT2 chimeric clones, thus resulting in clones in which the mutant (KGE) 

external capsid-encoding region was replaced with that corresponding to the wild-type 

NAM/307/98 virus (RGD). After transformation of competent E. coli DH5α cells, plasmid 

DNA was extracted from ampicillin-resistant transformants and analyzed by digestion with 

Sac I and Kpn I, as described in the previous section. 

 

Whereas digestion of the recombinant plasmid DNA with Sac I (Fig. 3.3A) yielded DNA 

fragments of 6.2, 3.8 and 1 kb, digestion of the recombinant plasmid DNA with Kpn I (Fig. 

3.3B) yielded DNA fragments of 9.6, 1 and 0.3 kb. Since the sizes of the restriction 

fragments corresponded with the expected sizes following digestion of the recombinant 
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Fig. 3.3A,B Agarose gel electrophoretic analysis of pBmutNAM/SAT2 plasmid DNA following 

digestion with (A) Sac I and (B) Kpn I. Lanes 1 and 4, DNA molecular weight markers; 

Lanes 2 and 3, restriction endonuclease-digested recombinant plasmid DNA. The sizes 

of the molecular weight markers, phage λ DNA digested with Hind III (lanes 1) and a 

100-bp DNA ladder (lanes 4), are indicated to the left and right of the figures, 

respectively. 
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NAM/307/98P1     CCAGTGCTGA CGGAAGTGGG CGACAACCCA GTCGTCTTCTCC CGT GGA GAC ACCACTCGC TTCGCGCTCC CTTACACCGC ACCTCACCGG GTGCTCGCAA CAGTATACAA

pNAM/SAT2        CCAGTGCTGA CGGAAGTGGG CGACAACCCA GTCGTCTTCTCC CGT GGA GAC ACCACTCGC TTCGCGCTCC CTTACACCGC ACCTCACCGG GTGCTCGCAA CAGTATACAA

1pmutNAM/SAT2    CCAGTGCTGA CGGAAGTGGG CGACAACCCA GTCGTCTTCTCC CGT GGA GAC ACCACTCGC TTCGCGCTCC CTTACACCGC ACCTCACCGG GTGCTCGCAA CAGTATACAA

2pmutNAM/SAT2    CCAGTGCTGA CGGAAGTGGG CGACAACCCA GTCGTCTTCTCC CGT GGA GAC ACCACTCGC TTCGCGCTCC CTTACACCGC ACCTCACCGG GTGCTCGCAA CAGTATACAA 

1pBmutNAM/SAT2   CCAGTGCTGA CGGAAGTGGG CGACAACCCA GTCGTCTTCTCC CGT GGA GAC ACCACTCGC TTCGCGCTCC CTTACACCGC ACCTCACCGG GTGCTCGCAA CAGTATACAA

2pBmutNAM/SAT2   CCAGTGCTGA CGGAAGTGGG CGACAACCCA GTCGTCTTCTCC CGT GGA GAC ACCACTCGC TTCGCGCTCC CTTACACCGC ACCTCACCGG GTGCTCGCAA CAGTATACAA

           

NAM/307/98   TGGTGACTGC AAGTACAAAC CCACTGGCAC CCCGCCCCGC GAGAACATT CGC GGT GAC CTTGCAACGCTG GCTGCGCGGA TTGCTAGTGA GACCCACATT CCAACGACAT

pNAM/SAT2  TGGTGACTGC AAGTACAAAC CCACTGGCAC CCCGCCCCGC GAGAACATT CGC GGT GAC CTTGCAACGCTG GCTGCGCGGA TTGCTAGTGA GACCCACATT CCAACGACAT

1pmutNAM/SAT2  TGGTGACTGC AAGTACAAAC CCACTGGCAC CCCGCCCCGC GAGAACATT AAA GGT GAG CTTGCAACGCTG GCTGCGCGGA TTGCTAGTGA GACCCACATT CCAACGACAT

2pmutNAM/SAT2  TGGTGACTGC AAGTACAAAC CCACTGGCAC CCCGCCCCGC GAGAACATT AAA GGT GAG CTTGCAACGCTG GCTGCGCGGA TTGCTAGTGA GACCCACATT CCAACGACAT 

1pBmutNAM/SAT2  TGGTGACTGC AAGTACAAAC CCACTGGCAC CCCGCCCCGC GAGAACATT CGC GGT GAC CTTGCAACGCTG GCTGCGCGGA TTGCTAGTGA GACCCACATT CCAACGACAT

2pBmutNAM/SAT2  TGGTGACTGC AAGTACAAAC CCACTGGCAC CCCGCCCCGC GAGAACATT CGC GGT GAC CTTGCAACGCTG GCTGCGCGGA TTGCTAGTGA GACCCACATT CCAACGACAT

    
NAM/307/98  TCAACTATGG AATGATTTAC ACACAGGCAG AGGTGGACGT GTACCTGAGG ATGAAGAGGG CAGAACTCTA CTGCCCCCGA CCTGTTCTCA CGCACTACGA CCACAGCGGC

pNAM/SAT2  TCAACTATGG AATGATTTAC ACACAGGCAG AGGTGGACGT GTACCTGAGG ATGAAGAGGG CAGAACTCTA CTGCCCCCGA CCTGTTCTCA CGCACTACGA CCACAGCGGC

1pmutNAM/SAT2  TCAACTATGG AATGATTTAC ACACAGGCAG AGGTGGACGT GTACCTGAGG ATGAAGAGGG CAGAACTCTA CTGCCCCCGA CCTGTTCTCA CGCACTACGA CCACAGCGGC

2pmutNAM/SAT2  TCAACTATGG AATGATTTAC ACACAGGCAG AGGTGGACGT GTACCTGAGG ATGAAGAGGG CAGAACTCTA CTGCCCCCGA CCTGTTCTCA CGCACTACGA CCACAGCGGC 

1pBmutNAM/SAT2  TCAACTATGG AATGATTTAC ACACAGGCAG AGGTGGACGT GTACCTGAGG ATGAAGAGGG CAGAACTCTA CTGCCCCCGA CCTGTTCTCA CGCACTACGA CCACAGCGGC

2pBmutNAM/SAT2  TCAACTATGG AATGATTTAC ACACAGGCAG AGGTGGACGT GTACCTGAGG ATGAAGAGGG CAGAACTCTA CTGCCCCCGA CCTGTTCTCA CGCACTACGA CCACAGCGGC

NAM/307/98  AAGGACCGTT ACAAGACGGC TCTCGTTAGA CCTGCCAAAC AGCTGTGTAA CTTCGACCTG TTAAAGTTGG CTGGAGACGT TGAGTCCAAC CCTGGGCCC- ----------

pNAM/SAT2  AAGGACCGTT ACAAGACGGC TCTCGTTAGA CCTGCCAAAC AGCTGTGTAA CTTCGACCTG TTAAAGTTGG CTGGAGACGT TGAGTCCAAC CCCGGGCCCT TCTTCTTCTC

1pmutNAM/SAT2  AAGGACCGTT ACAAGACGGC TCTCGTTAGA CCTGCCAAAC AGCTGTGTAA CTTCGACCTG TTAAAGTTGG CTGGAGACGT TGAGTCCAAC CCCGGGCCCT TCTTCTTCTC

2pmutNAM/SAT2  AAGGACCGTT ACAAGACGGC TCTCGTTAGA CCTGCCAAAC AGCTGTGTAA CTTCGACCTG TTAAAGTTGG CTGGAGACGT TGAGTCCAAC CCCGGGCCCT TCTTCTTCTC

1pBmutNAM/SAT2  AAGGACCGTT ACAAGACGGC TCTCGTTAGA CCTGCCAAAC AGCTGTGTAA CTTCGACCTG TTAAAGTTGG CTGGAGACGT TGAGTCCAAC CCCGGGCCCT TCTTCTTCTC

2pBmutNAM/SAT2  AAGGACCGTT ACAAGACGGC TCTCGTTAGA CCTGCCAAAC AGCTGTGTAA CTTCGACCTG TTAAAGTTGG CTGGAGACGT TGAGTCCAAC CCCGGGCCCT TCTTCTTCTC

Fig. 3.4 Nucleotide sequence alignment of the external capsid-encoding region of NAM/307/98, the chimeric pNAM/SAT2 clone, the mutant pmutNAM/SAT2 

clones and the back-mutated pBmutNAM/SAT2 clones. Partial nucleotide sequences are indicated; the pSAT2 sequence is indicated in blue and the P1 

sequence of NAM/307/98 in red. The Xma I cloning site is indicated above the cloning junction. Nucleotide sequences encoding for the KGE mutation are 

indicated in black, whilst those encoding for the RGD sequence are indicated in green. The nucleotide sequences encoding for the second non-conserved 

RGD motif are indicated in cyan. The region encoding the G-H loop is indicated by *, corresponding to amino acid residues 661-687 (residues 136-162 of 

1D). 
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plasmid DNA with the respective restriction endonucleases, it was concluded that the 

amplicon had indeed been successfully cloned. The recombinant clones were designated 

1pBmutNAM/SAT2 and 2pBmutNAM/SAT2, where 1 and 2 denotes that the clones were 

derived using 1pmutNAM/SAT2 and 2pmutNAM/SAT2 as the genetic backbone, 

respectively. The integrity of the desired mutation was verified by nucleotide sequencing 

through the cloning sites in the respective pBmutNAM/SAT2 clones. Analysis of the 

sequence obtained indicated that the nucleotides encoding the KGE sequence were 

substituted by nucleotides specifying the wild-type RGD sequence (Fig. 3.4). Both these 

clones were used in all subsequent experiments. 

 

3.3.2 Transfection of BHK-21 cells with in vitro-synthesized RNA derived from the  

pmutNAM/SAT2 and pBmutNAM/SAT2 chimeric clones 

 

To determine whether the second, non-G-H loop RGD motif plays a role in the ability of 

NAM/307/98 to bind to BHK-21 cells, in vitro-synthesized RNA generated from the 

respective pmutNAM/SAT2 and pBmutNAM/SAT2 clones were transfected into BHK-21 

cells using lipofectamine reagent. In vitro-transcribed RNA derived from pSAT2 and 

pNAM/SAT2 were also included in these assays as controls, since the derived viruses have 

been shown previously to replicate in BHK-21 cells (Chapter 2). The supernatants obtained 

from the transfected cells were used to infect BHK-21 cells and then monitored for signs of 

CPE by comparison to mock-infected cells. The results obtained following repeated 

passaging in BHK-21 cells are shown in Table 3.2. 

 

The BHK cells transfected with RNA derived from pSAT2 displayed 100% CPE after 48 h of 

incubation upon the first round of passage. Although no CPE was initially observed for BHK 

cells transfected with RNA derived from the chimeric pNAM/SAT2 clone, the amount of 

CPE increased upon subsequent passaging and CPE of 40-60% was observed for 

vNAM/SAT2 after 48 h of incubation on the fourth passage. In contrast, BHK cells 

transfected with RNA derived from the mutant pmutNAM/SAT2 clones did not display CPE, 

despite being passaged five times. Rather, the cells resembled the control mock-infected 

cells. Notably, the results obtained for BHK cells transfected with RNA derived from the 

corresponding pBmutNAM/SAT2 clones resembled those obtained for vNAM/SAT2. After 

an initial lack of CPE, continued passaging of the derived viruses resulted in 40-60% CPE 

being observed after 48 h of incubation on the fifth passage. 
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Table 3.2: Cytopathic effect (CPE) observed during serial passage of the vSAT2, vNAM/SAT2, as well as vmutNAM/SAT2 and 

vBmutNAM/SAT2 viruses in BHK-21 cells 

 

Passage 
*
CPE Observed 

 Mock-infection vSAT2 vNAM/SAT2 1vmutNAM/SAT2 1vBmutNAM/SAT2 2vmutNAM/SAT2 2vBmutNAM/SAT2 

 BHK p1 - 48 h - ++++ - - - - - 

 BHK p2 - 48 h - ++++ - - - - - 

 BHK p3 - 48 h - ++++ + - + - - 

 BHK p4 - 48 h - ++++ ++ - ++ - + 

 BHK p5 - 48 h - ++++ ++ - ++ - ++ 

 

*
- = No CPE observed 

  + = 10-30% CPE;  ++ = 40-60% CPE;  +++ = 65-90% CPE; ++++ = 100% CPE 
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Since neither of the pmutNAM/SAT2 constructs gave rise to measurable amounts of 

recovered viruses, as evidenced by the lack of CPE, the results suggest that substitution of the 

conserved G-H loop RGD motif by an KGE tripeptide sequence apparently abolished the 

infectivity of these chimeric clones. This is furthermore supported by the observation that 

chimeric viruses derived from the corresponding pBmutNAM/SAT2 clones, which contained 

a KGE-for-RGD substitution and thus resembled the pNAM/SAT2 clone, led to productive 

infection accompanied by visible CPE. It would therefore appear unlikely that the upstream 

non-G-H loop RGD motif in capsid protein 1D of NAM/307/98 serves as a ligand for integrin 

receptor-binding in BHK-21 cells. 

 

3.3.3 Determination of viral replication in BHK-21 cells 

 

Although the lack of visible CPE for cells infected with mutant vmutNAM/SAT2 viruses 

could have been due to the KGE-for-RGD substitution, thereby abolishing the infectiousness 

of the viruses, it is, however, also possible that these constructs might not have encoded for 

infectious RNA. Therefore, an experiment was designed to distinguish between these two 

possibilities. To investigate, viral RNA was extracted from RNase-treated samples prepared 

from cell-free tissue culture supernatants and from cell monolayers used during transfection 

and the first passage, as well as from lysates (supernatants and cells) of cell monolayers used 

in subsequent passaging. The extracted viral RNA was reverse transcribed using a virus-

specific oligonucleotide, and oligonucleotides WDA and VP1UB were then used to PCR-

amplify an ca. 500-bp amplicon comprising the region flanking the Xma I cloning site at the 

3’ end of the cloned external capsid-encoding regions. 

 

The results that were obtained for cells transfected with in vitro-synthesized RNA indicated 

that an amplicon of the expected size was amplified from the samples prepared from both the 

tissue culture supernatant (Fig. 3.5A) and the cellular fractions (Fig. 3.5B) of cells transfected 

with RNA derived from the various plasmid constructs. Analysis of the results obtained for 

samples prepared from the tissue culture supernatant (Fig. 3.5C) and the cellular fractions 

(Fig. 3.5D) following the first passage on BHK cells yielded similar results, but with the 

notable exception that no amplicon could be detected in instances where the viral RNA was 

extracted from cells infected with vmutNAM/SAT2 (Fig. 3.5D, lanes 5 and 6). Analysis of 

samples prepared from the lysate of BHK cells used in subsequent virus passaging (BHKp2, 

BHKp3 and BHKp4) yielded an amplicon of the expected size for cells infected with the
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control vSAT2 virus, the chimeric vNAM/SAT2 virus and back-mutated vBmutNAM/SAT2 

chimeric viruses. In contrast, no amplicon was obtained from samples prepared from 

vmutNAM/SAT2-infected BHK cells (Fig. 3.5E, F and G). At no stage during these 

experiments were amplicons produced from samples prepared from mock-infected cells, thus 

confirming the specificity of the RT-PCR assay for viral RNA only. 

 

To characterize the recovered viruses, the nucleotide sequence of the amplicons obtained 

from samples prepared from the tissue culture supernatant of transfected cells and of the 

lysates prepared from the highest passaged cells was determined. Analysis of the deduced 

amino acid sequence (Fig. 3.6) of the partially sequenced capsid-encoding regions confirmed 

the presence and stable maintenance of the two RGD motifs located in the capsid protein 1D 

of the chimeric vNAM/SAT2 virus and back-mutated vBmutNAM/SAT2 chimeric viruses. 

Furthermore, sequence analysis of the amplicon derived from samples prepared from the 

tissue culture supernatant of transfected cells confirmed the presence of an KGE-for-RGD 

replacement in the capsid protein 1D of the mutant vmutNAM/SAT2 chimeric viruses.  

 

Assuming that RNase treatment of the tissue culture samples was effective in degrading 

intracellular and unpackaged (extracellular) viral RNA, these results indicate that the 

amplicons were derived from packaged viral RNA following their extraction from the virus 

particles with Trizol. Thus, viral particles could have been produced following transfection of 

the BHK-21 cells, but unlike vmutNAM/SAT2 viruses, which were unable to produce CPE in 

cell culture, the vNAM/SAT2 and vBmutNAM/SAT2 viruses were infectious as evidenced 

by increasingly more severe CPE upon further passaging (Table 3.2, Fig. 3.5). The ability of 

the latter chimeric viruses to infect BHK-21 cells can therefore be ascribed to the presence of 

a functional RGD motif in the G-H loop of the capsid protein 1D of NAM/307/98. Since 

mutation of this tripeptide sequence abolished the infectiousness of the derived 

vmutNAM/SAT2 viruses, it is apparent that the non-conserved RGD sequence in 1D of 

NAM/307/98 does not play a role in the ability of the virus to infect BHK-21 cells. 
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Fig. 3.5 Agarose gel electrophoretic analysis of the amplicons obtained following RT-PCR amplification of the partial 1D-encoding region of the chimeric virus 

vNAM/SAT2, mutant viruses 1vmutNAM/SAT2 and 2vmutNAM/SAT2, back-mutated viruses 1vBmutNAM/SAT2 and 2vBmutNAM/SAT2 and the control 

vSAT2 virus. Following transfection of the BHK-21 cells with RNA derived from the respective clones, the supernatant (A) and cell pellet (B) of transfected 

cells, the supernatant (C) and cell pellet (D) of BHK passage 1, as well as the cell lysate of BHKp2  (E), BHKp3 (F) and BHKp4 (G) monolayers were recovered 

and treated with RNases. Viral RNA was then extracted, reverse-transcribed and the partial 1D-encoding region of the respective viruses amplified. For each of 

the agarose gel images: lane 1 contains a 100-bp DNA molecular weight ladder; lane 2, negative control PCR reaction lacking template DNA; and lane 3, PCR 

reaction containing pNAM/SAT2 as template DNA. The amplicons obtained for the derived viruses are indicated as follows: lane 4, chimeric vNAM/SAT2 virus; 

lanes 5 and 6, mutant vNAM/SAT2 viruses (indicated by M1 and M2, respectively); lanes 7 and 8, back-mutated vBmutNAM/SAT2 viruses (indicated by BM1 

and BM2, respectively); lane 9, control vSAT2 virus. Mock-infected cells (lane 10) were treated identically and included as a control in these assays. The 

cytopathic effect (CPE) observed on the BHK cell monolayers following each round of passage is indicted below the corresponding agarose gel images. 
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NAM/307/98P1     DNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIRGDL ATLAARIASE 

vNAM/SAT2        DNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIRGDL ATLAARIASE  

1vmutNAM/SAT2    DNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIKGEL ATLAARIASE 

2vmutNAM/SAT2    DNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIKGEL ATLAARIASE 

1vBmutNAM/SAT2   DNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIRGDL ATLAARIASE 

2vBmutNAM/SAT2   DNPVVFSRGD TTRFALPYTA PHRVLATVYN GDCKYKPTGT PPRENIRGDL ATLAARIASE 

           

NAM/307/98P1     PVVFSRGDTT RFALPYTAPH RVLATVYNGD CKYKPTGTPP RENIRGDLAT LAARIASETH 

vNAM/SAT2        PVVFSRGDTT RFALPYTAPH RVLATVYNGD CKYKPTGTPP RENIRGDLAT LAARIASETH 

1vBmutNAM/SAT2   PVVFSRGDTT RFALPYTAPH RVLATVYNGD CKYKPTGTPP RENIRGDLAT LAARIASETH 

2vBmutNAM/SAT2   PVVFSRGDTT RFALPYTAPH RVLATVYNGD CKYKPTGTPP RENIRGDLAT LAARIASETH 

            

Fig. 3.6 Amino acid sequence alignment of the partial 1D protein of NAM/307/98, chimeric 

vNAM/SAT2, vmutNAM/SAT2 and vBmutNAM/SAT2 viruses. The deduced amino 

acid sequence of the partially sequenced 1D capsid-encoding regions from amplicons 

derived from samples prepared from (A) the supernatant of transfected BHK-21 cells and 

(B) lysates prepared from the highest passage cells (BHKp4) is presented. The G-H loop 

RGD sequence is indicated in red, whilst a second, upstream RGD motif is highlighted in 

black. Substitution of the G-H loop RGD sequence with an KGE sequence is highlighted 

in grey, whilst substitution of the KGE sequence with an RGD sequence is indicated in 

blue. The G-H loop is indicated by *, corresponding to amino acid residues 661-687 

(residues 136-162 of 1D). 
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687 

689 
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G-H loop 
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3.4 DISCUSSION 

 

Crystal structures of viruses representative of several FMDV serotypes have been 

determined, and a major feature of the outer capsid surface is a long, conformationally 

flexible loop (Acharya et al., 1989; Logan et al., 1993; Fry et al., 1999). This loop, the G-H 

loop of capsid protein 1D, contains the major immunodominant epitopes of the virion (Baxt 

and Becker, 1990; Jackson et al., 1997) and includes at its apex a highly conserved RGD 

sequence. Subsequent studies have reported that FMDV uses RGD-dependent integrins as 

receptors through an interaction mediated by the RGD motif in the G-H loop of capsid 

protein 1D (Fox et al., 1989; Lea et al., 1994; Mason et al., 1994; Curry et al., 1996). 

Previously, sequence analysis of the 1D-encoding region of a SAT1 FMDV field isolate, 

NAM/307/98, indicated the presence of a second RGD motif located upstream of the 

conserved RGD sequence in the G-H loop (Bastos et al., 2001). In this part of the study, the 

ability of this second RGD sequence to mediate attachment of NAM/307/98 to BHK-21 cells 

was investigated. 

 

To investigate, an infectious cDNA clone of the SAT2 FMDV ZIM/7/83 (Van Rensburg et 

al., 2004) was used to engineer chimeric viruses of which the conserved RGD sequence in 

the G-H loop of capsid protein 1D of NAM/307/98 was mutated to KGE. The KGE-for-RGD 

substitution was specifically chosen as it maintained the “positive-glycine-negative” charge 

motif of the wild-type RGD sequence. In addition, the introduction of mutations within the 

RGD sequence, amongst them a KGE-for-RGD substitution, have been reported to yield 

FMD mutant viruses that were able to bind to a panel of monoclonal antibodies (Mason et al., 

1994). Therefore, this mutation was not expected to significantly alter the antigenic structure 

of the G-H loop or to induce extensive rearrangements in the capsid protein 1D. Hence, it was 

expected that the function of the NAM/307/98 1D protein, except that of the RGD motif 

itself, would be maintained.  

 

BHK-21 cells transfected with the in vitro-synthesized mutant RNA transcripts showed CPE, 

but no cell lysis could be observed upon further passage, indicating that the mutant 

vmutNAM/SAT2 virus was unable to produce cytopathic effect in cell culture. Therefore, the 

loss of infectivity of the chimeric vmutNAM/SAT2 viruses might have been a consequence 

of the altered G-H loop RGD sequence. This is also supported by the finding that substitution 

of the KGE sequence by an RGD sequence in capsid protein 1D of these mutant chimeric 
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viruses yielded viruses that regained their ability to bind to and initiate infection of BHK-21 

cells (Table 3.2). To exclude the possibility that BHK-21 cells are not susceptible for a 

second pathway that may utilize the non-G-H loop RGD sequence, IB-RS-2 cells were also 

tested in further experiments. The results appear to be in agreement with those obtained for 

BHK-21 cells. Cells transfected with RNA transcripts derived from the control non-mutant 

pNAM/SAT2 chimeric clone yielded viruses capable of infecting IB-RS-2 cells, whereas 

cells transfected with transcripts derived from the mutant pmutNAM/SAT2 clones yielded 

viruses that were unable to produce CPE in cell culture (results not shown). The above results 

are therefore not only in agreement with previous reports indicating that the G-H loop RGD 

sequence is essential for binding FMDV to susceptible cells (Fox et al., 1989; Logan et al., 

1993; Lea et al., 1994; Mason et al., 1994; Curry et al., 1996), but it also suggested that a 

second upstream RGD motif located in capsid protein 1D of NAM/307/98 does not mediate 

attachment of the virus to either BHK-21 or IB-RS-2 cells. 

 

Due to a lack of appropriate microscopy facilities at the Exotic Diseases Division (EDD), it 

was not possible to view virus particles directly using transmission electron microscopy 

(TEM) nor was it possible to verify viral protein synthesis by immunofluorescence 

microscopy using an appropriate FMDV-specific monoclonal antibody directed against the 

1D protein and/or other viral proteins. Therefore, an experiment was designed whereby it 

could be investigated whether RNA transfected into BHK-21 cells yielded viruses which are 

capable of replication, but which cannot initiate further cycles of infection since they cannot 

interact with the cell receptor. For this purpose, in vitro-synthesized RNA derived from the 

mutant clones, as well as from control infectious non-mutant and back-mutated chimeric 

clones was transfected into BHK-21 cells and the derived chimeric viruses were subsequently 

passaged four times on BHK-21 cells. Samples of the clarified tissue culture supernatants and 

lysed cell monolayers were treated with RNases after which viral RNA was extracted, 

followed by reverse transcription using a virus strand-specific oligonucleotide, and the partial 

1D-encoding regions were amplified by PCR and then sequenced. 

 

By using the above approach, RNA replication could be demonstrated with the resultant 

chimeric viruses (Fig. 3.5). Amplicons corresponding to the 1D-encoding regions of both the 

non-mutant vNAM/SAT2 and back-mutant vBmutNAM/SAT2 chimeric viruses were 

obtained from all the samples tested in this assay, demonstrating that the virus particles 

produced following transfection were viable and capable of adsorbing to BHK-21 cells. In 
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contrast, an amplicon corresponding to the RGD→KGE mutated 1D-encoding region of 

vmutNAM/SAT2 chimeric viruses was only produced when samples of the transfected cells 

and the tissue culture supernatant of cells used in the first passage were used in the assay. No 

amplicon, however, was obtained from samples prepared of the cells used in the first passage, 

which had been rinsed with a low pH buffer to aid in the disassembly of the extracellular cell-

associated virus particles prior to cell lysis and RNase treatment. The inability to produce an 

amplicon from the latter samples may therefore indicate that although virus particles were 

present in the tissue culture supernatant, they were unable to bind to the cells or, alternatively, 

that they were bound to the cells but not internalized. Although the experimental design does 

not allow a clear distinction between these two possibilities, it is likely that the virus did not 

bind to the cells, since Mason and co-workers (1994), using virus-binding studies, have 

reported that an A12 FMDV containing a mutation identical to that introduced into the 1D 

region of NAM/307/98 was unable to bind to BHK-21 cells. Based on these results, it was 

therefore concluded that the second RGD motif situated upstream of the G-H loop RGD 

sequence in capsid protein 1D of NAM/307/98 does not function as a receptor-binding site 

for infection of BHK-21 cells. 

 

In conclusion, a double mutation introduced into the RGD sequence in the G-H loop of 

capsid protein 1D of NAM/307/98 via an infectious cDNA clone from ZIM/7/83, a SAT2 

type FMDV, resulted in the production of non-infectious chimeric viral particles that could 

not interact with cellular receptors, despite the presence of a second, intact RGD motif. The 

inability of the second RGD motif to substitute as a cell receptor ligand may be related to its 

location in the capsid protein 1D of NAM/307/98. Although this second RGD sequence is 

situated on the surface-exposed βF and βG1 loop, the loop is shorter compared to the G-H 

loop and is also more rigid compared to the flexible G-H loop (Chapter 2, Fig. 2.5). Since the 

protruding Arg and Asp side chains of the G-H loop RGD motif have been shown to directly 

interact with residues in the concave paratope of an anti-virus neutralizing antibody 

(Verdaguer et al., 1995; Mateu et al., 1996; Domingo et al., 1999), it has been proposed that 

they may similarly interact with the cell receptor (D’Souza et al., 1991; Mateu et al., 1996; 

Domingo et al., 1999). Therefore, it might be that the short, rigid F-G loop does not present 

the second RGD motif in a conformation or orientation that is favourable for direct 

interaction with the RGD-dependent cell receptors. 
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CHAPTER 4 

 

CONCLUDING REMARKS 

 

 

This investigation was initiated following the observation that the amino acid sequence 

deduced from the 1D-encoding region of a SAT1 type FMD virus, NAM/307/98, isolated 

from an African buffalo, contained two RGD sequences. An additional RGD motif was 

identified upstream of the surface-exposed G-H loop on another surface-exposed loop, the 

short F-G loop in the 1D capsid protein (Bastos et al., 2001). Based on the important role that 

the RGD sequence plays in binding naturally-occurring isolates of FMDV to one or more 

RGD-dependent integrin receptors (Berinstein et al., 1995; Jackson et al., 1997; 2000b; 2002; 

2004; Neff et al., 1998; 2002), the presence of the second surface-localized RGD sequence 

warranted further investigation. Thus, the primary aim of this investigation was to determine 

whether the second non-G-H loop RGD sequence in capsid protein 1D of NAM/307/98 could 

be utilized as an alternative ligand for binding the virus to susceptible host cells. 

 

A first step in this investigation was to determine whether NAM/307/98 would indeed be 

capable of using integrin receptors for cell binding and whether this virus utilizes alternative 

receptors for cell binding. The ability of NAM/307/98 to utilize integrin receptors was 

established by plaque assays on different tissue culture cell lines (Chapter 2). The virus was 

able to replicate and form plaques on both BHK-21 and IB-RS-2 cells, which is in agreement 

with previous studies indicating that both these cell lines are permissive for field strains of 

FMDV (de Castro, 1964; de la Torre et al., 1985; 1988; Dunn and Donaldson, 1997). 

However, NAM/307/98 was unable to form plaques on CHO-K1 cells, which have been 

reported to be non-permissive for field strains of FMDV due to a lack of appropriate integrin 

receptors at its cell surface for binding FMDV (Mason et al., 1993; Jackson et al., 1997; Neff 

et al., 1998; You et al., 2001; Jackson et al., 2002). These results also indicated that 

NAM/307/98 does not use heparan sulfate proteoglycans for binding of the host cell. 

Consequently, BHK-21 cells were used throughout this investigation. 

 

Various different approaches have been described whereby it was shown that the RGD 

sequence in the G-H loop of capsid protein 1D plays an important role in binding FMDV to 

susceptible cells (Mason et al., 1994; Berinstein et al., 1995; McKenna et al., 1995; Mateu et 
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al., 1996; Jackson et al., 1997; 2000b; 2002; 2004). Although powerful in its application, the 

use of synthetic RGD-containing peptides (Berinstein et al., 1995; Mateu et al., 1996; Neff 

and Baxt, 2001; Jackson et al., 1997; 2000b; 2002; 2004) or function blocking antibodies 

(Berinstein et al., 1995; Jackson et al., 2000b; 2002; 2004) was not considered for use in this 

investigation, as it would not be possible to ascribe changes in virus-cell binding to a specific 

RGD sequence. Therefore, the RGD sequence situated in the G-H loop of capsid protein 1D 

of NAM/307/98 was rather targeted for inactivation through the introduction of a double 

mutation by site-directed mutagenesis procedures, thus leaving the second, upstream RGD 

sequence intact.  The RGD sequence was subsequently replaced with a KGE sequence, since 

previous studies have shown that the KGE sequence in the context of either a serotype A12 

virus (Mason et al., 1994; McKenna et al., 1995) or a type O1 virus (Neff et al., 1998), was 

incapable of substituting for RGD in allowing the virus to replicate in culture. The 

introduction of such a mutation was also not expected to alter the structure or function of the 

NAM/307/98 1D protein, except that of the RGD motif itself. Consequently, a genome-length 

chimeric cDNA clone was constructed between NAM/307/98 and pSAT2 as genetic 

backbone, which is a stable infectious genome-length cDNA clone engineered from the 

SAT2 type virus ZIM/7/83 (Van Rensburg et al., 2004). The genome-length cDNA clones 

generated in this study comprised of pNAM/SAT2, a pSAT2 derivative that contained a 

cloned cDNA copy of the wild-type NAM/307/98 capsid-encoding region (Chapter 2), 

pmutNAM/SAT2, which contained a mutated copy of the NAM/307/98 capsid-encoding 

region (Chapter 3), and pBmutNAM/SAT2, which contained a cloned copy of the capsid-

encoding region in which the KGE sequence was replaced with the wild-type RGD sequence 

in the 1D-encoding region (Chapter 3). 

 

To determine whether the non-G-H loop RGD sequence present in capsid protein 1D of 

NAM/307/98 is utilized as a ligand for integrin receptors, two separate experiments were 

performed (Chapter 3). In the first experiment, BHK-21 cell monolayers transfected with in 

vitro-synthesized RNA transcripts derived from the respective clones, as well as cell 

monolayers used in passaging of the resultant viruses were monitored for signs of productive 

infection, as indicated by the appearance of CPE. The results indicated that infectious viruses 

could be derived from all but the pmutNAM/SAT2 clones. However, despite having used the 

same genetic backbone for all the plasmid constructions, the possibility that the 

pmutNAM/SAT2 clones yielded non-infectious RNA could not be excluded by the above 

experiments. Therefore, a second experiment was performed aimed at detecting viral RNA 
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replication in both transfected and infected BHK-21 cells. The results obtained indicated that 

for both mutant and non-mutant RNA transcripts transfected into BHK-21 cells, replication 

occurred and virus particles could be produced. Although the existence of virus particles in 

the tissue culture supernatants was not directly proven, several lines of reasoning would argue 

that infectious virus particles were derived from both the pNAM/SAT2 and 

pBmutNAM/SAT2 clones and that non-infectious virus particles were derived from 

pmutNAM/SAT2. Firstly, cells transfected with mutant RNA showed cell lysis, but no CPE 

upon subsequent passaging, whereas increasingly more severe CPE could be observed in cell 

monolayers used for passaging of the viruses derived from non-mutated and back-mutated 

viral RNA. Secondly, due to the extensive RNase treatment of the cell-free tissue culture 

supernatants and lysed cellular fractions prior to extraction and reverse transcription of viral 

RNA, it is unlikely that the virus-specific cDNA subsequently synthesized might have 

originated from residual synthetic RNA transcripts. Thirdly, carry-over of RNA transcripts or 

lipofectamine-RNA complexes upon subsequent passaging of the derived viruses would 

result in them being diluted from the samples, and consequently should not be detectable in 

the assay. Therefore, the most likely source of RNA available for virus-specific cDNA 

synthesis would be that of packaged RNA (and therefore protected from degradation by the 

RNase treatment) in progeny viral particles. More direct proof as to the existence of virus 

particles could be obtained through analysis of the culture supernatants by electron 

microscopy (Leippert et al., 1997), but the facilities for such an analysis are not available at 

the EDD. Alternatively, sucrose gradient analysis of culture supernatants may be used to 

verify the presence of virions (140S particles) (Mason et al., 1994), but as a consequence of 

the small scale in which the experiments were performed, it would be insufficient for 146S 

determination. 

 

Based on the above results indicating that mutation of the G-H loop RGD sequence led to 

adsorption-deficient virus mutants, the most likely conclusion is that the second RGD 

sequence in capsid protein 1D of NAM/307/98 is not able to mediate attachment of the virus 

to cell receptors. This may be as a consequence of its location on the virion surface. The long, 

mobile G-H loop may present the RGD motif, located at its apex, in a conformation 

appropriate for direct interaction of the oppositely orientated Arg (R) and Asp (D) side chains 

with the cell receptors (D’Souza et al., 1991; Mateu et al., 1996; Domingo et al., 1999). In 

contrast, the second RGD sequence is located in the much shorter and more rigid F-G loop 

that might therefore not possess the flexibility required to present the RGD motif in such a 
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way as to allow for interaction with the cellular receptor. Alternatively, based on reports 

indicating that FMDV can use more than one RGD-binding integrin as cell surface receptors 

(Berinstein et al., 1995; Jackson et al., 2000b; 2002) together with the lack of information 

regarding the type and nature of integrins or other receptors present on the cell surface of 

BHK-21 cells, it may be that BHK cells lacked a receptor that may be utilized by the second 

non-G-H loop RGD sequence. The inability of the virus mutants lacking a G-H loop RGD 

sequence, but containing an intact F-G loop RGD sequence, to attach to BHK-21 cells may 

then be due to factors such as lower abundance or lower affinity of the virus for the receptors 

present on the BHK cells. However, this appears unlikely as results similar to those described 

above for BHK-21 cells were obtained following transfection of IB-RS-2 cells with RNA 

transcripts derived from the pNAM/SAT2 and pmutNAM/SAT2 clones. The mutant virus 

also lysed transfected cells, but, in contrast to the non-mutant virus, could not replicate in cell 

culture. 

 

The results obtained in this investigation could also suggest that another region of the 

NAM/307/98 capsid, which may include the second RGD sequence, cannot bring about 

binding to the appropriate cell receptor in the absence of the G-H loop RGD sequence. This is 

based on evidence indicating that the C-terminus of capsid protein 1D is involved in receptor 

interactions, since virus-cell binding can be blocked by antibodies to this region and removal 

of this region resulted in virus particles with greatly reduced infectivity (Fox et al., 1989; 

Parry et al., 1989). Furthermore, as it is common for ligand-integrin interactions to include 

more than one site for adhesion (Hynes, 1992), it might therefore not be surprising that more 

than one region of the viral capsid should participate in virus-receptor interaction. Although 

the second RGD sequence is present in a region of capsid protein 1D that appears to be 

subject to extensive genetic variation (Bastos et al., 2001) and mutation (Botha, 2002) in 

SAT1 type viruses, it is nevertheless an intriguing possibility. This could in future be 

investigated by comparing differences in the cell-binding ability of the non-mutant virus and 

virus mutants containing mutated RGD sequences in the G-H loop and F-G loop, 

respectively. For this purpose, virus-binding assays similar to that described by Baxt and co-

workers (1984) could be used. 

 

In conclusion, based on the results obtained in this investigation it is unlikely that the second 

non-G-H loop RGD sequence plays a role in mediating attachment of NAM/307/98 to its 

target cells. Similarly, hepatitis A virus and pertactin each contain an RGD motif, but it does 
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not play a role in binding them to their target cells (Stapleton et al., 1991; Everest et al., 

1996). Therefore, the presence of an RGD sequence does not always correlate with a 

functional role in cell adhesion, but it does not exclude the possibility that the second RGD 

sequence may have some other, as yet, unknown function. 

 

 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 90

REFERENCES 

 

 

Acharya, R., Fry, E., Stuart, D., Fox, G., Rowlands, D. and Brown, F. (1989). The three-

dimensional structure of foot-and-mouth disease virus at 2.9Å resolution. Nature 337: 709-

716. 

 

Alexandersen, A., Oleksiewicz, M.B. and Donaldson, A.I. (2001). The early pathogenesis of 

foot-and-mouth disease virus in pigs infected by contact: A quantitative time-course study 

using TaqMan RT-PCR. J. Gen. Virol. 82: 747-755. 

 

Almeida, M.R., Rieder, E., Chinsangaram, J., Ward, G., Beard, C., Grubman, M.J. and 

Mason, P.W. (1998). Construction and evaluation of an attenuated vaccine for foot-and-

mouth disease: Difficulty adapting the leader proteinase-deleted strategy to the serotype O1 

virus. Virus Res. 55: 49-60. 

 

Ansardi, D.C., Porter, D.C., Anderson, M.J. and Morrow, C. (1996). Poliovirus assembly and 

encapsidation of genomic RNA. Adv. Virus Res. 46: 1-68. 

 

Bablanian, G.M. and Grubman, M.J. (1993). Characterization of the foot-and-mouth disease 

virus 3C protease expressed in Escherichia coli. Virol. 197: 320-327.  

 

Bachrach, H.L. (1977). Foot-and-mouth disease virus: Properties, molecular biology and 

immunogenecity. Beltville Symp. Agric. Res. 1: 3-32.  

 

Bachrach, H.L., Trautman, R. and Breese, S.S. (1964). Chemical and physical properties of 

virtually pure foot-and-mouth disease virus. Am. J. Vet. Res. 25: 333-342. 

 

Baranowski, E., Ruiz-Jarabo, C.M., Sevillia, N., Andreu, D., Beck, E. and Domingo, E. 

(2000). Cell recognition by foot-and-mouth disease virus that lacks the RGD integrin-binding 

motif: Flexibility in Apthovirus receptor usage. J. Virol. 74: 1641-1647. 

 

Baranowski, E., Sevilla, N., Verdaguer, N., Ruiz-Jarabo, C.M., Beck, E. and Domingo, E. 

(1998). Multiple virulence determinants of foot-and-mouth disease virus in cell culture. J. 

Virol. 72: 6362-6372. 

 

Barclay, W., Li, Q., Hutchinson, G., Moon, D., Richardson, A., Percy, N., Almond, J.W. and 

Evans, D. (1998). Encapsidation studies of poliovirus subgenomic replicons. J. Gen. Virol. 

79: 1725-1734.  

 

Barton, D.J., O’Donnell, B.J. and Flanegan, J.B. (2001). 5’ Cloverleaf in poliovirus RNA is a 

cis-acting replication element required for negative-strand synthesis. EMBO J. 20: 1439-

1448. 

 

Bastos, A.D.S. (1998). Detection and characterization of the foot-and-mouth disease virus in 

sub-Saharan Africa. Onderstepoort J. Vet. Res. 65: 37-47. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 91

Bastos, A.D.S., Haydon, D., Forsberg, R., Knowels, N., Anderson, E., Bengis, R., Nel, L.H. 

and Thomson, G. (2001). Genetic heterogeneity of SAT-1 type foot-and-mouth disease 

viruses in southern Africa. Arch. Virol. 146: 1537-1551. 

 

Bastos, A.D.S., Haydon, D.T., Sangaré, O., Boshoff, C.I., Edrich, J.L. and Thomson, G.R. 

(2003). The implication of viral diversity within the SAT-2 serotype for control of foot-and-

mouth disease in sub-Saharan Africa. J. Gen. Virol. 84: 1595-1606. 

 

Baxt, B. and Becker, Y. (1990). The effect of peptides containing the arginine-glycine-

aspartic acid sequence on the adsorption of foot-and-mouth disease virus to tissue culture 

cells. Virus Genes 4: 73-83. 

 

Baxt, B. and Mason, P.W. (1995). Foot-and-mouth disease virus undergoes restricted 

replication in macrophage cell cultures following Fc receptor-mediated adsorption. Virol. 

207: 503-509. 

 

Baxt, B., Morgan, D.O., Robertson, B.H. and Timpone, C.A. (1984). Epitope on foot-and-

mouth disease virus outer capsid protein VP1 involved in neutralization and cell attachment. 

J. Virol. 51: 298-305.  

 

Bazan, J.F. and Fletterick, R.J. (1988). Viral cysteine proteases are homologous to the 

trypsin-like family of serine proteases: Structural and functional implications. Proc. Natl. 

Acad. Sci. USA 85: 7872-7876. 

 

Beard, C.W. and Mason, P.W. (2000). Genetic determinants of altered virulence of 

Taiwanese foot-and-mouth disease virus. J. Virol. 74: 987-991. 
 

Beck, E. and Strohmaier, K. (1987). Subtyping of European foot-and-mouth disease virus 

outbreak strains by nucleotide sequence determination. J. Virol. 61: 1621-1629. 

 

Beck, E., Fross, S., Strebel, K., Cattaneo, R. and Feil, G. (1983). Structure of the FMDV 

translation initiation site and of the structural proteins. Nucl. Acids Res. 11: 7873-7885. 

 

Belsham, G.J. (1993). Distinctive features of foot-and-mouth disease virus, a member of the 

picornavirus family; aspects of virus protein synthesis, protein processing and structure. 

Prog. Biophys. Mol. Biol. 60: 241-260. 

 

Berinstein, A., Roivainen, M., Hovi, T., Mason, P.W. and Baxt, B. (1995). Antibodies to the 

vitronectin receptor (integrin αvβ3) inhibit binding and infection of foot-and-mouth disease 
virus to cultured cells. J. Virol. 69: 2664-2666. 

 

Bienz, K., Egger, D., Troxler, M. and Pasamontes, L. (1990). Structural organization of 

poliovirus RNA replication is mediated by viral proteins of the P2 genomic region. J. Virol. 

64: 1156-1163. 

 

Boom, R., Sol, C., Salimans, M., Jansen, C., Wertheim-van Dillen, P. and Van der Noordaa, 

J. (1990). Rapid and simple method for purification of nucleic acids. J. Clin. Microbiol. 28: 

495-503. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 92

Botha, B. (2002). In vitro and in vivo adaptation of a SAT-1 foot-and-mouth disease virus 

vaccine strain. Magister Technologiae Veterinary Technology. Department of Biomedical 

Sciences, Faculty of Health Sciences, Technikon Pretoria. 

 

Breuss, J.M., Gallo, J., DeLisser, H.M., Kilmanskaya, I.V., Folkesson, H.G., Pittet, J.F., 

Nishimura, S.L., Aldape, K., Landers, D.V., Carpenter, W., Gillett, N., Sheppard, D., 

Matthay, M.A., Albelda, S.M., Krammer, R.H. and Pytela, R. (1995). Expression of the β6 
integrin subunit in development, neoplasia and tissue repair suggests a role in epithelial 

remodelling. J. Cell. Sci. 108: 2241-2251. 

 

Breuss, J.M., Gillett, N., Lu, L., Sheppard, D. and Pytela, R. (1993). Restricted distribution of 

integrin β6 messenger RNA in primate epithelial tissues. J. Histochem. Cytochem. 41: 1521-
1527. 

 

Briesewitz, R., Kern, A. and Marcantonio, E.E. (1995). Assembly and function of integrin 

receptors is dependent on opposing alpha and beta cytoplasmic domains. Mol. Biol. Cell. 6: 

997-1010. 

 

Briesewitz, R., Kern, A., Smilenov, L.B., David, F.S. and Marcantonio, E.E. (1996). The 

membrane-cytoplasmic interface of integrin alpha subunits is critical for receptor latency. 

Mol. Biol. Cell. 7: 1499-1509.  

 

Brooksby, J.B. (1958). The virus of foot-and-mouth disease. Adv. Virus Res. 5: 1-7. 

 

Brown, C.C., Meyer, R.F., Olander, H.J., House, C. and Mebus, C.A. (1992). A pathogenesis 

study of foot-and-mouth disease in cattle, using in situ hybridisation. Can. J. Vet. Res. 56: 

189-193. 

 

Brown, C.C., Olander, H.J. and Meyer, R.F. (1991). A preliminary study of the pathogenesis 

of foot-and-mouth disease virus, using in situ hybridisation. Vet. Pathol. 28: 216-222. 

 

Brown, F. (2003). The history of research in foot-and-mouth disease. Virus Res. 91: 3-7. 

 

Brown, F., Newman, J., Stott, J., Porter, A., Frisby, D., Newton, C., Carey, N. and Fellner, P. 

(1974). Poly (C) in animal viral RNAs. Nature 251: 342-344. 

 

Burrows, R., Mann, J.A., Garland, A.J.M., Greig, A. and Goodridg, D. (1981). The 

pathogenesis of natural and stimulated natural foot-and-mouth disease virus infection in 

cattle. J. Comp. Pathol. 91: 599-609. 

 

Cambier, S., Mu, D., O’Connell, D., Boylen, K., Travis, W., Liu, W., Broaddus, V.C. and 

Nishimura, S.L. (2000). A role for the integrin αvβ8 in the negative regulation of epithelial 
cell growth. Cancer. Res. 60: 7048-7093. 

 

Cao, X., Bergmann, I.E., Fullkrug, R. and Beck, E. (1995). Functional analysis of the two 

alternative translation initiation sites of foot-and-mouth disease virus. J. Virol. 69: 560-563.  

 

Carrell, N.A., Fitzgerald, L.A., Steiner, B., Erickson, H.P. and Phillips, D.R. (1985). 

Structure of human membrane glycoproteins IIb and IIa as determined by electron 

microscopy. J. Biol. Chem. 260: 1743-1749.  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 93

Chambers, M., Dougon, G., Newman, J., Brown, F., Crowther, J., Mould, A.P., Humphries, 

M.J., Francis, M.J., Clarke, B., Brown, A.L. and Rowlands, D. (1996). Chimeric hepatitis B 

virus core particles as probes for studying peptide-integrin interactions. J. Virol. 70: 4045-

4052. 

 

Chan, J., Hyduk, S. and Cybulsky, M. (2000). α4β1 Integrin/VCAM-1 interaction activates 

αLβ2 integrin-medated adhesion to ICAM-1 in human T cells. J. Immunol. 164: 746-753. 
 

Chang, K.H., Auvinen, P., Hyypiä, T. and Stanway, G. (1989). The nucleotide sequence of 

coxsackievirus A9: Implications for receptor binding and enterovirus classification. J. Gen. 

Virol. 70: 3269-3280. 

 

Chang, K.H., Day, C., Walker, J., Hyypiä, T. and Stanway, G. (1992). The nucleotide 

sequence of wild-type coxsackievirus A9 strains imply that an RGD motif in VP1 is 

functionally significant. J. Gen. Virol. 73: 621-626.  

 

Chen, W.J., Goldstein, J.L. and Brown, M.S. (1990). NPXY, a sequence often found in 

cytoplasmic tails, is required for coated pit-mediated internalization of the low-density 

lipoprotein receptor. J. Biol. Chem. 265: 3116-3123.  

 

Chow, M., Newman, J.F.E., Filman, D., Hogle, J.M., Rowlands, D. and Brown, F. (1987). 

Myristoylation of picornavirus capsid protein VP4 and its structural significance. Nature 327: 

482-486. 

 

Clarke, B.E. and Sanger, D.V. (1988). Processing and assembly of foot-and-mouth disease 

virus proteins using subgenomic RNA. J. Gen. Virol. 69: 2313-2325. 

 

Clarke, B.E., Brown, A.L., Curry, K.M., Newton, S.E., Rowlands, D.J. and Carroll, A.R. 

(1987). Potential secondary and tertiary structure in the genomic RNA of foot-and-mouth 

disease virus. Nucl. Acids Res. 15: 7067-7079. 

 

Clarke, B.E., Sanger, D.V., Burroughs, J.N., Newton, S.E., Carroll, A.R. and Rowlands, D.J. 

(1985). Two initiation sites for foot-and-mouth disease virus polyprotein in vivo. J. Gen. 

Virol. 66: 2615-2626. 

 

Cohen, J.I., Ticehurst, J.R., Feinstone, S.M., Rosenblum, B. and Pursel, R.H. (1987). 

Hepatitis A virus cDNA and its RNA transcripts are infectious in cell culture. J. Virol. 61: 

3035-3039. 

 

Collen, T. (1994). Foot-and-mouth disease virus (aphthovirus): Viral T cell epitopes. In: Cell-

mediated immunity in ruminants, pp. 173-197. Goddeev, B.M.L., Morrison, I. (eds). CRC 

Press, Boca Raton, USA. 

 

Condy, J.B., Hedger, R.S., Hamblin, C. and Barnett, I.T. (1985). The duration of the foot-

and-mouth disease virus carrier state in African buffalo (i) in the individual animal and (ii) in 

a free-living herd. Comp. Immunol. Microbiol. Infect. Dis. 8: 259-265.  

 

Coppolino, M.G., Leung-Hagesteijn, C., Dedhar, S. and Wilkins, J. (1995). Inducible 

interaction of integrin alpha 2 beta 1 with calreticulin. Dependence on the activation state of 

the integrin. J. Biol. Chem. 270: 23132-23138. 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 94

Crowther, J.R., Farias, S., Carpenter, W.C. and Samuel, A.R. (1993). Identification of a fifth 

neutralisable site on type O foot-and-mouth disease virus following characterization of single 

and quintuple monoclonal antibody escape mutants. J. Gen. Virol. 74: 1547-1553. 

 

Curry, S., Abrams, C.C., Fry, E., Crowther, J.C., Belsham, G.J., Stuart, D.I. and King, A.M. 

(1995). Viral RNA modulates the acid sensitivity of foot-and-mouth disease virus capsids. J. 

Virol. 69: 430-438. 

 

Curry, S., Fry, E., Blakemore, B., Abu-Ghazaleh, R., Jackson, T., King, A., Lea, S., Newman, 

J., Rowlands, D. and Stuart, D. (1996). Perturbations in the surface structure of A22 Iraq 

foot-and-mouth disease virus accompanying coupled changes in host cell specificity and 

antigenicity. Structure 4: 135-145. 

 

D’Souza, S., Ginsberg, M. and Plow, E. (1991). Arginyl-glycyl-aspartic acid (RGD): A cell 

adhesion motif. TIBS 16: 246-250. 

 

Dahm, L.M. and Bowers, C.W. (1998). Vitronectin regulates smooth muscle contractility via 

αv and β1 integrin. J. Cell. Sci. 111: 1175-1183.  
 

Damjanovich, L., Albelda, S.M., Mette, S.A. and Buck, C.A. (1992). Distribution of integrin 

cell adhesion receptors in normal and malignant lung tissue. Am. J. Respir. Cell. Mol. Biol. 6: 

197-/206. 

 

de Castro, M.P. (1964). Behavior of foot-and-mouth disease virus in cell cultures. 

Susceptibility of IB-RS-2 cell line. Archiv. Inst. Biol. Sao Paulo 3: 63-78. 

 

de la Torre, J.C., Da Villa, M., Sobrino, F., Ortin, J. and Domingo, E. (1985). Establishment 

of cell lines persistently infected with foot-and-mouth disease virus. Virol. 145: 24-35. 

 

de la Torre, J.C., Martinez-Salas, E., Diez, J., Villauverede, A., Gebauer, F., Rocha, E., 

Davila, M. and Domingo, E. (1988). Co-evolution of cell and viruses in a persistent infection 

of foot-and-mouth disease virus in cell culture. J. Virol. 6: 2050-2058. 

 

Dedhar, S. and Hannigan, G.E. (1996). Integrin cytoplasmic interactions and bidirectional 

transmembrane signalling. Curr. Opin. Cell. Biol. 8: 657-669. 

 

Deng, G. and Wu, R. (1981). An improved procedure for utilizing terminal transferase to add 

homopolymers to the 3’ termini of DNA. Nucl. Acids Res. 9: 4173-4188. 

 

Dennis, M.S., Carter, P. and Lazarus, R.A. (1993). Binding interactions of kistrin with 

platelet glycoprotein IIb-IIIa: Analysis by site-directed mutagenesis. Proteins Struct. Funct. 

Genet. 15: 312-321. 

 

Devaney, M.A., Vakharia, V.N., Lloyd, R.E., Ehrenfeld, E. and Grubman, M.J. (1988). 

Leader protein of foot-and-mouth disease virus is required for cleavage of the p220 

component of the cap-binding protein complex. J. Virol. 62: 4407-4409. 

 

Dever, T.E., Glynias, M.J. and Merrick, W.C. (1987). GTP-binding domain: Three consensus 

sequence elements with distinct spacing. Proc. Natl. Acad. Sci. USA 84: 1814-1818.  

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 95

Dmitrieva, T.M., Norkina, K.B. and Agol, V.I. (1991). Encephalomyocarditis virus RNA 

polymerase preparations, with and without RNA helicase activity. J. Virol. 65: 2714-2717. 

 

Doedens, J.R. and Kirkegaard, K. (1995). Inhibition of cellular protein secretion by 

poliovirus proteins 2B and 3A. EMBO J. 14: 894-907. 

 

Doel, T.R. (2003). FMDV vaccines. Virus Res. 91: 81-99. 

 

Domingo, E., Baranowski, E., Escarmís, C. and Sobrino, F. (2002). Foot-and-mouth disease 

virus. Comp. Immunol. Micro. Infect. Dis. 25: 297-308. 

 

Domingo, E., Escarmís, C., Martinez, M.A., Martinez-Salas, E. and Mateu, M.G. (1992). 

Foot-and-mouth disease virus populations are quasispecies. Curr. Top. Microbiol. Immunol. 

176: 33-47. 

 

Domingo, E., Mateu, M.G., Martinez, M.A., Dopaz, J., Moya, A. and Sobrino, F. (1990). 

Genetic variability and antigenic diversity of foot-and-mouth disease virus. In: Applied 

Virology Research, Volume 2, p 233. Kurstak, E., Marusyk, R., Murphy, S. and Van 

Regenmortal, M. (eds.). Plenum Publishing Corp., New York, USA. 

 

Domingo, E., Verdaguer, N., Ochoa, W.F., Ruiz-Jarabo, C.M., Sevilla, N., Baranowski, E., 

Mateu, M.G. and Fita, I. (1999). Biochemical and structural studies with neutralizing 

antibodies raised against foot-and-mouth disease virus. Virus Res. 62: 169-175. 

 

Donnelly, M.L., Gani, D., Flint, M., Monaghan, S. and Ryan, M.D. (1997). The cleavage 

activities of aphthovirus and cardiovirus 2A proteins. J. Gen. Virol. 78: 13-21. 
 

Dorsch-Hasler, K., Yogo, Y. and Wimmer, E. (1975). Replication of picornaviruses. I. 

Evidence from in vitro RNA synthesis that poly (A) of the poliovirus genome is genetically 

coded. J. Virol. 16: 1512-1517.  

 

Dunn, C.S. and Donaldson, A.I. (1997). Natural adaptation to pigs of a Taiwanese isolate of 

foot-and-mouth disease virus. Vet. Rec. 141: 174-175. 

 

Duque, H. and Baxt, B. (2003). Foot-and-mouth disease virus receptors: Comparison of 

bovine αv integrin utilization by type A and O viruses. J. Virol. 77: 2500-2511. 

 

Duque, H., LaRocco, M., Golde, W. and Baxt, B. (2004). Interactions of foot-and-mouth 

disease virus with soluble bovine αvβ3 and αvβ6 integrins. J. Virol. 78: 9773-9781. 
 

Ellard, F., Drwe, J., Blakemore, W., Stuart, D. and King, A. (1999). Evidence for the role of 

His-142 of protein 1C in the acid-induced disassembly of foot-and-mouth disease virus 

capsids. J. Gen. Virol. 80: 1911-1918. 

 

Escarmís, C., Carrillo, E.C., Ferrer, M., Arriaza, J.F.G., Lopez, N., Tami, C., Verdaguer, N., 

Domingo, E. and Franze-Fernandez, M.T. (1998). Rapid selection in modified BHK-21 cells 

of a foot-and-mouth disease virus variant showing alterations in cell tropism. J. Virol. 72: 

10171-10179. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 96

Everest, P., Li, J., Douce, G., Charles, I., De Azavedo, J., Chat¢eld, S., Dougan, G. and 

Roberts, M. (1996). Role of the Bordetella pertussis P69/pertactin protein and the 

P69/pertactin RGD motif in the adherence to and invasion of mammalian cells. Microbiol. 

142: 3261-3268. 

 

Falk, M., Grigera, P.R., Bergmann, I.E., Zibert, A., Multhaup, G. and Beck, E. (1990). Foot-

and-mouth disease virus protease 3C induces specific proteolytic cleavage of host cell histone 

H3. J. Virol. 64: 748-756. 

 

Falk, M., Sobrino, F. and Beck, E. (1992). VPg gene amplification correlates with infective 

particle formation in foot-and-mouth disease virus. J. Virol. 66: 2251-2260. 

 

Fenczik, C.A., Sehi, T., Ramso, J.W., Hughes, P.E. and Ginsberg, M.H. (1997). 

Complementation of dominant suppression implicates CD98 in integrin activation. Nature 

390: 81-85. 

 

Fernandez, C., Clark, K., Burrows, L., Schofield, N.R. and Humphries, M.J. (1998). 

Regulation of the extracellular ligand binding activity of integrins. Front. Biosci. 3: D684-

D700.  

 

Fjellbirkeland, L.S., Cambier, E.C., Broaddus, V.C., Hill, A., Brunetta, P., Dolganov, G., 

Jablons, D. and Nishimura, S.L. (2003). Integrin αvβ8-mediated activation of transforming 

growth factor-β inhibits human airway epithelial proliferation in intact bronchial tissue. Am. 
J. Pathol. 163: 533-542. 

 

Forss, S. and Schaller, H. (1982). A tandem repeat gene in a picornavirus. Nucl. Acids Res. 

10: 6441-6450. 

 

Forss, S., Strebel, K., Beck, E. and Schaller, H. (1984). Nucleotide sequence and genome 

organization of foot-and-mouth disease virus. Nucl. Acids Res. 12: 6587-6601.  

 

Fox, G., Parry, N.R., Barnett, P.V., McGinn, B., Rowlands, D.J. and Brown, F. (1989). The 

cell attachment site on foot-and-mouth disease virus includes the amino acid sequence RGD 

(arginine-glycine-aspartic acid). J. Gen. Virol. 70: 625-/637. 

 

Friedlander, D.R., Zagzag, R.D., Shiff, B., Cohen, H., Allen, J.C., Kelly, P.J. and Grumet, M. 

(1996). Migration of brain tumor cells on extracellular matrix proteins in vitro correlates with 

tumor type and grade and involves αv and β1 integrins. Cancer Res. 56: 1939-1947.  
 

Fry, E., Lea, S.M., Jackson, T., Newman, J.W.I., Ellard, F.M., Blakemore, W.E., Abu-

Ghazaleh, R., Samuel, A., King, A.M.Q. and Stuart, D.I. (1999). The structure and function 

of a foot-and-mouth disease virus-oligosaccharide receptor complex. EMBO J. 18: 543-554. 

 

Gebauer, F., de la Torre, J.C., Gomes, I., Mateu, M.G., Barahona, H., Tiraboschi, B., 

Bergmann, I., Augé de Mello, P. and Domingo, E. (1988). Rapid selection of genetic and 

antigenic variants of foot-and-mouth disease virus during persistence in cattle. J. Virol. 62: 

2041-2049. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 97

George, M., Venkataramanan, R., Pattnaik, B., Sanyal, A., Gurumurthy, C.B., Hemadri, D. 

and Tosh, C. (2001). Sequence analysis of the RNA polymerase gene of foot-and-mouth 

disease virus serotype Asia-1. Virus Genes 22: 21-26. 

 

Gorbalenya, A.E., Donchenko, A.P., Blinov, V.M. and Koonin, E.V. (1989). Cystein 

proteases of positive strand RNA viruses and chymotrypsin-like serine proteases. A distinct 

protein superfamily with common structural fold. FEBS Lett. 243: 103-114. 

 

Grigera, P.R. and Tisminetzky, S.G. (1984). Histone H3 modification in BHK cells infected 

with foot-and-mouth disease virus. Virol. 136: 10-19. 

 

Grubman, M.J., Baxt, B. and Bachrach, H.L. (1979). Foot-and-mouth disease virion RNA: 

Studies on the relation between the length of it’s 3’-poly (A) segment and infectivity. Virol. 

97: 22-31.  

 

Guttman, N. and Baltimore, D. (1977). Morphogenesis of poliovirus. IV. Existence of 

particles sedimenting at 150S and having the properties of provirion. J. Virol. 23: 363-367.  

 

Haas, T.A. and Plow, E.F. (1994). Integrin-ligand interactions: A year in review. Curr. Opin. 

Cell. Biol. 6: 656-662. 

 

Hanecak, R., Semler, B.L., Anderson, C.W. and Wimmer, E. (1982). Proteolytic processing 

of poliovirus polypeptides: Antibodies to polypeptide P3-7c inhibit cleavage at glutamine-

glycine pairs. Proc. Natl. Acad. Sci. USA. 79: 3973-3977.  

 

Hannigan, G.E., Leung-Hagesteijn, C., Fitz-Gibbon, L., Coppolino, M.G., Radeva, G., 

Filmus, J., Bell, J.C. and Dedhar, S. (1996). Regulation of cell adhesion an anchorage-

dependent growth by a new beta 1-integrin-linked protein kinase. Nature 379: 91-96.  

 

Harber, J.J., Bradley, J., Anderson, C.W. and Wimmer, E. (1991). Catalysis of poliovirus 

VP0 maturation cleavage is not mediated by serine 10 of VP2. J. Virol. 65: 326-334. 

 

Harley, E. (2001). DAPSA, DNA and Protein Sequence Analysis, version 3.4.1. Department 

of Chemical Pathology, University of Cape Town. 

 

Harris, T.J. and Brown, F. (1977). Biochemical analysis of a virulent and an avirulent strain 

of foot-and-mouth disease virus. J. Gen. Virol. 34: 87-105. 

 

Haywood, A.M. (1994). Virus receptors: Binding, adhesion strengthening and changes in 

viral structure. J. Virol. 68: 1-5.  

 

Healy, J.M., Murayama, O., Maeda, T., Yoshino, K., Sekiguchi, K. and Kikuchi, M. (1995). 

Peptide ligands for integrin αvβ3 selected from random phage display libraries. Biochem. 34: 
3948-3955. 

 

Hemler, M.E., Mannion, B.A. and Berditchevski, F. (1996). Association of TM4SF protein 

with integrins: Relevance to cancer. Biochim. Biophys. Acta 1287: 67-71. 

 

Herold, J. and Andino, R. (2001). Poliovirus RNA replication requires genome circularization 

through a protein-protein bridge. Mol. Cell. 7: 581-591. 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 98

Hogle, J.M., Chow, M. and Filman, D.J. (1985). Three-dimensional structure of poliovirus at 

2.9 Å resolution. Science 229: 1358-1365. 

 

Holland, J.J., de la Torre, J.C., Clarke, D.K. and Duarte, E. (1991). Quantitation of relative 

fitness and great adaptability of clonal populations of RNA viruses. J. Virol. 65: 2960-2967. 

 

Huang, X., Wu, J.F., Cass, D., Erle, D.J., Corey, D., Young, S.G., Farese, R.V. and Sheppard, 

D. (1996). Inactivation of the integrin β6 subunit gene reveals a role of epithelial integrins in 
regulating inflammation in the lungs and skin. J. Cell. Biol. 133: 921-928. 

 

Huang, X., Wu, J.F., Spong, S. and Sheppard, D. (1998). The integrin αvβ6 is critical for 
keratinocyte migration on both its known ligand, fibronectin and on vitronectin. J. Cell. Sci. 

111: 2189-2195. 

 

Hughes, P.E., Renshaw, M.W., Pfaff, M., Forsyth, J., Keivens, V.M., Schwartz, A. and 

Ginsberg, M.H. (1997). Suppression of integrin activation: A novel function of a Ras/Raf-

initiated MAP kinase pathway. Cell 88: 521-530. 

 

Hynes, R.O. (1992). Integrins: Versatility, modulation and signaling in cell adhesion. Cell 69: 

11-25.  

 

Hynes, R.O. (1999). Cell adhesion: Old and new questions. Trends Cell. Biol. 9: M33-M37. 

 

Jackson, T., Blakemore, W., Newman, J., Knowles, N.J., Mould, A.P., Humphries, M.J. and 

King, A.M.Q. (2000a). Foot-and-mouth disease virus is a ligand for the high-affinity binding 

conformation of integrin α5β1: Influence of the leucine residue within the RGDL motif on 
selectivity of integrin binding. J. Gen. Virol. 81: 1383-/1391. 

 

Jackson, T., Clark, S., Berryman, S., Burman, A., Cambier, S., Mu, D., Nishimura, S. and 

King, A.M.Q. (2004). Integrin αvβ8 functions as a receptor for foot-and-mouth disease virus: 
Role of the β-chain cytodomain in integrin-mediated infection. J. Virol. 78: 4533-4540. 

 

Jackson, T., Ellard, F.M., Abu-Ghazaleh, R., Brookes, S.M., Blakemore, W.E., Corteyn, 

A.H., Stuart, D.L., Newman, J.W.I. and King, A.M.Q. (1996). Efficient infection of cells in 

culture by type O foot-and-mouth disease virus requires binding to cell surface heparan 

sulfate. J. Virol. 70: 5285-5287.  

 

Jackson, T., King, A., Stuart, D. and Fry, E. (2003). Structure and receptor. Virus Res. 91: 

33-46.  

 

Jackson, T., Mould, A.P., Sheppard, D. and King, A.M.Q. (2002). Integrin αvβ1 is a receptor 
for foot-and-mouth disease virus. J. Virol. 76: 935-941.  

 

Jackson, T., Sharma, A., Abu-Ghazaleh, R., Blakemore, W., Ellard, E., Simmons, D.L., 

Stuart, D.I., Newman, J.W.I. and King, A.M.Q. (1997). Arginine-glycine-aspartic acid-

specific binding by foot-and-mouth disease viruses to the purified integrin αvβ3 in vitro. J. 
Virol. 71: 8357-8361. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 99

Jackson, T., Sheppard, D., Denyer, M., Blakemore, W. and King, A.M.Q. (2000b). The 

epithelial integrin αvβ6 is a receptor for foot-and-mouth disease virus. J. Virol. 74: 4949-
4956. 

 

Jecht, M., Probst, C. and Gauss-Muller, V. (1998). Membrane permeability induced by 

hepatitis A virus proteins 2B and 2BC and proteolytic processing of HAV 2BC. Virol. 252: 

218-227. 

 

Joklik, W.K. (1980). Microbiology, 17
th
 Edition. Joklik, W.K., Willet, H.P. and Amos, D.B. 

(eds). Appleton-Century-Crofts, New York, USA. 

 

Kandolf, R. and Hofschneider, P.H. (1985). Molecular cloning of the genome of a 

cardiotropic coxsackie B3 virus: Full-length reverse-transcribed recombinant cDNA 

generates infectious virus in mammalian cells. Proc. Natl. Acad. Sci. USA 82: 4818-4822. 

 

Kitson, J.D.A., McCahon, D. and Belsham, G.J. (1990). Sequence analysis of monoclonal 

antibody-resistant mutants of type O foot-and-mouth disease virus: Evidence for the 

involvement of the three surface exposed capsid proteins in four antigenic sites. Virol. 179: 

26-34. 

 

Kjellen, L. and Lindahl, U. (1991). Proteoglycans - structures and interactions. Ann. Rev. 

Biochem. 60: 443-475. 

 

Klein, M., Hadaschik, D., Zimmermann, H., Eggers, H.J. and Nelsen-Salz, B. (2000). The 

picornavirus replication inhibitors HBB and guanidine in the echovirus-9 system: The 

significance of viral protein 2C. J. Gen. Virol. 81: 895-901.  

 

Knipe, T., Rieder, E., Baxt, B., Ward, G. and Mason, P.W. (1997). Characterization of 

synthetic foot-and-mouth disease virus provirions separates acid-mediated disassembly from 

infectivity. J. Virol. 71: 2851-2856. 

 

Knowles, N.J. and Samuel, A.R. (2003). Molecular epidemiology of foot-and-mouth disease 

virus. Virus Res. 91: 65-80.  

 

Kraft, S., Diefenbach, B., Mehta, R., Jonezyk, A., Luckenbach, A. and Goodman, S.L. 

(1999). Definition of an unexpected ligand recognition motif for αvβ6 integrin. J. Biol. Chem. 
274: 1979-1985.  

 

Landt, O., Grunert, H.P. and Hahn, U. (1990). A general method for rapid site-directed 

mutagenesis using the polymerase chain reaction. Gene 96: 125-128. 

 

Lea, S., Abu-Ghazaleh, R., Blakemore, W., Curry, S., Fry, E., Jackson, T., King, A., Logan, 

D., Newman, J. and Stuart, D. (1995). Structural comparison of two strains of foot-and-mouth 

disease virus subtype O1 and a laboratory antigenic variant, G67. Structure 3: 571-580. 

 

Lea, S., Hernandez, J., Blakemore, W., Brocchi, E., Curry, S., Domingo, E., Fry, E., Abu-

Ghazaleh, R., King, A., Newman, J., Stuart, D. and Mateu, M.G. (1994). The structure and 

antigenicity of a type C foot-and-mouth disease virus. Structure 2: 123-139. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 100

Lee, W.M., Monore, S.S. and Ruekert, R.R. (1993). Role of maturation cleavage in 

infectivity of picornaviruses: Activation of an infectosome. J. Virol. 67: 2110-2122. 

 

Lee, Y.F., Nomoto, A., Detjen, B.M. and Wimmer, E. (1977). A protein covalently linked to 

poliovirus genome RNA. Proc. Natl. Acad. Sci. USA 74: 59-63. 

 

Leippert, M., Beck, E., Weiland, F. and Pfaff, E. (1997). Point mutations within the βG-βH 
loop of foot-and-mouth disease virus O1K affect virus attachment to target cells. J. Virol. 71: 

1046-1051. 

 

Li, F., Browning, G.F., Studdert, M.J. and Crabb, B.S. (1996). Equine rhinovirus 1 is more 

closely related to foot-and-mouth disease virus than to other picornaviruses. Proc. Natl. Acad. 

Sci. USA 93: 990-995. 

 

Logan, D., Abu-Ghazaleh, R., Blakemore, W., Curry, S., Jackson, T., King, A., Lea, S., 

Lewis, R., Newman, J., Parry, N., Rowlands, D., Stuart, D. and Fry, E. (1993). Structure of a 

major immunogenic site on foot-and-mouth disease virus. Nature 362: 566-568.  

 

Madshus, I.H., Olsnes, S. and Sandvih, K. (1984a). Mechanism of entry into the cytosol of 

poliovirus type 1: Requirement for low pH. J. Cell. Biol. 98: 1194-1200.  

 

Madshus, I.H., Olsnes, S. and Sandvih, K. (1984b). Requirements for entry of poliovirus 

RNA into cells at low pH. EMBO J. 3: 1945-1950. 

 

Martinez, M.A., Carrillo, C., González-Candelas, F., Moya, A., Domingo, E. and Sobrino, F. 

(1991). Fitness alterations of foot-and-mouth disease virus mutants: Measurements of 

adaptability of viral quasispecies. J. Virol. 65: 3954-3957. 

 

Martinez-Salas, E. (1999). Internal ribosome entry site biology and its use in expression 

vectors. Curr. Opin. Biotech. 10: 458-464. 

 

Martinez-Salas, E., Ortin, J. and Domingo, E. (1985). Sequence of the viral replicase gene 

from foot-and-mouth disease virus C1-Santa Pau. Gene 35: 55-61. 

 

Mason, P.W., Baxt, B., Brown, F., Harber, J., Murdin, A. and Wimmer, E. (1993). Antibody-

complexed foot-and-mouth disease virus, but not poliovirus can infect normally insusceptible 

cells via the Fc receptor. Virol. 192: 568-577. 

 

Mason, P.W., Bezborodova, S.V. and Henry, T.M. (2002). Identification and characterization 

of a cis-acting replicating element (cre) adjacent to the internal ribosome entry site of foot-

and-mouth disease virus. J. Virol. 76: 9686-9694.  

 

Mason, P.W., Grubman, M.J. and Baxt, B. (2003). Molecular basis of pathogenesis of 

FMDV. Virus Res. 91: 9-32. 

 

Mason, P.W., Rieder, E. and Baxt, B. (1994). RGD sequence of foot-and-mouth disease is 

essential for infecting cells via the natural receptor but can be bypassed by an antibody-

dependent enhancement pathway. Proc. Natl. Acad. Sci. USA 91: 1932-1936.  

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 101

Mateu, M.G. (1995). Antibody recognition of picornaviruses and escape from neutralization: 

a structural view. Virus Res. 38: 1-24. 

 

Mateu, M.G., Luz Valero, M., Andreu, D. and Domingo, E. (1996). Systematic replacement 

of amino acid residues within an Arg-Gly-Asp containing loop of foot-and-mouth disease 

virus and effects on cell recognition. J. Biol. Chem. 271: 12814-12819. 

 

McKenna, T.S.C., Lubroth, J., Rieder, E., Baxt, B. and Mason, P.W. (1995). Receptor 

binding site-deleted foot-and-mouth disease (FMD) virus protects cattle from FMD. J. Virol. 

69: 5787-5790. 

 

McKnight, K.L. and Lemon, S.M. (1996). Capsid-coding sequence is required for efficient 

replication of human rhinovirus 14 RNA. J. Virol. 70: 1941-1952. 

 

McKnight, K.L. and Lemon, S.M. (1998). The rhinovirus type 14 genome contains an 

internally located RNA structure that is required for viral replication. RNA 4: 1569-1584. 

 

McLinerney, G.M., King, A.M.Q., Ross-Smith, N. and Belsham, G.J. (2000). Replication 

competent foot-and-mouth disease virus RNAs lacking capsid-coding sequence. J. Gen. 

Virol. 81: 1699-1702. 

 

Medina, M., Domingo, E., Brangwyn, J.K. and Belsham, G.J. (1993). The two species of the 

foot-and-mouth disease virus leader protein, expressed individually, exhibit the same 

activities. Virol. 194: 355-359. 

 

Meerovitch, J.L. and Sonenberg, N. (1993). Internal initiation of picornavirus RNA 

translation. Sem. Virol. 4: 217-227. 

 

Mette, S.A., Pilewski, J., Buch, C.A. and Albelda, S.M. (1993). Distribution of integrin cell 

adhesion receptors in normal bronchial epithelial cells and lung cancer cells in vitro and in 

vivo. Am. J. Respir. Cell. Mol. Biol. 8: 562-572. 

 

Meyer, K., Petersen, M., Niepmann, M. and Beck, E. (1995). Interaction of eukaryotic 

initiation factor 4B with picornaviral internal translation initiation site. J. Virol. 69: 2819-

2824. 

 

Miller, L., Blakemore, W., Sheppard, D., Atakilit, A., King, A. and Jackson, T. (2001). Role 

of the cytoplasmic domain of the β-subunit of integrin αvβ6 in infection by foot-and-mouth 
disease virus. J. Virol. 75: 4158-4164.  

 

Milner, R., Edwards, G., Streuli, C. and French-Constant, C. (1996). A role in migration for 

the αvβ1 integrin expressed on oligodendrocyte precursors. J. Neurosci. 16: 7240-7252.  
 

Mizutani, S. and Colonno, R.J. (1985). In vitro synthesis of an infectious RNA from cDNA 

clones of human rhinovirus type 14. J. Virol. 56: 628-632. 

 

Mu, D., Cambier, S., Fjellbirkeland, L.S, Baron, J.L., Munger, J.S., Kawakatsu, H., 

Sheppard, D., Broaddus, V.C. and Nishimura, S.L. (2002). The integrin αvβ8 mediates 

epithelial homeostasis through MT1-MMP-dependent activation of TGT-β1. J. Cell. Biol. 
157: 493-507. 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 102

Munger, J.S., Huang, X., Kawakatsu, H., Griffiths, M.D.L., Dalton, S.L., Wu, J., Pittet, J., 

Kaminski, N., Garat, C., Matthay, M.A., Rifkin, D.B. and Sheppard, D. (1999). The integrin 

αvβ6 binds and activates latent TGFβ1: A mechanism for regulating pulmonary inflammation 
and fibrosis. Cell 96: 319-328. 

 

Murphy, P.M.L., Forsyth, M.A., Belsham, G.J. and Salt, J.S. (1999). Localization of foot-

and-mouth disease virus RNA by in situ hybridization within bovine tissues. Virus Res. 62: 

67-76. 

 

Neff, S. and Baxt, B. (2001). The ability of integrin αvβ3 to function as a receptor for foot-
and-mouth disease virus is not dependent on the presence of the complete subunit 

cytoplasmic domains. J. Virol. 75: 527-/532. 

 

Neff, S., Mason, P.W. and Baxt, B. (2000). High-efficiency utilization of the bovine integrin 

αvβ3 as a receptor for foot-and-mouth disease virus is dependent on the bovine β3 subunit. J. 
Virol. 74: 7298- 7306. 

 

Neff, S., Sa-Carvalho, D., Rieder, E., Mason, P.W., Blystone, S.D., Brown, E.J. and Baxt, B. 

(1998). Foot-and-mouth disease virus virulent for cattle utilizes the integrin αvβ3 as its 
receptor. J. Virol. 72: 3587-/3594. 

 

Newman, J.F., Cartwright, B., Doel, T.R. and Brown, F. (1979). Purification and 

identification of the RNA-dependent RNA polymerase of foot-and-mouth disease virus. J. 

Gen. Virol. 45: 497-507. 

 

Newton, S.E., Carroll, A.R., Campbell, R.O., Clarke, B.E. and Rowlands, D.J. (1985). The 

sequence of foot-and-mouth disease virus RNA to the 5’ side of the poly (C) tract. Gene 40: 

331-336.  

 

Niepmann, M. (1996). Porcine polypyrimidine tract-binding protein stimulates translation 

initiation at the internal ribosome entry site of foot-and-mouth disease virus. FEBS Lett. 388: 

39-42. 

 

Nishimura, S.L, Sheppard, D. and Pytela, R. (1994). Integrin αvβ8 interaction with vitronectin 

and functional divergence of the β8 cytoplasmic domain. J. Biol. Chem. 46: 28708- 28715.  
 

O’Toole, T.E., Katagiri, Y., Faull, R.J., Peter, K., Tamura, R., Quaranta, V., Loftus, J.C., 

Shattil, S.J. and Ginsberg, M.H. (1994). Integrin cytoplasmic domains mediate inside-out 

signal transduction. J. Cell. Biol. 124: 1047-1059. 

 

O’Toole, T.E., Ylanne, J. and Culley, B.M. (1995). Regulation of integrin affinity states 

through an NPXY motif in the beta subunit cytoplasmic domain. J. Biol. Chem. 270: 8553-

8558. 

 

Office International des Epizooties (OIE). (2004). Foot-and-mouth disease. In: Manual of 

diagnostic tests and vaccines for terrestrial animals, 5th Edition, p 111. OIE, Paris, France. 

 

Palmenberg, A.C. (1990). Proteolytic processing of picornaviral polyprotein. Annu. Rev. 

Microbiol. 44: 603-623. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 103

Palmenberg, A.C., Kirby, E.M., Janda, M.R., Drake, N.L., Duke, G.M., Portratz, K.F. and 

Collet, M.S. (1984). The nucleotide and deduced amino acid sequences of the 

encephalomyocarditis viral polyprotein coding region. Nucl. Acids Res. 12: 2969-2985. 

 

Parry, N., Fox, G., Rowlands, D., Brown, F., Fry, E., Acharya, R. and Stuart, D. (1990). 

Structural and serological evidence for a novel mechanism of antigenic variation in foot-and-

mouth disease virus. Nature 347: 569-572. 

 

Parry, N.R., Ouldridge, E.J., Barnett, P.V., Rowlands, D.J., Brown, F., Bittle, J.L., Houghten, 

R.A. and Lerner, R.A. (1985). Identification of neutralizing epitopes of foot-and-mouth 

disease virus. In: Vaccines’ 85 pp. 211.  Lerner, R.A., Chanock R.M. and Brown F. (eds.). 

Cold Spring Harbour Laboratory, New York. 

 

Pilipenko, E.V., Maslova, S.V., Sinyakov, A.N. and Agol, V.I. (1992). Towards identification 

of cis-acting elements involved in the replication of enterovirus and rhinovirus RNAs: A 

proposal for the existence of tRNA-like terminal structures. Nucl. Acids Res. 20: 1739-1745.  

 

Polatnick, J. and Arlinghaus, R.B. (1967). Foot-and-mouth disease virus-induced ribonucleic 

acid polymerase in baby hamster kidney cells. Virol. 31: 601-608.  

 

Prieto, A.L., Edelman, G.M. and Crossin, K.L. (1993). Multiple integrins mediate cell 

attachment to cytoactin/tenasem. Proc. Natl. Acad. Sci. USA 90: 10154-10158. 

 

Quinn, P. and Markey, B. (2001). A review of foot-and-mouth disease. Irish Vet. J. 54: 183-

190. 

 

Racaniello, V.R. and Baltimore, D. (1981). Cloned poliovirus complementary DNA is 

infectious in mammalian cells. Science 214: 916-919. 

 

Rieder, E. and Wimmer, E. (2002). Cellular receptors of Picornaviruses: An overview. In: 

Molecular Biology of Picornaviruses, pp. 61-69.  Semler, B.L., Wimmer, E. (eds.). ASM 

Press, Washington DC, USA. 

 

Rieder, E., Baxt, B. and Mason, P.W. (1994). Animal-derived antigenic variants of foot-and-

mouth disease virus type A12 have low affinity for cells in culture. J. Virol. 68: 5296-5299. 

 

Rieder, E., Berinstein, A., Baxt, B., King, A. and Mason P.W. (1996). Propagation of an 

attenuated virus by design: Engineering a novel receptor for noninfectious foot-and-mouth 

disease virus. Proc. Natl. Acad. Sci. USA 93: 10428-10433. 

 

Rieder, E., Bunch, T., Brown, F. and Mason, P.W. (1993). Genetically engineered foot-and-

mouth disease virus with poly (C) tracts of two nucleotides is virulent in mice. J. Virol. 67: 

5139-5145.  

 

Robertson, B.H., Grubman, M.J., Weddell, G.N., Moore, D.M., Welsh, J.D., Fischer, T., 

Dowbenko, D.J., Yansura, D.G., Small, B. and Kleid, D.G. (1985). Nucleotide and amino 

acid sequences coding for polypeptides of foot-and-mouth disease virus type A12. J. Virol. 

54: 651-660. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 104

Roeder, P.L. and Le Blanc-Smith, P.M. (1987). Detection and typing of foot-and-mouth 

disease virus by enzyme-linked immunosorbent assay: A sensitive, rapid and reliable 

technique for primary diagnosis. Res. Vet. Science 43: 225-232. 

 

Roivainen, M., Piirainen, L., Hovi, T., Virtanen, I., Riikonen, T., Heino, J. and Hyypiä, T. 

(1994). Entry of coxsackievirus A9 into host cells: Specific interactions with αvβ3 integrin, 
the vitronectin receptor. Virol. 203: 357-365. 

 

Rueckert, R.R. and Wimmer, E. (1984). Systematic nomenclature of picornavirus proteins. J. 

Virol. 50: 957-959.   

 

Rueckert, R.R. (1996). Picornaviridae: The virus and their replication. In: Fields Virology, p 

609. Fields, B.N., Knipe, D.M. and Howley, P.M. (eds.). Lippincott-Raven Publishers, 

Philadelphia, USA.  

 

Ruoslahti, E. (1988). Fibronectin and its receptor. Annu. Rev. Biochem. 57: 375-413. 

 

Ruoslahti, E. (1996). RGD and other recognition sequences for integrins. Annu. Rev. Cell. 

Dev. Biol. 12: 697-715. 

 

Ryan, M., Belsham, G. and King, A. (1989). Specificity of enzyme-substrate interactions in 

foot-and-mouth disease virus polyprotein processing. Virol. 173: 35-45. 

 

Ryan, M.D., King, A.M.Q. and Thomson, G.P. (1991). Cleavage of foot-and-mouth disease 

virus polyprotein is mediated by residues located within a 19 amino acid sequence. J. Gen. 

Virol. 72: 2727-2732. 

 

Sa-Carvalho, D., Rieder, E., Baxt, B., Rodarte, R., Tanuri, T. and Mason, P.W. (1997). Tissue 

culture adaptation of foot-and-mouth disease virus selects viruses that bind to heparin and are 

attenuated in cattle. J. Virol. 71: 5115-5123.  

 

Saiz, M., Nunez, J.I., Jimenez-Clavero, M.A., Baranowski, E. and Sobrino, F. (2002). Foot-

and-mouth disease virus: Biology and prospects for disease control. Microb. Infect. 4: 1183-

1192. 

 

Salt, J.S. (1993). The carrier state in foot-and-mouth disease virus. An immunological review. 

Br. Vet. J. 149: 207-233. 

 

Sambrook, J. and Russell, D.W. (2001). Molecular Cloning - A laboratory manual, 3
rd
 

Edition, pp. 1.116-1.118. Cold Spring Harbor Laboratory Press, New York, USA. 

 

Sangar, D.V., Newton, S.E., Rowlands, D.J. and Clarke, B.E. (1987). All foot-and-mouth 

disease virus serotypes initiate protein synthesis at two separate AUGs. Nucl. Acids Res. 15: 

3305-3315.  

 

Saunders, K., King, A.M.Q., McCahon, D., Newman, J.W., Slade, W.R. and Forss, S. (1985). 

Recombination and oligonucleotide analysis of guanidine-resistant foot-and-mouth disease 

virus mutants. J. Virol. 56: 921-929. 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 105

Schnapp, L.M., Hatch, N., Ramos, D.M., Klimanskaya, I.V., Sheppard, D. and Pytela, R. 

(1995). The human integrin α8β1 functions as a receptor for tenascin, fibronectin, and 
vitronectin. J. Biol. Chem. 270: 23196-23202. 

 

Seipelt, J., Guarné, A., Bergmann, E., James, M., Sommergergruber, W., Fita, I. and Skern, 

T. (1999). The structures of picornaviral proteinases. Virus Res. 62: 159-168. 

 

Semler, B. and Wimmer, E. (2002). Molecular Biology of Picornaviruses. ASM Press, 

Washington DC, USA. 

 

Shimizu, Y. and Hunt, S.W. (1996). Regulating integrin-mediated adhesion: One more 

function for PI 3-kinase? Immnunol. Today 17: 565-572.  

 

Singh, B., Rawlings, N. and Kaur, A. (2001). Expression of integrin αvβ3 in pig, dog and 
cattle. Histol. Histopathol. 16: 1037-1046. 

 

Smith, J.W., Piotrowicz, R.S. and Mathis, D. (1994). A mechanism for divalent cation 

regulation of β3-integrins. J. Biol. Chem. 269: 960-967. 
 

Sobrino, F., Sáiz, M., Jiménez-Clavero, M., Núñez, J., Rosas, M., Baranowski, E. and Ley, 

V. (2001). Foot-and-mouth disease virus: A long known virus, but a current threat. Vet. Res. 

32: 1-30. 

 

Spear, P.G. (1993). Entry of alpha-herpesviruses into cells. Virol. 4: 167-180.  

 

Springer, T.A. (1990). Adhesion receptors of the immune system. Nature 346: 425-447. 

 

Stanway, G., Kalkkinen, N., Roivainen, M., Ghazi, F., Khan, M., Smyth, M., Meurman, O. 

and Hyypiä, T. (1994). Molecular and biological characteristics of echovirus 22, a 

representative of a new picornavirus group. J. Virol. 68: 8232-8238. 

 

Stapleton, J.T., Frederick, J. and Meyer, B. (1991). Hepatitis A virus attachment to cultured 

cell lines. J. Infect. Dis. 164: 1098-1103. 

 

Strebel, K. and Beck, E. (1986). A second protease of foot-and-mouth disease virus. J. Virol. 

58: 893-899. 

 

Strohmaier, K., Franze, R. and Adam, K.H. (1982). Location and characterization of the 

antigenic portion of the FMDV immunizing protein. J. Gen. Virol. 59: 295-306. 

 

Tamkun, J.W., DeSimone, D.W., Fonda, D., Patel, R.S., Buck, C., Horwitz, A.F. and Hynes, 

R.O. (1986). Structure of integrin, a glycoprotein involved in the transmembrane linkage 

between fibronectin and actin. Cell 46: 271-282.  

 

Tesar, M. and Marquardt, O. (1990). Foot-and-mouth disease virus protease 3C inhibits 

cellular transcription and mediates cleavage of histone H3. Virol. 174: 364-374. 

 

Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUSTAL W: Improving the 

sensitivity of progressive multiple sequence alignment through sequence weighting, 

positions-specific gap penalties and weight matrix choice. Nucl. Acids Res. 22: 4673-4680. 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 106

Thomson, G. (1994). Foot-and-mouth disease. In: Infectious Diseases of Livestock with 

Special Reference to Southern Africa, pp. 825-849. Coetzer, J.A.W., Thomson, G.R. and 

Tustin, R.C. (eds.). Oxford University Press, Cape Town, South Africa.  

 

Thomson, G. (1996). The role of carrier animals in the transmission of foot-and-mouth 

disease. OIE Comp. Rep. Tech: 87-103. 

 

Tiley, L., King, A.M.Q. and Belsham, G. (2003). The foot-and-mouth disease virus cis-acting 

replication element (cre) can be complemented in trans within infected cells. J. Virol. 77: 

2243-2246. 

 

Turner, P.C., McLennan, A.G., Bates, A.D. and White, M.R.H. (1997). Gene Manipulation. 

In: Molecular Biology, pp. 91-104. BIOS Scientific Publishers, Oxford, UK. 

 

Vakharia, V.N., Devaney, M.A., Moore, D.M., Dunn, J.J. and Grubman, M.J. (1987). 

Proteolytic processing of foot-and-mouth disease virus polypeptides expressed in a cell-free 

system from clone-derived transcripts. J. Virol. 61: 3199-3207. 

 

Vallée, H. and Carré, H. (1922). Sur la pulralite du virus aphteux. C.R. Hebd. Acad. Sci. 

Paris 174: 1498-1500.  

 

Van Bekkum, J.G., Frenkel, H.S., Frederiks, H.H.J. and Frenkel, S. (1959). Observations on 

the carrier state of cattle exposed to foot-and-mouth disease virus. Tijdschr. Diergeneeskd. 

84: 1159-1164. 

 

Vangrysperre, W. and De Clercq, K. (1996). Rapid and sensitive polymerase chain reaction-

based detection and typing of foot-and-mouth disease virus in clinical samples and cell 

culture isolates, combined with a simultaneous differentiation with other genomically and/or 

symptomatically related viruses. Arch. Virol. 141: 331-344. 

  

Van Kuppeveld, F.J., Hoenderop, J.G., Smeets, R.L., Willems, P.H., Dijkman, H.B., Galama, 

J.M. and Melchers, W.J. (1997a). Coxsackievirus protein 2B modifies endoplasmic reticulum 

membrane and plasma membrane permeability and facilitates virus release. EMBO J. 12: 19-

32. 

 

Van Kuppeveld, F.J., Van den Hurk, P.J., Van der Vliet, W., Galama, J.M. and Melchers, 

W.J. (1997b). Chimeric coxsackie B3 virus genomes that express hybrid coxsackievirus-

poliovirus 2B proteins: Functional dissection of structural domains involved in RNA 

replication. J. Gen. Virol. 78: 1833-1840. 

 

Van Nhieu, G.T., Krukonis, E.S., Reszka, A.A., Horwitz, A.F. and Isberg, R.R. (1996). 

Mutations in the cytoplasmic domain of the integrin β1 chain indicate a role for endocytosis 
factors in bacterial internalization. J. Biol. Chem. 271: 7665-7672. 

 

Van Rensburg, H.G. and Mason, P.W. (2002a). Construction and evaluation of a recombinant 

foot-and-mouth disease virus: Implication for inactivated vaccine production. Ann. NY Acad. 

Sci. 969: 83-87.  

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 107

Van Rensburg, H.G., Haydon, D., Joubert, F., Bastos, A., Heath, L. and Nel, L.H. (2002b). 

Genetic heterogeneity in the foot-and-mouth disease virus leader and 3C proteinases. Gene 

289: 19-29.  

 

Van Rensburg, H.G., Henry, T.M. and Mason, P.W. (2004). Studies of genetically defined 

chimeras of a European type A virus and a South African territories type 2 virus reveal 

growth determinants for foot-and-mouth disease virus. J. Gen. Virol. 85: 61-68. 

 

Verdaguer, N., Mateu, M.G., Andreu, D., Giralt, E., Domingo, E. and Fita, I. (1995). 

Structure of the major antigenic loop of foot-and-mouth disease virus complexed with a 

neutralizing antibody: Direct involvement of the Arg-Gly-Asp motif in the interaction. 

EMBO J. 14: 1690-1696. 

 

Vignoud, L., Usson, Y., Blaze, F., Tarone, G. and Block, M.R. (1994). Internalization of the 

α5β1 integrin does not depend on “NPXY” signals. Biochem. Biophys. Res. Comm. 2: 603-
611. 

 

Villaverde, A., Feliu, J.X., Harbottle, R.P., Benito, A. and Coutelle, C. (1996). A 

recombinant, arginine-glycine-aspartic acid (RGD) motif from foot-and-mouth disease virus 

binds mammalian cells through vitronectin and, to a lower extent, fibronectin receptors. Gene 

180: 101-106. 

 

Vosloo, W., Bastos, A.D., Kirkbride, E., Esterhuysen, J.J., van Rensburg, D.J., Bengis, R.G., 

Keet, D.W. and Thomson, G.R. (1996). Persistent infection of African buffalo (Syncerus 

caffer) with SAT-type foot-and-mouth disease viruses: Rate of fixation of mutations, 

antigenic change and interspecies transmission. J. Gen. Virol. 77: 1457-1467. 

 

Vosloo, W., Kirkbride, E., Bengis, R.G., Keet, D.F. and Thomson, G.R. (1995). Genome 

variation in the SAT types of foot-and-mouth disease virus prevalent in buffalo (Syncerus 

caffer) in the Kruger National Park and other regions of southern Africa, 1986-1993. 

Epidemiol. Infect. 114: 203-218. 

 

Waldmann, O. and Trautwein, K. (1926). Experimentelle untersuchungen ueber die pluralitet 

des maul-und klauenseuche virus Berl. Iterarztl. Wschr 42: 569-571. 

 

Weinacker, A., Chen, A., Agrez, M., Cone, R.I., Nishimura, S., Wayner, E., Pytela, R. and 

Sheppard, D. (1994). Role of the integrin αvβ6 in cell attachment to fibronectin. J. Biol. 
Chem. 269: 6940-6948.  

 

Wickham, T.J., Mathias, P., Cheresh, D.A. and Nemerow, G.R. (1993). Integrin αvβ3 and 

αvβ5 promote adenovirus internalization but not virus attachment. Cell 73: 309-319. 
 

Wild, T.F. and Brown, F. (1967). Nature of the inactivating action of trypsin on foot-and-

mouth disease virus J.Gen. Virol. 1: 247-250. 

 

Wild, T.F., Burroughs, N. and Brown, F. (1969). Surface structure of foot-and-mouth disease 

virus. J. Gen. Virol. 4: 313-320. 

 

Xiang, W., Andino, A.V. and Wimmer, E. (1997). RNA signals in entro- and rhinovirus 

genome replication. Sem. Virol. 8: 256-273. 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 108

Yamada, K.N. and Kennedy, D.W. (1984). Dualistic nature of adhesive protein function: 

Fibronectin and its biologically active peptide fragments can auto-inhibit fibronectin 

function. J. Cell. Biol. 99: 29-36. 

 

Ylane, J., Huushonen, J., O’Toole, T.E., Ginsberg, M.H., Virtanen, I. and Gahmberg, C.G. 

(1995). Mutation of the cytoplasmic domain of the integrin β3 subunit. Differential effects on 
cell spreading, recruitment to adhesion plaques, endocytosis and phagocytosis. J. Biol. Chem. 

270: 9550-9557. 

 

You, Z., Fischer, D., Tong, X., Hasenburg, A., Aguilr-Cordova, E. and Jkieback, D. (2001). 

Coxsackievirus-adenovirus receptor expression in ovarian cancer cell lines is associated with 

increased adenovirus transduction efficiency and transgene expression. Cancer Gene Therapy 

8: 168-175.  

 

Zhang, Z. and Kitching, P. (2000). The localisation of persistent foot-and-mouth disease virus 

in the epithelial cells of the soft palate and pharynx. J. Comp. Pathol. 124: 89-94. 

 

Zhang, Z., Vuori, K., Wang, H., Reed, J.C. and Ruoslahti, E. (1996). Integrin activation by R-

ras. Cell 85: 61-69. 

 

Zhao, Q., Pacheco, J. and Mason, P.W. (2003). Evaluation of genetically engineered 

derivatives of a Chinese strain of foot-and-mouth disease reveals a novel cell-binding site 

which functions in cell culture and in animals. J. Virol. 77: 3269-3280.  

 

Zibert, A., Maass, G., Strebel, K., Falk, M. and Beck, E. (1990). Infectious foot-and-mouth 

disease virus from a cloned full-length cDNA. J. Virol. 64: 2467-2473. 

 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 109

CONGRESS CONTRIBUTIONS 

 

 

STOREY, P., Van Rensburg, H.G. and Theron, J.  Investigating a second RGD triplet in 

SAT1 Foot-and-Mouth Disease Virus.  18
th
 Congress of the South African Genetics 

Society/South African Microbiology Society, Cape Town, 4-7 April 2004. (Poster) 

 

Maree, F.F., Van Rensburg, H.G., Lekoana, L.T., Böhmer, B., STOREY, P and Vosloo, W.  

Phylogenetic relationships for the capsid coding regions of the South African Territories 

(SAT) types Foot-and-Mouth Disease Virus.  3
rd
 Annual Congress of the South African 

Society for Veterinary Epidemiology and Preventative Medicine, Pretoria, 21-22 August 

2003. (Poster) 

 

STOREY, P., Van Rensburg, H.G. and Theron, J.  Analysing the functional role of a second 

RGD triplet in a Namibian SAT1 Foot-and-Mouth Disease Virus. 18
th
 Congress of the South 

African Society of Biochemistry and Molecular Biology, Pretoria, 6-9 July 2003. (Poster) 

 

 

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  SSttoorreeyy,,  PP  AA    ((22000055))  



 110

APPENDIX 

 

 

• L6 Buffer 

8.3 M GuSCN, 80 mM Tris-HCl (pH 6.4), 36 mM EDTA, 33 mM TritonX-100 

 

• L2 Wash Buffer 

10.2 M GuSCN, 0.1 M Tris-HCl (pH 6.4) 

 

• Methylene Blue Stain 

1% (w/v) methylene blue dissolved in absolute EtOH to an equal volume of formaldehyde 

prepared with phosphate-buffered saline; pH 7.4 

 

• STET buffer 

0.23 M sucrose, 77.3 mM TritonX-100, 50 mM EDTA (pH 8), 50 mM Tris (pH 8) 

 

• Tragacanth overlay Media 

2 × MEM, 1.2% gum Tragacanth, 1% FCS 
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